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1. INTRODUCTION

“The ultimate goal of all forms of agriculture is efficient production 
of abundant and nutritious food at a reasonable cost, while causing 
minimum disturbance to the environment” as stated by Aronsson et 
al. (2007). This means that in addition to providing food supply, while 
being profitable for farmer, agricultural production is presumed to 
be environmentally sustainable, but the reduction of environmental 
pressure can appear only through the efficient use of resources. Manure 
and especially slurry, because of the waste management systems used 
in modern farms, are widely utilized as organic soil amendments, due 
to their valuable properties. Manure is a source of organic matter and 
essential plant nutrients including N, P, K, S and trace elements (Jensen, 
2013). Therefore using animal wastes as fertilizer enables farmers to meet 
crop nutrient requirement, preserve soil quality (Chambers et al., 2000) 
and recycle nutrients.

It is often assumed that animal manure is ecologically more friendly 
and sustainable when compared to mineral fertilizers (Ding et al., 2014), 
where production is exceptionally energy demanding and reliant on 
fossil fuels ( Jensen, 2013). However, similarly to mineral fertilizers, 
the use of organic fertilizers is accompanied by negative effects on the 
environment, related to their specific nature. A great part of nutrients 
in organic fertilizers are in the composition of the organic matter, from 
which they are released only after its decomposition and mineralization 
(Mattila, 2006). The aforementioned processes are affected by many 
factors like soil and environmental properties (Jarvis, 1996) and therefore 
the provision of plants with nutrients through organic fertilizers use is 
much more difficult compared to mineral fertilizers. Mineralization can 
take place also at times when uptake is restricted and therefore nutrient 
leaching is inevitable (Bergström, 2008b). 

The greatest environmental threats associated with the use of animal 
excreta as fertilizers are emissions to air, pollution of water through 
leaching process (Di, Cameron, 2002; Burton, Turner, 2003; Oenema et al., 
2007) and surface runoff (Sørensen, Jensen, 2013), but also the distribution 
of antibiotic residues and antibiotic resistance into the environment (Ding 
et al., 2014; Udikovic-Kolic et al., 2014) (Figure 1). Manure is the main 
source of ammonia (NH3) emission to the atmosphere (Mattila et al., 
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2003; Oenema et al., 2007), which can have detrimental impact on the 
environment (Ndegwa et al., 2008; Cameron et al., 2013) as it contributes 
to the acidification of soil and water, increases eutrophication potential 
and inhibits plant uptake of some nutrients (Burton, Turner, 2003). 

Figure 1. Main positive and negative environmental impacts of field application of 
manure and slurry

Leaching is a problem from several aspects: agronomic, environmental 
(McGechan, Wur, 1998; Mengel, Kirkby, 2001) and also economic. It can 
represent a great loss of valuable nutrients (Di, Cameron, 2004) while 
generating financial loss to farmers and acting also as environmental 
pollutant (Adomaitis et al., 2008), inducing surface and groundwater 
contamination by plant nutrients (Mašauskas et al., 2006; Aronsson 
et al., 2007). It is of particular concern in regions like Estonia, where 
precipitation exceeds evaporation considerably. The research findings on 
the effect of organic fertilizers including slurry on nutrient leaching are 
highly contradictory. Some authors (Bergström et al., 2008b) have found 
that nitrogen (N) is more vulnerable to leaching from organic systems 
due to the unsynchronized mineralization of N from organic fertilizers 
and crop N demand. Others (Ten Berge et al., 2002; Schröder et al., 2010) 
argue that from the standpoint of leaching there is no difference between 
mineral fertilizer-N and N from manure. Similarly with potassium (K) it 
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has been found that leaching is higher when using inorganic compared 
with organic fertilizers (Torstensson et al., 2006), while some authors 
(Alfaro et al., 2004) state that the form of K applied has no effect on its 
leaching losses. 

An innovative opportunity has been proposed to reduce greenhouse gas 
emissions and leaching of nutrients by mixing nutrient binding material 
biochar (BC) into the soil (Zheng et al., 2012). For thousands of years 
this carbon rich substance has been used as means for soil amendment 
(Zwieten et al., 2009). Now it has been found that in addition to its ability 
to reduce CO2 emission and thereby mitigate climate change (Sohi et al., 
2010), it could also be the means in the reduction of leaching (Clough 
et al., 2013). But again contradicting results have been found on this 
matter (Schulz, Glaser, 2012; Zheng et al., 2012; Sika, Hardie, 2014; Hill 
et al., 2015).

In addition to nutrient leaching there is concern about the use of fertilizers 
originating from farms in agricultural production, because they can spread 
antibiotic residues and contribute to the soil indigenous bacteria antibiotic 
resistance genes (ARGs) (Binh et al., 2008; Heuer et al., 2011). It raises 
the risk that bacteria resistant to antibiotics can spread to the human 
community (Heuer et al., 2011) or be adopted by pathogenic bacteria 
(Udikovic-Kolic et al., 2014). Even though the subject is being widely 
studied worldwide, there is a scarcity of information on the issue in 
Estonian agricultural production.

According to prior knowledge it is necessary to study and quantify the 
environmental impacts of slurry fertilization on agricultural land and to 
gain an improved understanding of the processes controlling the impacts. 
The present study gives comparative and complex information about the 
effect of slurry use on nutrient leaching and on the abundance of ARGs 
in fertilized soil. Results of the present study can also be adapted into 
agricultural production, with the aim of achieving lower negative side-
effects on the environment through fertilization.
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2. REVIEW OF THE LITERATURE

2.1. Slurry – its efficiency and problems associated with its use 

Manure (20-25% dry matter (DM)) is considered a substantial and valuable 
source of nutrients that can be used by crops when applied to soil and 
thus reduce requirement and costs for mineral fertilizers (Bittman et 
al., 2007; Lalor, 2014). Ruminants can be quite inefficient at dietary 
nutrient utilization (Oenema, Tamminga, 2005; Ndegwa et al., 2008). It 
is claimed that livestock can excrete 50 to 95% of the consumed N, P 
and K (Wilkins, 2008) depending on their species and feeding regime. 
Nowadays, manure is used mainly in the liquid form (< 8% DM) due 
to the housing systems used, slurry is therefore appreciated for its high 
content of essential plant nutrients as a replacement or supplement for 
inorganic fertilizers. Its use is beneficial for soil physical (Burton, Turner, 
2003), chemical and biological properties (Hatfield, Cambardella, 2001).

Slurry is categorized as organic fertilizer, meaning that its total nutrient 
content is not readily plant-available when compared to mineral fertilizers. 
On average, 40 to 60 % of slurry total N is in organic form (Beegle et 
al., 2008). It can be taken up by plants only after the decomposition of 
organic matter and organic N mineralization (Mattila, 2006). Only some 
of it mineralizes in the application year (Schröder et al., 2005) and the 
unpredictable nature of N mineralization from slurry makes its nutrient 
supply uncontrollable and increases the non-synchronicity between the 
release and uptake of inorganic N from this matter (Torstensson et al., 
2006; Aronsson et al., 2007; Bergström et al., 2008b). Due to their more 
reliable nutrient concentration and more efficient uptake of these nutrients 
by crops, mineral fertilisers have been considered a more dependable 
source of crop nutrients (Lalor, 2014). Therefore the impact of slurry 
when compared to mineral fertilizer can be less effective and higher 
slurry amounts may need to be applied to achieve higher yields. However 
a positive effect of the low release of N from slurry means that it supplies 
crops with N for several consecutive years (Schröder et al., 2007). Schröder 
et al. (2007) estimated cattle slurry N contribution to be 1-10, 2-5 and 
1-4% of total N input respectively in the first, second and third residual 
year, following the year of application.
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Slurry has been a subject of research from various angles. Its effect on 
yield has been a major discussion point. Questions have been raised about 
the effect of rates, timing of use (Trindade et al., 2009) and fertilizer 
application methods with slurry on crop yields (Schils, Kok, 2003, Rodhe et 
al., 2006; Bittman et al., 2007). A major focus of the research on slurry has 
been dedicated to the environmental impacts of its use. There have been 
concerns related to greenhouse gases and ammonia emissions (Mattila, 
2006; Rodhe et al., 2006; Uusi-Kämppä, Mattila, 2010), nutrient leaching 
(Aronsson et al., 2007; Schröder et al., 2010; Uusi-Kämppä, Mattila, 2010; 
Kayser et al., 2015), with the spread of unwanted pathogens (Nicholson 
et al., 2005; Fremaux et al., 2008; Müller et al., 2014; Salgado et al., 2015), 
antibiotic resistance genes (Fahrenfeld et al., 2014) and other substances 
into environment. An appreciable part of research has also focused on 
the use of slurry in biogas plants as a substrate for methane production 
(Murphy et al., 2013) and on the use of biogas residues (digestate) as 
a fertilizer substance (Tani et al., 2006; Möller, 2009; Abubaker, 2012; 
Walsh et al., 2012). Many aspects of the slurry effects on the environment 
still need more discussion, due to the great discrepancies in the current 
literature. Considerable variations come from natural settings, which can 
be diverse between regions, countries and even on smaller scale.

2.1.1. Leaching 

Leaching is the movement of nutrients down the soil profile with 
percolating water (Lehmann, Schroth, 2003). In addition to reducing 
soil fertility, leached N can also affect the wider environment (Cameron 
et al., 2013) by contaminating surface and groundwater (Dinnes et al., 
2002; Aronsson et al., 2007; Bergström et al., 2008b; Gali et al., 2012), 
causing eutrophication (Di, Cameron, 2002) and indirectly, by inducing 
nitrous oxide emissions (Tuomsito et al., 2012). High rates of nitrates in 
the drinking water are a threat to human health (Di, Cameron, 2002). 
It can be an elevated risk especially in the countries like Estonia, which 
uses groundwater as the main source of drinking water and where 
approximately 7% (3250 km-2) of national territory has been declared 
nitrate vulnerable (Keskkonnaministeerium, Maves AS, 2006). 

Leaching is influenced by numerous factors including soil type, weather 
conditions, water regime, the rate and type of fertilizer used (Di, 
Cameron, 2002; Alfaro et al., 2004; Cameron et al., 2013; Kayser et al., 
2015), land use system and cultivated plant species (Cameron et al., 2013). 
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The transport of water below the rooting zone requires positive water 
balance, so that the soil water content exceeds field capacity (Lehmann, 
Schroth, 2003). Therefore leaching is inherent in regions like Estonia 
where precipitation exceeds evaporation 1.5-2 times (Sau, Viiralt, 1974). 
Previous measurements of N leaching during the vegetative period in 
Estonian grassland conditions has been between 0.5 and 15.4 kg ha-1 
(Sau, Laugus, 1974) and average K leaching in the same period between 
8 and 21 kg ha-1 (Saarman, Viiralt, 1982). More recent research about 
nutrient leaching into drain water from monitoring fields conducted 
by the Agricultural Research Centre in Estonia have found N leaching 
to be between 0.7 and 18.9 kg N ha-1 year-1 depending on production 
and climatic conditions, while leaching of P and K remained very low 
in all fields by being 0.04–0.07 and 0.8–2.1 kg ha-1 year-1, respectively 
(Põllumajandusuuringute Keskus, 2009).

Previous research (Sau, Laugus, 1974; Saarman, Viiralt, 1982) and current 
monitorings (Põllumajandusuuringute Keskus, 2009) conducted in 
Estonia, has been directed at determining the magnitude of the nutrient 
removal, including leaching from fields. Those studies do not sufficiently 
indicate the role of land management, including fertilization, on the 
quantity of nutrient loss. The novelty of the present research arises from 
its focuses on determination of leaching depending on fertilizer type 
(mineral versus organic), its application rate and grassland sward botanical 
composition. Therefore it provides a more detailed overview of leaching, 
by covering more possible causes and also proposes opportunities for its 
reduction. Nutrient leaching is also topical with relation to the vast spread 
of organic farming, where fertilization is based on the use of organic 
fertilizers, as they are believed to be more environmentally friendly when 
compared to mineral fertilizers. 

The present study explores leaching of the two most mobile elements 
in the soil, N and K. While P losses are considered a threat for the 
environment, it was not included in our research as its leaching losses are 
the lowest of the main plant nutrients (Mengel, Kirkby, 2001; Shepherd 
et al., 2003), due to P low mobility and solubility and high fixation by 
the soil (Shen et al., 2011).
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2.1.1.1. Fertilizer impact on leaching

Nitrogen (N) in the form of nitrate-N (NO3
−–N) is one of the predominant 

N sources for plants (Basso, Ritchie, 2005) and when made into proteins, 
is a fundamental component of feed for animal growth and development 
(Rotz, 2004). But NO3

− is also very mobile in the soil, because it is not 
bound to soil particles (Mengel, Kirkby, 2001) due to its negative charge 
(Di, Cameron, 2002; Cameron et al., 2013) and its high water-solubility 
(Addiscott, 1996), making it into the element most susceptible to leaching 
(Lehmann, Schrott, 2003). Nitrogen leaching can occur when the amount 
of plant-available N in the soil is higher than plants are able to use (Di, 
Cameron, 2002; Tuomisto et al., 2012) making it vulnerable to loss by 
large volumes of percolating water (Di, Cameron, 2002). This situation 
is more likely to emerge when using slurry, due to its particular nature as 
organic fertilizer. The content of nutrients and their ratio in slurry can 
be highly variable (Addiscott, 2005; Lalor, 2014) depending on factors 
including dairy herd diet (Schils et al., 2003), farm management system 
and meteorological conditions (Martínez-Suller et al., 2010). It has been 
estimated that on average cattle slurry contains 4.74, 1.22 and 4.09 kg t-1 
N, P and K, respectively (Eri tüüpi sõnniku …, 2014). But those numbers 
can be extremely variable, complicating the implementation of different 
crop species nutrient needs with slurry and leading to the excess of some 
nutrients in the soil (Edmeades, 2003) while the lack of others. With the 
use of organic residues like slurry as fertilizers, there is also a threat that 
N in it can mineralize at times when plant uptake is restricted, increasing 
the potential of N leaching (Kirchmann, Bergström, 2001; Bergström 
et al., 2008b).

The research exploring leaching usually focuses on the leaching of N 
(Mašauskas et al., 2006; Bouman et al., 2010) as the leading cause of the 
problem (Kirchmann et al., 2002). But another essential plant nutrient 
subjected to leaching is directly plant-available water-soluble potassium 
(K) (Zörb et al., 2014), which is also very mobile in the environment 
(Alfaro et al., 2004). Potassium is considered an especially important 
element for grasslands and it is assimilated by plants in amounts second 
only to N (Kayser, Isselstein, 2005). Although it is stated that K leaching 
is usually low, agricultural management strategies involving the use of 
organic fertilizers increase the levels of available K in the soil, thus 
raising also the threat of leaching losses (Kayser, Isselstein, 2005). There 
are different standpoints about the potential of K leaching from mineral 
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and organic fertilizers. Alfaro et al. (2004) reported that the availability 
of K in the drainage season is the same after application of mineral 
fertilizer or cattle slurry. Contrarily, Kayser et al. (2007) has noted greater 
losses of K in drainage after slurry application at high rates as a result of 
increased accumulation of exchangeable K in the topsoil (Kayser et al., 
2007). This outcome is supported by the research results of Kärblane 
(1998) in Estonia, showing 0.95% and 1.58-1.60% K loss from mineral 
fertilizer and cattle manure respectively. 

2.1.1.2. Possibilities for reducing leaching

It is emphasized that appropriate fertilizer application amounts and 
times are crucial when dealing with leaching problem (Rotz, 2004). For 
reduction of leaching losses, it is most widely suggested to use proper 
fertilizer application amounts at optimal time and synchronize their use 
with plants demand (Di, Cameron, 2002; Dungait et al., 2012; Cameron et 
al., 2013). In addition methods like the use of nitrification inhibitors, cover 
crops, timely scheduled irrigation and cultivation (Cameron et al., 2013), 
precision farming and the use of buffer zones (Di, Cameron, 2002) has 
been proposed to reduce leaching. One way to reduce leaching is to keep 
arable land under continuous vegetation by growing perennial grasses 
(Adomaitis et al., 2008). It has been found that when grass sward is actively 
growing at the time of slurry application and thereafter, it is efficient 
at the assimilation of available slurry N (Mattila et al., 2003). Given it 
is known that grasses differ in their ability to take up N (Zemenchik, 
Albrecht, 2002), it can be presumed that in swards with different botanical 
composition, N leaching following the same N application can also be 
different. Also the cultivation of legumes is an efficient alternative to 
external N inputs (Pötsch et al., 2013), but their ability to fix N depends 
on their ratio in the sward and on environmental conditions, which can 
be extremely diverse (Frame, 1992). Therefore also their role in leaching 
is unclear. It has been found that legumes in the sward may reduce NO3

− 
leaching (Owens et al., 1994), while also that the N replacement by clover 
increases NO3

− leaching losses (Bouman et al., 2010). 

There is very widespread opinion that organic fertilizer use in agricultural 
production is more environmentally friendly when compared to mineral 
fertilizers as discussed and also thoroughly contradicted by Bergström 
et al. (2008a). There is lack of evidence supporting this belief, as the 
findings on the matter of nutrient leaching are very diverse. It is known 
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that N and K are capable to leaching when applied to the soil, but there 
is no clear results confirming the advantage of either mineral fertilizer 
or slurry over another when applied at equal amounts. 

A novel alternative to reduce nutrient leaching is the addition of biochar 
(BC) into the soil. Biochar is a substance formed during the heating of 
organic material in an oxygen-limited environment, a process called 
pyrolysis, at relatively low temperatures (<700°C) (Lehmann, Joseph, 
2009; Sohi et al., 2010). It is distinguished from charcoal by its use as 
soil amendment with the purpose of its improvement (Lehmann, Joseph, 
2009) and when applied to the soil, its estimated persistence there is 
hundreds to thousands of years (Ippolito et al., 2012), due to its very 
low microbial decomposition and chemical transformation (Kuzyakov 
et al., 2009). Biochar can affect soil N cycling (Clough et al., 2013), and 
as a result, researchers have proposed the possibility of using biochar 
for improving the retention of N fertilizer in the topsoil, thus reducing 
its leaching (Lehmann et al., 2003; Bruun et al., 2011; Yao et al., 2012; 
Zheng et al., 2012; Clough et al., 2013). Experiments, which have mostly 
been carried out in laboratory or greenhouse conditions using lysimeters 
or soil columns, have shown that BC is effective at NH4

+ retention in 
the soil (Lehmann et al., 2003; Yao et al., 2012; Sika, Hardie, 2014). Also 
reduced K, Ca, Mg losses have been found with BC use (Pudasaini et 
al., 2012). There has been inconsistency in results published regarding 
NO3

−-N leaching. Laird et al. (2010), Dempster et al. (2012), Yao et al. 
(2012), Zheng et al. (2012), Sika, Hardie (2014) and Buecker et al. (2016) 
found that BC can effectively reduce NO3

−-N leaching, while some authors 
have found no effect on leaching (Schulz, Glaser, 2012; Hill et al., 2015) 
with BC application. 

Differences in the impact of BC on nutrient leaching may come from 
the type of BC used (Yao et al., 2012), BC rate used, N amount in given 
ecosystem, precipitation, soil type, N demand by plants and microbes 
(Clough et al. 2013). Reduced leaching has been associated with several 
mechanisms, like increased NH4

+ and NO3
− adsorption (Laird et al., 2010; 

Yao et al., 2012; Clough et al., 2013), water retention capacity (Dempster et 
al., 2012; Sika, Hardie, 2014), increased microbial N immobilization (Sika, 
Hardie, 2014) or altered nitrification and denitrification rates (Troy et al., 
2014). The novelty of the present research is that the effect of activated 
carbon (AC; activated form of BC) on N and K leaching was assessed in a 
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field experiment over several years. Compared to laboratory experiments 
it enabled the evaluation of the potential of BC as a means for leaching 
reduction more precisely. 

2.1.2. Antibiotic residues and antibiotic resistance genes in 
environment

Antibiotics, which are defined as naturally occurring, semi-synthetic 
or synthetic compounds with antimicrobial activity (Kemper, 2008), 
are claimed to be the most successful form of pharmaceutical therapy 
developed (Cytryn, 2013), and are the most widely administered drugs for 
animals (Sarmah et al., 2006). In agriculture, similarly to human medicine, 
antibiotics are valued for disease control and prophylaxis (Ghosh, LaPara, 
2007; Ding et al., 2014). It is common practice to treat whole herd if 
symptoms appear in few animals (therapeutic usage), but also to treat 
animals in advance of clinical symptoms (prophylactic usage) (Wegener, 
2003). Although they are indispensable, extensive use of antibiotics can 
lead to the proliferation of antibiotic residues and resistant bacteria in 
the environment (Ding et al., 2014), as they are not thoroughly absorbed 
or metabolized in vivo (Awad et al., 2014) and animals excrete antibiotics 
in their waste in significant amounts (Massé et al., 2014). Up to 90% 
of antibiotics administered to animals are excreted in urine or manure 
(Kumar et al., 2005). For this reason the use of antibiotics as growth 
promoters in the European Union has been already banned as a precaution 
to alleviate the resistance in bacteria of agricultural origin. 

Even though some antibiotics occur naturally, concerns in the environment 
arise mainly from antibiotics of anthropogenic origin (Kim et al., 2011). 
It has been found that manure application increases antibiotic resistance 
gene (ARG) abundance in soil (Zhu et al., 2013; Marti et al., 2014), but 
also that at least some of prevalent ARG copy numbers is returned to 
background level after a while (Fahrenfeld et al., 2014; Marti et al., 2014). 
Still, repeated manure application results in continuous exposure of 
soil microbes to antibiotic residues and bacterial populations resistant 
to antibiotics (Sarmah et al., 2006), while also increasing the risk of 
persisting and spreading bacterial contaminants and their genes resistant 
to antibiotics (Berendonk et al., 2015). Soil particles can carry bacteria 
over long distances with wind (Prospero et al., 2005) and spread antibiotic 
resistance over wide range. Eventually antibiotics and their daughter 
products can reach aquatic bodies or leach through the soil (Sarmah et al., 
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2006). The mobility of antibiotics depends on characteristics of antibiotic 
and soil, but also on hydrological (Massé et al., 2014) and meteorological 
conditions (Sarmah et al., 2006). 

It is important to acknowledge that any bacteria that is exposed to 
antibiotics can acquire resistance (Beneragama et al., 2013), as its 
determinants are mainly located on mobile genetic elements (Kemper, 
2008). Therefore spread of resistance among soil bacteria due horizontal, 
also known as lateral gene transfer (Ghosh, LaPara, 2007; Heuer et al., 
2011), can carry antibiotic resistance bi-directionally from non-pathogenic 
to pathogenic bacteria (Cytryn, 2013). Although the survival period of 
faecal bacteria in the soil is in the range of weeks and months, the 
persistence of genetic elements does not depend on the viability of the cell 
(Chee-Sanford et al., 2009), possibly increasing the persistence of resistance 
genes in the soil environment even more (Heuer et al., 2011). Therefore 
ARGs are already being acknowledged as environmental pollutants (Zhu 
et al., 2013). Antibiotics may stimulate the spread of antibiotic resistance 
in bacterial populations (Heuer et al., 2011), change soil microbe diversity 
and abundance, by favouring some taxa over other (Ding et al., 2014) and 
also modify important processes such as N cycling (Ollivier et al., 2013; 
review by DeVries, Zhang, 2016). Antibiotic resistance genes in manure 
raise the risk of crop contamination and therefore increases also the 
risk of human consumption of these genes (Marti et al., 2014), which in 
turn could contribute to resistance problems in human antibiotic therapy 
(Heuer et al., 2011). 

The most direct route for relieving the problem of antibiotic resistance, 
would be the limiting use of antibiotics in animal production by 
maintaining herd health through various management techniques (review 
by Pruden et al., 2013). Extended off-set times between fertilization and 
crop harvest have also been proposed for reducing the availability of 
ARGs from field applied manure (Marti et al., 2014). In addition different 
manure treatment technologies have been suggested (review by Pruden 
et al., 2013). One suggested option believed to degrade antibiotics and 
their resistance genes in manure and therefore reduces their amount after 
land application is anaerobic digestion of animal manure (Beneragama 
et al., 2013; Massé et al., 2014; Resende et al., 2014). The main factor 
during anaerobic digestion influencing the reduction of resistant bacteria 
is temperature (Benergama et al., 2013). Still, it has been found that despite 
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the reduction ARGs persist during the process (Resende et al., 2014) and 
may increase the spread of resistance in the environment. Until present 
time the issue of ARGs in the Estonian agricultural environment has not 
been covered and as such, the magnitude of the problem here remains 
unclear. Thus current research provides valuable information on the 
matter and gives needed directions of future research. 
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3. HYPOTHESES AND AIMS OF THE STUDY

This study focuses on determining the impact of slurry application on 
nutrient leaching from grassland and on the opportunity of using activated 
carbon as a measure in the reduction of leaching. At the same time the 
research assesses the role of cattle slurry fertilization as a source of 
antibiotic resistance genes entering grassland soil. 

Hypotheses:
 � The leaching of  N and K in grassland when using cattle slurry is 

higher compared to mineral fertilizer.
 � Increasing N application rate with fertilizers increases N and K 

leaching in grassland.
 � Grassland sward botanical composition impacts N and K 

leaching.
 � The use of  activated carbon (AC) reduces N and K leaching 

from fertilized soil.
 � Cattle slurry fertilization increases the abundance of  antibiotic 

resistance genes (ARGs) in grassland soil.

The objectives of the present study were:
 � To study the impact of  fertilizer type (II), N rate used (II), and 

sward botanical composition (I) on N and K leaching from 
grassland during and after the vegetative period. 

 � To investigate the influence of  AC incorporation into the soil on 
N and K leaching after mineral and organic fertilizer use (III).

 � To assess the effect of  cattle slurry fertilization on the abundance 
of  ARGs in grassland soil (IV).
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4. MATERIALS AND METHODS

4.1. Experimental treatments

All the experiments described in this thesis were conducted at the Eerika 
Experimental Station at the Estonian University of Life Sciences from 
2008-2013. The experiment to study nutrient leaching took place from 
May 2008 to January 2011 on loamy sand soil (I and II); the treatments 
in three replicates were as following: 
(1.) three sward types: 
 (1.1.) grass-only mixture including timothy (Phleum pratense L.), 

perennial ryegrass (Lolium perenne L.) and smooth meadow-grass 
(Poa pratensis L.),

 (1.2.) above mentioned grasses mixed with white clover (Trifolium 
repens L.),

 (1.3.) grasses mixed with lucerne (Medicago sativa L.);

(2.) three fertilizer types: 
(2.1.) mineral fertilizer (NPK), 
(2.2.) cattle slurry, 
(2.3.) sewage sludge;

(3.) four fertilizer application rates based on N rate applied (kg ha-1): 
(3.1.) N0P0K0 (control), 
(3.2.) N60P30K60, 
(3.3.) N120P60K120,
(3.4.) N180P60K120 balanced with P and K fertilizers. 

Additionally two more fertilizer application rates, with only P and K 
(N0P30K60 ja N0P60K120) were included in the experiment and in this 
work average of those rates were used under the abbreviation PK. As 
experimental conditions were not suitable for lucerne and its percentage 
decreased to a minimum after the second year, we did not include grass-
lucerne sward in the thesis. Also N and K leaching data from treatment 
with sewage sludge were not included in current work. Due to the smaller 
number of treatments also the coefficient of determination (R2) may vary 
from those presented in the articles (I and II). 
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The experiment to study the impact of AC on nutrient leaching continued 
from May 2010 to January 2012 on sandy loam soil (III). Treatments in 
four replicates were as following: 
(1.) two substrates: 

(1.1.) soil (S),
(1.2.) soil mixed with activate carbon (S + AC);

(2.) five fertilizer variants: 
(2.1.) mineral fertilizer, 
(2.2.) pig slurry, 
(2.3.) pig slurry digestate, 
(2.4.) sewage sludge digestate, 
(2.5.) unfertilized control. 

The experiment to study the impact of fertilization on ARGs lasting 
from April to September 2013 on sandy loam soil (IV) consisted of four 
fertilizer treatments in three replicates: 
 (1.) mineral fertilizer, 
 (2.) cattle slurry, 
 (3.) cattle slurry digestate, 
 (4) unfertilized control. 

4.2. Sampling and analyses

The determination of leaching in the first two experiments (I, II, III) was 
done by using plastic mini-lysimeters with surface area of 0.0706 m-2 and 
depth of 30 cm. Free-draining lysimeters were filled with disturbed soil. 
Water from the lysimeters was removed with a vacuum pump, through a 
plastic tube that reached from the reservoir to the soil surface. Lysimeters 
were dug into the ground so that the lysimeter soil surface was at the 
same level as the surrounding soil. The quantities of leachate and N and 
K content in the water were measured on a monthly basis throughout 
the year, except in periods when the soil was frozen (I-III). The quantity 
of leached elements per m-2 was calculated by multiplying the leachate 
volume by the compound concentration in the leachate and dividing this 
by the lysimeters surface area (I-III). 

In the third field experiment (IV) five ARGs were quantified from major 
antibiotic classes: (1) blaCTX-M and (2) blaOXA2 encoding β-lactamase 
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resistance, (3) tetA encoding tetracycline resistance, (4) sul1 encoding 
sulfonamide resistance, and (5) qnrS encoding fluoroquinolone resistance 
by quantitative PCR (qPCR) analysis (IV). 

The meteorological conditions during the experimental period were 
monitored with weather stations “Metos Model MCR300” (Pessl 
Instruments GmbH, Austria) (I, II, III).

4.3. Statistics

Correlation and multiple regression analyses were used to test the 
relationships between water percolation, sward DM yield and nutrient 
leaching (I and II). Fisher’s least significant difference (LSD) test for 
homogeneous groups was used for testing the significance of differences 
between treatments (I and II). The treatment effects and interactions 
were analysed by factorial ANOVA (III). Relationships between leached 
nutrient amounts, nutrient concentrations in leachate and percolated 
water volumes were evaluated by the Pearson correlation method (III). 
The Spearman rank order correlation coefficient (R) was used to find 
correlations between target gene abundance in soil within a specific 
fertilization treatment as well as to compare target gene abundance in 
soil between different fertilization types (IV). The statistically significant 
differences of target gene abundances between different fertilization types 
were estimated using repeated measures ANOVA (rANOVA) combined 
with Tukey-HSD posthoc test (IV). The significance threshold was set at 
0.05 unless stated otherwise. All statistical analyses in the experiments 
were done by using the statistical program Statistica (StatSoft Inc., USA). A 
more detailed characterization of the methodologies of each experiment 
is described in the papers (I, II, III, IV). 
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5. RESULTS

5.1. Impact of  fertilizer type on nutrient leaching (II) 

Nitrogen leaching in grassland during vegetative period (April to 
November) was influenced by used fertilizer type (Appendix Table 1, 
hereafter Table 1). In all three experimental years it was lower when 
mineral NPK fertilizer was used (on average 1.8 g m-2 ) compared to 
cattle slurry treatment (on average 2.1 g m-2) (Figure 2). Sward yield was 
significantly higher with mineral fertilizer (on average 0.8 kg DM m-2 y-1) 
compared to cattle slurry use (on average 0.6 kg DM m-2 y-1) (Figure 2). 
For the formation of higher yield plants used more water and therefore 
with the increasing yield the amount of percolating water (R2 = 0.70 (1st 
year); R2 = 0.63 (2nd year); R2 = 0.40 (3rd year) together with N leaching 
depending on it decreases. Between compared treatments significant 
differences in leaching appeared only in the middle of the vegetative 
period ( June, July) each experimental year during the intensive plant 
growth stage, when it was higher from cattle slurry treatment compared 
to mineral NPK (data not shown). 

Three-year average N leaching was higher from control treatment (2.1 
g m-2) (Figure 2), where no fertilizers were applied, when compared to 
mineral NPK treatment, and was similar to the leached N amount from 
cattle slurry treatment. 

After the vegetative period, the difference between N leaching in cattle 
slurry (on average 1.1. g m-2) and mineral NPK fertilizer treatment (on 
average 1.0 g m-2) was not significant and it was similar to N leaching 
from unfertilized control (on average 0.9 g m-2) (Table 1). In the vegetative 
period N leaching depended (P < 0.001) only on the amount of water 
percolation (R2 = 0.86 in three-year average), but after the vegetative 
period, in addition to the water amount (R2 = 0.93 in three-year average) 
N leaching was affected (P < 0.001) also by the N concentration in the 
leached water (R2 = 0.59 in three-year average) (I). 

The total (vegetative + after vegetative period) N leaching averaged over 
three-year experimental period was the lowest when using mineral NPK 
fertilizer (2.7 g m-2) compared to cattle slurry (3.1 g m-2). From control 
(3.0 g m-2) N leaching was similar (P > 0.05) to both mineral NPK and 
cattle slurry treatment.
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Figure 2. Average (± standard error) sward yields (1.), amounts of percolated water (2.), 
N (3.) and K (4.) leaching depending on used fertilizer type during the vegetative period 
(averaged for the three-year period). Different letters indicate significant differences 
between treatments. 

Figure 2. Average (± standard error) sward yields (1.), amounts of percolated water 
(2.), N (3.) and K (4.) leaching depending on used fertilizer type during the vegetative 
period (averaged for the three-year period). Different letters indicate significant 
differences between treatments.  
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Potassium losses through leaching in the vegetative period from cattle 
slurry (on average 1.3 g m-2) and mineral NPK treatment (on average 
1.0 g m-2) were similar (Figure 2, Appendix Table 2, hereafter Table 2), 
although throughout the experimental period somewhat higher losses 
appeared with cattle slurry use. The highest K leaching over three years 
occurred in mineral PK fertilizer treatment (1.8 g m-2). Potassium leaching 
amounts from unfertilized control treatment (on average 1.4 g m-2) were 
similar to leaching from cattle slurry and also mineral NPK treatment. 
After the vegetative period, K leaching was higher (P < 0.001) in cattle 
slurry (on average 0.4 g m-2) and PK treatment (on average 0.5 g m-2) 
compared to mineral NPK treatment (on average 0.2 g m-2). During the 
vegetative period (R2 = 0.92) (Figure 3 in I) and after it (R2 = 0.62), 
potassium leaching correlated with its concentration in the leachate (I). 
The relationship between K leaching and percolated water amount in 
the vegetative period was also strong (R2 = 0.88), but weak after the 
vegetative period (R2 = 0.26).  

The total K leaching for the three-year average was the highest in the 
PK treatment (2.3 g m-2). There was no difference between cattle slurry 
(on average 1.7 g m-2), mineral NPK (on average 1.3 g m-2) and control 
treatment (on average 1.7 g m-2).

5.2. Fluctuation in leaching during the experimental period

During the three year experimental period, N leaching in the vegetative 
period decreased significantly with the use of cattle slurry, mineral NPK 
and also from control (Table 2 in II). The same trend also appeared in 
the amount of percolated water due to the decrease in the amount of 
precipitation (Table 2 in I). Contrarily, at the same time, N content in 
the leachate increased in all treatments compared. The difference in N 
leaching between cattle slurry and mineral NPK treatment did not change 
significantly during experimental period, as did not also the difference 
between N concentrations.  

After the vegetative period, the situation was reversed and N leaching 
increased with every experimental year, as did also the amount of leachate 
and N content in the leachates. The difference between cattle slurry and 
mineral NPK treatment was even smaller than in the vegetative period 
and it stayed similar throughout the experiment. 
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During experimental years, K leaching in the vegetative period decreased 
in all compared treatments (Table 2 in II). This was due to the decrease 
in leachate K concentration. Between cattle slurry and NPK treatment 
during the experiment, difference in K leaching in the vegetative period 
did not change significantly.

After the vegetative period, K leaching increased significantly during 
three year experimental period in cattle slurry and PK treatment, while 
in case of mineral NPK, it stayed similar or even decreased slightly. The 
difference in K leaching between treatments stayed similar throughout 
the experiment.

5.3. Impact of  N rate on nutrient leaching (II)

N rate used did not have a significant impact on N leaching (Table 1). It 
was similar with all N rates applied and was between 1.9-2.0 g N m-2 at 
N rates 0-180 kg ha-1. Sward yield increased significantly with increasing 
N rate (from 0.4 to 0.8 kg m-2 y-1 in N0 and N180), but at the same time it 
did not reduce the amount of percolated water significantly. 

Although N rate did not have interaction with fertilizer type (Table 
1), there was a tendency that a higher rate of used cattle slurry reduced 
(P > 0.05) N leaching (2.1, 2.0 and 1.9 g N m-2 with N60, N120 and N180 
respectively), while with mineral fertilizer, it was the same at all N rates 
used (1.7 g N m-2 with N60-180). 

When comparing cattle slurry and mineral NPK treatment at different 
N rates, N leaching did not vary (Table 1), except at N60, when leaching 
was significantly reduced in mineral NPK treatment (on average 1.7 g 
m-2) compared to cattle slurry (on average 2.1 g m-2) use. 

After the vegetative period, the amount of percolated water, N content 
in it and therefore N leaching, at all N rates used, including control 
treatment, was similar (on average 0.9-1.1.1 g m-2). 

Three-year average total N leaching at all N rates used, including control, 
was 3.0 g m-2. Total N leaching at all compared N rates used was lower, 
with mineral NPK compared to cattle slurry treatment, although 
significant difference between fertilizer treatment appeared only at N 
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rate 60 (2.6 and 3.3 g N m-2 in mineral NPK and cattle slurry treatment 
respectively). 

In the vegetative period, increasing N rate did not change K leaching 
significantly (Table 2), although there was a tendency that with higher 
N rates, K leaching was somewhat reduced. While not significant, the 
highest K leaching appeared from unfertilized control (on average 1.4, 
1.3, 1.3 and 1.2 g m-2 with N rates 0, 60, 120 and 180 kg ha-1 respectively). 
After the vegetative period, K leaching was not influenced by different 
N rates applied during the vegetative period, in any fertilizer treatments 
(Table 2). Additionally, N rate used did not affect three-year average 
total K leaching.

5.4. Impact of  sward botanical composition on  
nutrient leaching (I)

Sward botanical composition had a significant impact on N leaching in 
grassland (Table 1). In the vegetative period, it was lower from grass-
clover (on average 1.7 g m-2) when compared to grass-only sward (on 
average 2.2 g m-2) (Figure 3). Difference in N leaching between swards 
was conditioned by their different yields, which was higher in grass-
clover (on average 0.8 kg m-2) compared to grass-only sward (on average 
0.5 kg m-2). The effect of cattle slurry and mineral NPK on N leaching 
was similar in both swards (Table 1) and in both cases it was lower in 
grass-clover sward. 

Increasing N rate did not change N leaching significantly in different 
swards (Table 1). Still leaching was significantly lower with all N rates 
used, including control from grass-clover sward (on average 1.6-1.8 g N 
m-2) compared to grass-only sward (on average 2.1-2.4 g N m-2). This 
was caused by the significantly higher sward yields in grass-clover sward 
(0.6-0.9 kg ha-1 y-1) at all N rates used, compared to grass-only sward (on 
average 0.2-0.6 kg ha-1 y-1).

Difference in the N leaching between two swards changed throughout 
the experiment and it was significantly lower in the third year (0.3 g m-2), 
compared to the first year (0.9 g m-2), due to the decreasing amount of 
percolating water. When calculated based on 1 L-1 of percolated water, N 
leaching changed similarly between swards in the experimental period.
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Figure 3. Average (± standard error) sward yields (1.), amounts of percolated water 
(2.), N (3.) and K (4.) leaching depending on sward type during the vegetative period 
(averaged for the three-year period). Different letters indicate significant differences 
between treatments. 

 
Figure 3. Average (± standard error) sward yields (1.), amounts of percolated water 
(2.), N (3.) and K (4.) leaching depending on sward type during the vegetative period 
(averaged for the three-year period). Different letters indicate significant differences 
between treatments.  
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After the vegetative period leaching between grass-clover (1.2 g N m-2) 
and grass-only sward was similar (1.0 g N m-2) and leached N amount 
depended substantially on the length of the period the ground stayed 
frozen. After the vegetative period, the difference in N leaching between 
the two compared swards stayed similar throughout the experimental 
period.  

The total three-year average N leaching was significantly lower from 
grass-clover (2.8 g m-2) compared to grass-only (3.2 g m-2) sward. 

Sward composition influenced also K leaching (Table 2), which was in 
the vegetative period significantly less in grass-clover (on average 0.5 g 
m-2) compared to grass-only sward (on average 2.0 g m-2) (Figure 3). The 
greatest difference in K leaching between fertilizer treatments appeared 
in the case of PK use, where it was lower in grass-clover (on average 0.4 
g m-2) compared to grass-only sward (on average 3.2 g m-2). Leaching was 
significantly different also between the two swards in cattle slurry (on 
average 0.6 and 2.1 g m-2 in grass-clover and grass-only sward respectively) 
and mineral NPK treatment (on average 0.4 and 1.7 g m-2 in grass-clover 
and grass-only sward respectively) and also in unfertilized control (on 
average 0.5 and 2.3 g m-2 in grass-clover and grass-only sward respectively). 
Between sward types the amount of leachate and the K concentration in 
the leachate were significantly lower in grass-clover sward (on average 
79.8 L m-2 and 5.5 mg L-1 respectively) compared to grass-only sward (on 
average 112.3 L m-2 and 16.6 mg L-2 respectively). 

After vegetative period, the same trend in K leaching between swards 
appeared as in the vegetative period.

During the experiment, K leaching difference between swards in the 
vegetative period decreased significantly from 2.1 g m-2 in the first to 0.7 
g m-2 in the third year. It increased after the vegetative period and was 
0.2 and 0.5 g m-2 in the first and third year respectively.

The total three-year average K leaching was lower in grass-clover sward 
(0.6 g m-2) compared to grass-only sward (2.5 g m-2). 
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5.5. Impact of  activated carbon on nutrient leaching (III)

In the experiment with AC its incorporation into the soil had significant 
impact on NO3

−-N leaching (Figure 4). 

Figure 4. Total (± standard error) amounts of percolated water (1.), NO3
−-N 

concentration in the leachates (2.), NO3
−-N (3.) and K (4.) leaching depending on 

substrate. Different letters indicate significant differences between treatments.
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As a result of a 19 month experimental period, cumulative NO3
−-N 

leaching was four times lower in soil mixed with AC (S + AC) treatment 
(0.18 g m-2) compared to soil (S) treatment (0.72 g m-2). The reducing 
influence of AC on NO3

−-N leaching was significant in all fertilizer 
treatments including in the unfertilized control. Reduced NO3

−-N leaching 
was a result of decreased water percolation and concentration of NO3

−-N 
in the leachate. Application of AC did not influence the leaching of 
NH4

+-N. Potassium leaching in S + AC treatment (7.3 g m-2) was 3.2 
times higher compared to S treatment (2.3 g m-2) (Figure 4). 
 

5.6. Impact of  fertilization on antibiotic  
resistance genes in soil (IV)

Experiment studying the abundance of five ARGs in fertilizers and 
grassland soil showed that both fertilizers, cattle slurry and its digestate, 
were a considerable source of ARGs with their concentrations (blaCTX-M, 
blaOXA2, tetA) most between 104-105 copies g-1 dw-1 (Figure 1 in IV). 
The most abundant ARGs were sul1 genes with concentrations up to 
1.63x106 and 1.46x107 copies g-1 dw-1 in cattle slurry and cattle slurry 
digestate, respectively. The concentration of qnrS genes was mostly below 
103 copies g-1 dw-1.

Soil microbial community of the unfertilized control contained a stable 
background of tetA, blaCTX-M and sul1 genes, with tetA being the most 
numerous (average concentration of 9.63x104 copies g-1 dw-1). In both 
organic fertilizer treatments, the abundance of blaCTX-M genes in 
grassland soil was elevated prior to fertilizer application at Day 0 when 
compared to control treatment (Figure 3 C, D in IV) indicating at the 
influence of previous year fertilization. At the same time the concentration 
of tetA (on average 8.08 x 104 copies g-1 dw-1) in digestate treatment was 
significantly lower than in all other treatments including control. 

The fertilizer type significantly affected ARGs abundance in the bacterial 
community (P < 0.001), explaining 67.04% of its variation in the grassland 
soil. The abundance dynamics of tetA and especially blaCTX-M in organic 
treatments followed similar pattern as 16S rRNA. In cattle slurry digestate 
amended soil blaCTX-M concentration (on average 1.53 x 105 copies g-1 
dw-1) was significantly higher compared to all other fertilization types 
and control throughout the study. Treatment with cattle slurry resulted 
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in significantly higher blaCTX-M and sul1 abundance in the soil bacterial 
community compared to mineral fertilizer amended soil. Concentration 
of tetA remained significantly lower in cattle slurry fertilized soil than 
in the case of mineral fertilization (average concentration 2.08 x 105 
copies g-1 dw-1). The concentration of sul1 showed elevation after each 
fertilization in soils fertilized with cattle slurry and its digestate and 
also to a lesser extent following mineral fertilizer use, which was mostly 
succeeded by reduction (Figure 3 B, C, D in IV). Still in both organic 
treatments at the end of the experimental period the reduction of sul1 
concentrations in the community did not decrease to the background 
level recorded at Day 0. No qnrS genes were detected from soil samples, 
while the amounts of blaOXA2 genes remained under the quantification 
limit of current qPCR assay. 
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6. DISCUSSION

6.1. Impact of  fertilizer type on nutrient leaching (II)

Results showed that when applying N at the same rate, then leaching 
is higher with the use of cattle slurry compared to mineral fertilizer. 
In the present experiment N leaching was dependent mainly on the 
magnitude of sward yield. Higher yield in mineral fertilizer treatment 
together with higher transpiration increased water uptake by plants and 
therefore decreased the loss of nutrients via leaching more efficiently 
when compared to cattle slurry use. These results support the hypothesis 
that N leaching in grassland when using cattle slurry is higher compared 
to mineral fertilizer. Bergström and Kirchmann (1999; 2006) found that 
when applying poultry manure or pig slurry and NH4NO3 in the same 
amount to cereals, fertilizer-derived N leaching was higher from organic 
sources. They propose that N release from organic sources can happen 
during times when there is no N uptake by crops (Bergström, Kirchmann, 
2006), like autumn, winter and spring, in case of unfrozen soil (Bergström, 
Kirchmann, 1999). Stopes et al. (2002) states that great part of nitrates 
leaching after vegetative period is caused by ongoing mineralization after 
plants ceased uptake. The decomposition of organic matter, even at 0 
C° has been demonstrated by Henriksen and Breland (1999) and Kauer 
(2012). The current experiment, conducted on grassland with constant 
crop cover throughout the year, showed a similar trend in leaching; the 
highest leaching appeared in all experimental years at the end of the 
vegetative period since August or September, when the grass growth 
slows down and the amount of leachate starts to increase. In contrast 
to experiments conducted with cereals (Bergström, Kirchmann, 1999; 
Bergström, Kirchmann, 2006), the current study demonstrated that by 
the end of vegetative period cattle slurry did not increase N leaching 
when compared to mineral NPK, as also the amounts of leachate and 
leachate N content between treatments did not vary significantly. 

Significantly higher N leaching from cattle slurry compared to mineral 
NPK treatment appeared in our experiment, in the middle of the 
vegetative period from June to July, when plant N demand is high. 
In the middle of the summer the activity of soil microflora, including 
decomposers, is higher due to higher temperatures (Tampere et al., 2014). 
Therefore it can be expected that in this period slurry organic matter 
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mineralization is also stimulated, contributing to a higher amount of N 
in the soil, which may be subject to leaching. This presumption was also 
supported by significantly higher leachate N concentrations in cattle slurry 
treatment compared to mineral fertilizer. The impact of N concentration 
became more important to leaching probably due to the lower amount 
of percolated water during that period. The amounts of percolated water 
between treatments did not vary significantly. 

Several previous studies have found, in contrast to the current research, 
lower N leaching with organic fertilizer application compared to mineral 
fertilizer use. The reduced N leaching with organic fertilizer use found 
in those studies has been ascribed to the use of unequal fertilizer N 
rates in different farming systems (Hansen et al., 2000; Knudsen et al., 
2006), emphasizing that this is a characteristic difference between the two 
systems (Knudsen et al., 2006), although it makes it impossible to get an 
accurate comparison of fertilizer treatment effects on nutrient leaching.  

Current experiment results showed similar N leaching from the control 
treatment compared to cattle slurry use, but significantly higher compared 
with mineral fertilizer treatment. This is opposite to several other studies, 
with annual crops and perennial grasses, where authors have found the 
lowest leaching amounts from control compared to N fertilized treatments 
(Bergström, Kirchmann, 1999; Bergström, Kirchmann, 2006; Adomaitis et 
al., 2008; Tripolskaja, Verbylienė, 2014). Schröder et al. (2010), who studied 
nitrate concentration in the upper groundwater, found that it was similar 
between treatments without fertilization and mineral fertilizer (rate 170 kg 
N ha-1) use. They explained their finding of N in the upper groundwater 
of unfertilized control in grassland by hypothesising that this N must have 
originated from the mineralization of earlier organic inputs to the soil. 
Similar N content in the leachate of control in the current experiment 
compared to cattle slurry treatments points to the substantial amount 
of available N supply in the soil. It has been found that uncontrollable 
processes in the soil, like mineralization of organic substances, can have 
a significant influence on leaching amounts (Adomaitis et al., 2008), even 
without any fertilization (Goulding, 2000). In the current experiment 
organic matter mineralization may have been promoted by soil disturbance 
caused by its mixing at the establishment of the experiment. This may have 
influenced nutrient mineralization rates even a year after the interference. 
Formed N is prone to leaching due to the more poorly formed crop cover 
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in control compared to fertilized treatments, from which precipitation 
infiltration is more intense (Tripolskaja, Verbylienė, 2014). Our result 
support this speculation, because control treatment had lower yield and 
similar or higher leachate amount compared to fertilized treatments.

The second explanation for high N leaching from unfertilized control 
treatment could be that N can leach in an organic form as dissolved 
organic nitrogen (DON). Nitrogen leaching as DON has been indicated 
by several authors, including Siemens and Kaupenjohann (2002), Vinther 
et al. (2006) and Kušlienė et al. (2015). Dissolved organic nitrogen, which 
can appear in multiple forms, both labile and recalcitrant, of organic 
N, can represent a great part of leached N, because its loss cannot be 
prevented by plants and microbes, even at times of high N demand (Neff 
et al., 2003). According to a review by Van Kessel et al. (2009) N lost as 
DON can be as high as even one-third of the losses detected as NO3

−. 
N leaching in an organic form can partly explain leaching in fertilized 
treatments as well. Murphy et al. (2000) indicated earlier that more DON 
is leached when applying manure compared to inorganic N, due to the 
greater amount of N given to the soil when applying manure, or because 
soil organic matter blocks active sites on soil minerals, reducing the 
sorption of DON onto soil. High soil organic N content could be one 
explanation for why plants did not assimilate N in the current experiment 
and it leached from cattle slurry treatment in the middle of the vegetative 
period. At the same time it would also explain the reduced efficiency of 
cattle slurry compared to mineral fertilizer. 

Experiment results demonstrated similar impact of used fertilizers, 
mineral NPK and cattle slurry, on K leaching. Result obtained in the 
study by Bučienė et al. (2014) showed the highest K leaching with drainage 
runoff in case of mineral fertilizer use. In an experiment by Kayser et al. 
(2007) K leaching from treatment with cattle slurry increased its losses 
significantly. In both studies high K leaching was caused by the much 
higher K application rate with mineral or organic fertilizer, respectively, 
and therefore poorer fertilizer N: K ratio. Kayser et al. (2007) stressed 
also that swards adequately provided with K in their experiment had 
quite small K surpluses, and therefore also K leaching. In the current 
experiment, N: K ratio in mineral NPK (1-1.5:1 in three year average) 
and cattle slurry treatment (1:1.2 in three-year average) varied minimally. 
This is a probable reason why there was no significant difference in K 
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leaching between those treatments. The importance of a balanced N: K 
ratio appeared most clearly in mineral PK treatment, where K leaching 
compared to NPK and cattle slurry treatment was significantly higher. It 
is often emphasized that K uptake by plants depends on their N supply 
(Alfaro et al., 2003; Zhang et al., 2010), because N controls their dry matter 
production (Alfaro et al., 2003). Our results supported this finding, as K 
concentration was higher in the leachate of control in grass-only sward 
(on average 17.0 mg L-1) were plants N supply was lower than in grass-
clover sward (on average 5.1 mg L-1).

After the vegetative period, the fertilizers influence on K leaching 
resembled that of the vegetative period, where leaching increased if the 
applied K amounts in the vegetative period were not adequately balanced 
with N. 

6.2. Fluctuation in leaching during the experimental period

In Estonian conditions it is known that from manure plants utilize only 
20-30% of N and 50 –70% of K in the first year (Astover et al., 2006). 
Unused K can move from soil solution to the readily and slowly available 
soil pools (Johnston, 2003). The rest of the N either immobilizes (Cameron 
et al., 2013) or is lost from the soil. Additional nutrient losses appear 
also through the mineralization of previously immobilized nutrients 
(Cameron et al., 2013) or organic matter included into soil with added 
organic substances. Therefore it could be presumed that leaching increases 
with the length of experimental period as the nutrient amount in the 
soil throughout the years should increase. Experiment results revealed 
that during the vegetative period nutrient leaching was not increased, 
despite increasing N content in the leachates. Reduction in leaching was 
conditioned by the fact that in our experiment each subsequent year was 
drier in comparison to the previous one (Table 2 in I). 

Contrarily to the vegetative period leaching increased after it, where it 
depended also on the length of the period the ground was frozen. In the 
third year it froze substantially later, when compared to previous years, 
elongating the leaching period. Also, it was followed by a dryer summer, 
which may have accumulated more nutrients into the soil, due to the 
plants lower N utilization under low moisture conditions (Lipinska et 
al., 2016), and thus increasing the leaching after the vegetative period. 



39

Another source for N loss after the vegetative period could have been 
greater mineralization rates after re-wetting, which are presumed to be 
greater after periods of hot and dry weather conditions (Scholefield et al., 
1993). Total N leaching increased significantly during the experimental 
period from 2.8 to 3.3 g m-2 in the first and third year respectively.

6.3. Impact of  N rate on nutrient leaching (II)

In cut grassland during the vegetative period increasing N rate up to 180 
kg N ha-1 year-1 did not affect N leaching. Still, the effect of increasing N 
rate varied (P > 0.05) between cattle slurry and mineral NPK treatment. 
With mineral NPK leaching of N stayed the same, but with cattle slurry 
reduction (P > 0.05) in leaching with increasing N rate could be observed. 
Also in sewage sludge treatment, which was not included into this thesis, 
increasing N rate reduced (P < 0.05) leached N amounts. Due to the 
high variation in leaching amounts between treatments reducing effect 
on leaching by increasing N rate did not appear. 

Research by Schröder (et al., 2010) showed that increasing N rate and 
recovery of fertilizer N are in negative relationship; N concentration in the 
upper groundwater increases together with N rate applied. Several authors 
(Wachendorf et al., 2004; Schröder et al., 2010) have found that the N 
surplus in soil determined nitrate concentration in soil and therefore could 
indicate N leaching. In the current study increasing N application rate 
increased yield and reduced (P > 0.05) the amount of water percolation 
(approximately 16 L m-2 on average between N0 and N180), but did not 
have significant effect on N concentration in the leachate. Thus indicating 
that N rates used in our experiment did not exceed the plants ability to 
assimilate added N, and as a result increasing N rate did not increase its 
leaching amounts. 

We did not find differences in N leaching at N rates 120 and 180 between 
mineral NPK and cattle slurry treatment. As the only exception at N 
rate 60 leaching was significantly lower with mineral NPK compared to 
cattle slurry use. This was caused by higher (P > 0.05) sward yield and 
lower N content in the leachate of mineral NPK treatment at N60. Also 
there was noticeable, although not significant difference in the amounts 
of percolated water between fertilizer treatments at N60 (15 L m-2 on 
average). With increasing N rate the yield difference between fertilizer 
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treatments increased, although difference in N content in the leachate, 
and especially in the amount of percolated water decreased. In mineral 
NPK treatment the amount of leachate stayed similar with increasing N 
rate. The use of cattle slurry reduced the amount of leachate, although not 
significantly (P > 0.05), with increasing N rate (N60-N180) in three year 
average approximately 9 L m-2. The result that mineral NPK treatment 
resulted in increasing yield, but did not affect the amount of leachate, 
shows that in addition to sward yield it depends also on the synchronicity 
between the amount of precipitation and plants water requirement. 
Generally the water uptake of high-yielding swards is higher compared to 
low-yielding swards, as was also seen in the current experiment. Although 
if the precipitation would have been greater a part of water would have 
remained unused also in high-yielding sward. 

Bergström and Kirchmann (2006) showed that annual N leaching from 
pig slurry was positively correlated with N application rate (up to 200 kg 
N ha-1), when applied to cereals. They speculate that this may have been 
due to the organic N mineralization after cropping season contributing 
to larger leaching loads. Despite lower efficiency of organic compared to 
mineral fertilizers in the current experiment, there were no differences 
in N leaching between fertilizer treatments at different N rates after the 
vegetative period. This may have been conditioned by the split application 
of fertilizers, by year-round crop cover or by the fact that the soil was 
frozen most of the winter period. When soil is frozen no leaching can 
take place, as occurred most of the time during winter in our experiment. 
Molten soil would probably have increase the leaching considerably.  

6.4. Impact of  sward botanical composition on  
nutrient leaching (I)

Sward botanical composition had significant influences on nutrient 
leaching in the present experiment and it was significantly less from 
grass-clover compared to grass-only sward. From previous research 
exploring the impact of grass species on leaching Eriksen et al. (2004) 
observed higher N leaching from fertilized (300 kg N ha-1) grass-only 
compared to unfertilized grass-clover sward. Studies by Bouman et al. 
(2010) and Lipinska et al. (2016) showed that leaching of NO3

−–N was 
dependent on grass species N requirement. Leaching is reduced when 
sward is dominated by species with high N demand (Bouman et al., 2010). 
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Differences between swards in the current experiment were conditioned 
mainly by differences in their yields. Additional plant-available N in 
grass-clover sward, due to the biologically fixed N, increased sward yield 
more, when compared to grass-only sward and resulted in lower leachate 
volume. It has been described previously (Webster et al., 2003) and was also 
confirmed by our experiment, that drainage volume has major influence 
on N leaching. In addition to yield, higher transpiration rate of white 
clover compared to grasses (Lucero et al., 2002) could have influenced 
the amount of percolating water. Higher transpiration resulting from 
higher yield decrease drainage volume (Bergström, Kirchmann, 2006) 
by increasing plants water uptake.

Another concern is the impact of white clover decaying N rich plant parts 
on N leaching. Loiseau et al. (2001) showed higher leaching from white 
clover compared to grass sward, due to the increased soil mineralization in 
pure clover sward caused by the low C: N ratio of the clover litter. While 
Hooda et al. (1998) demonstrated similar N leaching from grass and grass-
clover pasture due to the similar total N inputs. The current study showed 
decrease in N leaching from grass-clover sward with experimental years, 
despite the significant reduction of white clover ratio during that period, 
which would be expected to increase the amount of degradable organic 
matter in the soil. The reduction in leaching was probably influenced 
by the decreased N deposition into the soil at the same time, due to the 
decrease in white clover content in the sward and reduced N2 fixation 
caused by sward ageing, as noted also by Eriksen et al. (2004).

This study showed that differences in N leaching between swards only 
occurred in the vegetative period. After the vegetative period variation 
in N leaching between swards disappeared and did not change greatly 
during the experimental period. Similar trends appeared for the percolated 
water amounts and N content in leachates.

K leaching from grass-clover sward was lower compared to grass-only 
sward. Previous results have shown that K leaching from grassland in 
vegetative period is controlled primarily by soil exchangeable K content 
(Askegaard et al., 2003; Alfaro et al., 2004; Kayser et al., 2007), which is 
influenced by N supply (Alfaro et al., 2003). Present experimental results 
confirm the previous findings indirectly, as it was demonstrated that 
K content in the leachate of clover containing sward was significantly 
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lower compared to grass-only sward. Results also point to the possibility 
that the impact of sward type on K leaching comes from its ability to 
change soil N: K ratio. It can be speculated that due to their ability to fix 
atmospheric N2, legumes in the sward widen soil N: K ratio and increase 
K uptake, and therefore reduce K leaching. This was also supported by 
the lower K leaching in PK treatment in grass-clover sward compared to 
grass-only sward. The lack of N with fertilization in grass-clover sward 
was compensated with symbiotically fixed N from white clover, which 
increased plant-available N content of the soil and in turn also increased 
K uptake by plants in the sward. 

The swards different N supply in the vegetative period influenced K 
leaching also after vegetative period, and it was also significantly less 
from grass-clover sward. 

6.5. Impact of  activated carbon on nutrient leaching (III)

Experiment results were partially in agreement with the hypothesis of 
the current experiment and indicated that the addition of AC into soil 
fertilized with slurry reduces NO3

− leaching, while increasing that of K. 
In fact, it was shown that AC has a selective effect on nutrient leaching, 
which does not depend on used fertilizer type. Only a few studies (Mizuta 
et al., 2004; Kameyama et al., 2012) so far have shown similar effects 
of BC on NO3

−-N leaching. In most cases it has been found that BC 
restricts the leaching of cations. One reason for different results obtained 
in this experiment may have been caused by the use of AC, which passes 
through an activation process after pyrolysis, increasing its specific surface 
area and reactivity. The charcoal in our experiment was also produced 
at higher temperatures (700-900°C) than usual (500-600°C). Charcoal 
production temperatures used in experiments by Kameyama et al. (2012) 
and Mizuta et al. (2004) were also between 700-900°C, indicating at the 
possibility that only charcoal produced at higher temperatures is capable 
to NO3

−-N retention in the soil. 

Although noted before with BC (Lehmann et al., 2003; Ding et al., 2010; 
Singh et al., 2010) in this experiment we did not observe AC effect on the 
leaching of NH4

+-N. Therefore, we assume that the temperature used for 
biochar production may affect its surface charge and temperature above 
600°C promotes the formation of positive charge on charcoal surface.
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From this research the mechanism for reducing NO3
−-N leaching with 

AC use did not become obvious. Earlier it has been demonstrated that 
one possible explanation could be longer NO3

−-N retention in the 
rhizosphere when using BC (Steiner et al., 2008; Kameyama et al., 2012), 
resulting in increased N uptake by plants. In this experiment AC reduced 
water percolation through the sward and increased N uptake by plants, 
compared to S treatment, supporting previous reports. In addition, our 
result indicates that AC may be capable of absorbing nitrate, in agreement 
with Prendergast-Miller et al. (2011) and Knowles et al. (2011). There 
was positive correlation between the amount of leachate and nitrate 
concentration in the AC treatment. It is probable that in the soil enriched 
with AC, ion exchange occurs between the carbon particles and the soil 
solution, and NO3

− flow is determined by the diffusion gradient. After 
fertilization when the concentration of NO3

− in the soil solution is high, 
ions move on the surface and pores of carbon. The opposite is true in the 
presence of precipitation, when there is a large amount of water in the 
soil ion flow. This speculation needs further confirmation or refutation 
by experiments.

Regarding the increased leaching of K with AC addition to the soil, we 
found that it was conditioned by AC extremely large K content. Studies 
conducted previously (Lehmann et al., 2003; Schulz, Glaser, 2012) have 
also indicated that BC is capable of significantly increasing soil extractable 
K content, showing that contrarily to the hypothesis, soil-applied charcoal 
increases K leaching losses.

6.6. Impact of  fertilization on antibiotic resistance genes in soil 
(IV)

Cattle slurry and cattle slurry digestate were both considerable sources 
of ARGs. Results confirmed the suspicion that mesophilic anaerobic 
digestion of manures may remain insufficient in reducing the ARGs 
(Chen et al. 2010). 

Organic fertilizers used similarly, and significantly induced sul1 gene 
levels after each fertilization, which was generally followed by a decrease 
stage. Sul1, representing a synthetic antibiotic, is therefore a good indicator 
of human impact on the environment. In mineral fertilizer treatment 
enhancement of sul1 gene levels in soil was lower and marginal compared 
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to organic fertilizers. This dynamics suggests that microbes carrying sul1 
genes are mainly brought into soil through manure and its digestate, and 
have limited survival potential in soil. The fact that sul1 abundance in 
organic fertilizer-amended soil had not dropped to background levels 
by the end of the experiment confirms that several months might not be 
sufficient for the reduction of these genes (Heuer, Smalla, 2007; Jechalke 
et al., 2013). Current experiment suggests similarly to Marti et al. (2014) 
that a period of up to one year could be sufficient for these markers to 
decrease to background levels. This is indicated by the same sul1 level at 
Day 0 after identical fertilizer application year before our experiment. 

The elevated level of tetA and blaCTX-M in case of mineral and organic 
fertilizer application, respectively, before the start of fertilization period 
can be associated with slow dissipation of resistance carriers after the 
previous year fertilization. Positive correlations between 16S rRNA, tetA 
and blaCTX-M abundance dynamics within all fertilized soils suggests that 
microbial groups carrying these ARGs have established themselves in soil 
and their abundance fluctuates with the changes of bacterial community 
abundance, rather than is impacted by applied fertilizers.

The experiment finding that both cattle slurry and its digestate elevated 
the concentration and relative abundance of blaCTX-M in soil is in 
accordance with Udikovic-Kolic et al. (2014). We found that digested 
manure is significantly more profound in this respect compared to cattle 
slurry. Also, mineral fertilization could significantly enhance tetA in the 
indigenous bacterial community. Suppression of tetA levels found in cattle 
slurry digestate-fertilized soil suggests that the digestate can selectively 
enhance or suppress bacterial community members carrying different 
types of resistance determinants.
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CONCLUSIONS

 � Nitrogen leaching depended on fertilizer type used and it was lower 
with mineral fertilizer use compared to cattle slurry. This was due 
to the higher sward yield in mineral fertilizer treatment, decreasing 
the amount of  water percolation together with the amount of  N 
leaching. Higher leaching when applying cattle slurry was probably 
caused by higher amount of  N in the soil of  this treatment due to 
the slurry organic matter mineralization. 

 � Nitrogen leaching in grassland can also be high without any 
fertilization due to the substantial amount of  available N supply 
in the soil contributing to leaching after nutrient mineralization. 
Leaching from control treatment appeared due to more poorly 
formed sward, where water flow-through is greater. 

 � Nitrogen leaching did not depend on N rate used. It can be 
generalized that as long as N rate used does not exceed plants ability 
to assimilate it and therefore N rate efficiency is high, it does not 
increase N leaching in grassland, as plants water absorption is higher.

 � Sward botanical composition affected N leaching and it was lower 
in grass-clover compared to grass-only sward. Additional plant-
available N in grass-clover sward due to the biologically-fixed N 
increased sward yield more and resulted in plants increased water 
use. Results showed that the inclusion of  legumes into the sward 
reduced leaching.

 � Potassium losses did not depend on NPK source used; rather it was 
increased only with unbalanced N: K ratio at fertilization. The same 
effect appeared when comparing leaching between swards, where 
symbiotically-fixed N from legumes in grass-clover sward improved 
soil N: K ratio and therefore increased plant K assimilation. These 
results support the hypothesis that K uptake is influenced by plants 
N supply as it regulates plant production.

 � After the vegetative period N leaching did not depend on treatments 
(fertilizer type, N rate) applied during the vegetative period nor on 
sward type, but mainly on weather conditions; more precisely on the 
length of  the period the soil was frozen. Leaching of  K resembled 
the vegetative period and depended on the N: K balance in the 
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soil achieved before the end of  the vegetative period. Due to the 
small variation in the amounts of  leachate between treatments, N 
and K leaching after the vegetative period depended mostly on the 
concentration of  nutrients in the leachate.

 � Total N leaching increased during the experimental time, due to the 
increasing leaching amounts with years after the vegetative period, 
and it was affected by the length of  the time the ground stayed frozen. 
During the vegetative periods, leaching amounts were reduced due 
to fact that each subsequent year was drier in comparison to the 
previous one.

 � Activated carbon incorporation into the soil only reduced NO3
−-N 

leaching, irrespective of  the fertilizer treatment. Its effect came 
from the ability of  activated carbon to decrease water percolation 
and the NO3

−-N concentration in it. Activated carbon did not 
influence NH4

+-N leaching, probably because of  activated carbon 
properties conditioned by its production. Due to the high K content 
of  activated carbon its use increased K leaching. 

 � Cattle slurry and its digestate were a considerable source of  antibiotic 
resistance genes and their use impacted soil antibiotic resistance gene 
concentrations. Both organic fertilizers increased soil blaCTX-M 
and sul1 concentrations and mineral fertilizer increased tetA gene 
abundance. While blaCTX-M and tetA abundance fluctuated with the 
changes of  bacterial community abundance, sul1 gene occurrence in 
the soil was dependent on fertilization.  

Application of the research results:
Results of this thesis have relevant practical value. They can give important 
background information for the more profound creation of legislation 
dealing with aspects of environmental protection as lawmakers are 
always seeking improved ways for preserving the environment that gets 
affected through ever-intensifying agricultural production. The improved 
regulations giving rules and guidelines to farmers for more efficient use 
of fertilizers can be elaborated based on the outcomes of this research. 
More precisely based on the results of the three experiments (I, II, III, 
IV) the following general observations can be made:

 � Cattle slurry as nutrient source in grassland is not as efficient as 
mineral NPK fertilizer, therefore increasing the risk of  nutrient 
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loss. Hence, it is important to apply measures lowering the risk 
of  negative environmental impact when using cattle slurry. 

 � One measure for leaching reduction can be the establishment of  
high-yielding grassland sward. More efficient water and nutrient 
use leading to reduced leaching amounts was achieved in sward 
containing white clover in addition to grasses. Therefore it is 
important to consider the nutrient requirement of  particular 
plant species growing in the sward and arrange the fertilization 
plan based on it. 

 � As an innovative measure for N leaching reduction, it can be 
suggested to use biochar as a soil amendment as it shows great 
perspective in the matter, regardless of  the fertilizer type used.

 � Cattle slurry use can arise another problem; the contamination 
of  soil with antibiotic resistance genes. These genes can 
cause damage if  reaching animal or human organism through 
agricultural production. It is therefore necessary to develop and 
include restrictions into fertilization guidelines with the intention 
to reduce the spread of  antibiotic resistance.

Issues requiring further research:
 � In present study it appeared that despite equal fertilization based 

on their NH4
+-N content with cattle slurry and mineral NPK 

the efficiency of  cattle slurry was lower resulting in lower sward 
yield and higher leaching. Therefore, it is necessary to determine 
how much of  the applied N was actually taken up by plants, 
fixed in the soil and also to establish the forms of  leached N. 
It was speculated that higher N leaching with cattle slurry use 
could have been partially caused by the leaching of  dissolved 
organic nitrogen. This hypothesis needs to be tested.

 � It was found that activated carbon can restrict the leaching of  
anions like NO3

−-N, but current research did not identify the 
mechanism behind the activated carbon impact on the reduction 
of  NO3

−-N leaching. It appeared, and has been speculated in 
previous research, that activated carbon may be capable of  
chemical or physical NO3

−-N fixation, but this assumption needs 
to be studied. It is known that biochar properties vary greatly 
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depending on its raw material and production temperature, but 
it is not clear how these factors affect biochar anion- and cation-
fixing ability.

 � As the problem of  antibiotic resistance genes in Estonian 
agriculture is widely unexplored, this subject needs more 
comprehensive research. It is relevant to determine the 
bacterial species carrying the antibiotic resistance genes, and 
also the impact of  antibiotic resistance genes on important 
soil processes, like N cycling. It is also necessary to study the 
extent of  antibiotic resistance genes in leachate and on growing 
vegetation, depending on different environmental and field 
management conditions.



49

REFERENCES

Abubaker, J., 2012. Effects of Fertilisation with Biogas Residues on Crop 
Yield, Soil Microbiology and Greenhouse Gas Emissions. PhD thesis. 
Swedish University of Agricultural Sciences, 79 p.

Addiscott, T.M., 1996. Fertilizers and Nitrate Leaching. In: Hester, R. E., 
Harrison, R.M. (Eds.), Agricultural Chemicals and the Environment. 
Cambridge: The Royal Society of Chemistry, pp. 1-26.

Addiscott, T., 2005. Nitrate, Agriculture and the Environment. CAB 
International Publications, Wallingford, Oxfordshire, UK,      304 p. 

Adomaitis, T., Vaisvila, Z., Mazvila, J., Staugaitis, G., Fullen, M.A., 2008. 
Influence of mineral fertilizer on nitrogen leaching. Acta Agriculturae 
Scandinavica, Section B - Plant Soil Science, 58(3), 199–207. 

Alfaro, M.A., Jarvis, S.C., Gregory, P.J., 2003. Potassium budgets in 
grassland systems as affected by nitrogen and drainage. Soil Use 
and Management, 19(2), 89–95. 

Alfaro, M. A., Jarvis, S.C., Gregory, P.J., 2004. Factors affecting potassium 
leaching in different soils. Soil Use and Management, 20, 182–189.

Aronsson, H., Torstensson, G., Bergström, L., 2007. Leaching and crop 
uptake of N, P and K from organic and conventional cropping systems 
on a clay soil. Soil Use and Management, 23(1), 71–81. 

Askegaard, M., Eriksen, J., Olesen, J.E., 2003. Exchangeable potassium 
and potassium balances in organic crop rotations on a coarse sand. 
Soil Use and Management, 19(2), 96–103. 

Astover, A., Roostalu, H., Lauringson, E., Lemetti, I., Selge, A., Talgre, 
L., Vasiliev, N., Mõtte, M., Tõrra, T., Penu, P., 2006. Changes in 
agricultural land use and in plant nutrient balances of arable soils in 
Estonia. Archives of Agronomy and Soil Science, 52(2),    223–231. 

Awad, Y.M., Kim, S.-C., Abd El-Azeem, S.A.M., Kim, K.-H., Kim, K.-
R., Kim, K., Jeon, C., Lee, S.S., Ok, Y.S., 2014. Veterinary antibiotics 
contamination in water, sediment, and soil near a swine manure 
composting facility. Environmental Earth Sciences, 71(3), 1433–1440. 

Basso, B., Ritchie, J.T., 2005. Impact of compost, manure and inorganic 
fertilizer on nitrate leaching and yield for a 6-year maize–alfalfa 
rotation in Michigan. Agriculture, Ecosystems and Environment, 
108(4), 329–341. 



50

Beegle, D.B., Kelling, K.A., Schmitt, M.A., 2008. Nitrogen from 
animal manures. In: Schepers, J.S., Raun, W.R. (Eds.), Nitrogen in 
Agricultural Systems. Madison WI: American Society of Agronomy, 
Madison, USA, pp. 823–881.

Beneragama, N., Iwasaki, M., Lateef, S.A., Yamashiro, T., Ihara, I., 
Umetsu, K., 2013. The survival of multidrug-resistant bacteria in 
thermophilic and mesophilic anaerobic co-digestion of dairy manure 
and waste milk. Animal Science Journal, 84(5), 426– 433. 

Berendonk, T.U., Manaia, C.M., Merlin, C., Fatta-Kassinos, D., Cytryn, 
E., Walsh, F., Bürgmann, H., Sørum, H., Norström, M., Pons, M-N., 
Kreuzinger, N., Huovinen, P., Stefani, S., Schwartz, T., Kisand, V., 
Baquero, F., Martinez, J.L., 2015. Tackling antibiotic resistance: the 
environmental framework. Nature Reviews Microbiology, 13, 310–317.

Bergström, L.F., Kirchmann, H., 1999. Leaching of total nitrogen from 
nitrogen-15-labeled poultry manure and inorganic nitrogen fertilizer. 
Journal of Environmental Quality, 24(4), 1283–1290.

Bergström, L., Kirchmann, H., 2006. Leaching and crop uptake of 
nitrogen and phosphorus from pig slurry as affected by different 
application rates. Journal of Environmental Quality, 35(5), 1803–1811. 

Bergström, L., Kirchmann H., Thorvaldsson, G., 2008a. Widespread 
Opinions About Organic Agriculture – Are They Supported by 
Scientific Evidence? In: Kirchmann, H., Bergström, L. (Eds.), Organic 
Crop Production - Ambitions and Limitations. Dordrecht, Springer 
Netherlands, pp. 1–11. 

Bergström, L., Kirchmann, H., Aronsson, H., Torstensson, G., Mattsson, 
L., 2008b. Use Efficiency and Leaching of Nutrient in Organic and 
Conventional Cropping Systems in Sweden. In: Kirchmann, H., 
Bergström, L. (Eds.), Organic Crop Production - Ambitions and 
Limitations. Dordrecht, Springer Netherlands, pp. 143–161.

Binh, C.T.T., Heuer, H., Kaupenjohann, M., Smalla, K., 2008. Piggery 
manure used for soil fertilization is a reservoir for transferable 
antibiotic resistance plasmids. FEMS Microbiology Ecology, 66(1), 
25–37. 

Bittman, S., Kowalenko, C.G., Forge, T., Hunt, D.E., Bounaix, F., Patni, 
N., 2007. Agronomic effects of multi-year surface-banding of dairy 
slurry on grass. Bioresource Technology, 98(17), 3249–3258. 



51

Bouman, O.T., Mazzocca, M.A., Conrad, C., 2010. Soil NO3-leaching 
during growth of three grass–white-clover mixtures with mineral 
N applications. Agriculture, Ecosystems and Environment, 136(1-
2), 111–115. 

Bruun, E.W., Müller-Stöver, D., Ambus, P., Hauggaard-Nielsen, H., 2011. 
Application of biochar to soil and N2O emissions: potential effects 
of blending fast-pyrolysis biochar with anaerobically digested slurry. 
European Journal of Soil Science, 62(4), 581–589. 

Bučienė, A., Antanaitis, Š., Šlepetienė, A., Šimanskaitė, D., Mašauskas, V., 
Bučas, M., 2014. Potassium leaching from Endocalcari-Endohypogleyic 
Cambisol as influenced by precipitation rate and crop management. 
Zemdirbyste-Agriculture, 101(1), 3–10. 

Buecker, J., Kloss, S., Wimmer, B., Rempt, F., Zehetner, F., Soja, G., 2016. 
Leachate Composition of Temperate Agricultural Soils in Response 
to Biochar Application. Water, Air, & Soil Pollution, 227(2), 49. 

Burton, C.H., Turner, C., 2003. Manure management: treatment strategies 
for sustainable agriculture, 2nd edition, Silsoe Research Institute, 
Bedford, UK, 490 p.

Cameron, K.C., Di, H.J., Moir, J.L., 2013. Nitrogen losses from the soil/
plant system: a review. Annals of Applied Biology, 162(2), 145–173. 

Chambers, B.J., Smith, K.A., Pain, B.F., 2000. Strategies to encourage 
better use of nitrogen in animal manures. Soil Use and Management, 
16, 157–161.

Chee-Sanford, J.C., Mackie, R.I., Koike, S., Krapac, I.G., Lin, Y.F., 
Yannarell, A.C., Maxwell, S., Aminov, R.I., 2009. Fate and transport 
of antibiotic residues and antibiotic resistance genes following land 
application of manure waste. Journal of Environmental Quality, 38, 
1086–1108.

Chen, J., Michel, F.C., Sreevatsan, S., Morrison, M., Yu, Z., 2010. 
Occurrence and Persistence of Erythromycin Resistance Genes (erm) 
and Tetracycline Resistance Genes (tet) in Waste Treatment Systems 
on Swine Farms. Microbial Ecology, 60(3), 479–486. 

Clough, T., Condron, L., Kammann, C., Müller, C., 2013. A Review  of 
Biochar and Soil Nitrogen Dynamics. Agronomy, 3(2), 275–293. 

Cytryn, E., 2013. The soil resistome: The anthropogenic, the native, and 
the unknown. Soil Biology and Biochemistry, 63, 18–23. 



52

Dempster, D.N., Jones, D.L., Murphy, D.V., 2012. Clay and biochar 
amendments decreased inorganic but not dissolved organic nitrogen 
leaching in soil. Soil Research, 50(3), 216–221. 

DeVries, S.L., Zhang, P., 2016. Antibiotics and the Terrestrial Nitrogen 
Cycle: A Review. Current Pollution Reports, 2(1), 51–67. 

Di, H.J., Cameron, K.C., 2002. Nitrate leaching in temperate 
agroecosystems: sources, factors and mitigating strategies. Nutrient 
Cycling in Agroecosystems, 46(3), 237–256.

Di, H.J., Cameron, K.C., 2004. Effects of the nitrification inhibitor 
dicyandiamide on potassium, magnesium and calcium leaching in 
grazed grassland. Soil Use and Management, 20, 2–7. 

Ding, Y., Liu, Y.-X., Wu, W.-X., Shi, D.-Z., Yang, M., Zhong, Z.-K., 2010. 
Evaluation of Biochar Effects on Nitrogen Retention and Leaching 
in Multi-Layered Soil Columns. Water, Air, and Soil Pollution, 213(1-
4), 47–55. 

Ding, G.C., Radl, V., Schloter-Hai, B., Jechalke, S., Heuer, H., Smalla, 
K., Schloter, M., 2014. Dynamics of soil bacterial communities in 
response to repeated application of manure containing sulfadiazine. 
PLoS ONE, 9(3), e92958.

Dinnes, D.L., Karlen, D.L., Jaynes, D.B., Kaspar, T.C., Hatfield, J.L. 
Colvin, T.S. Cambardella C.A. 2002. Nitrogen Management Strategies 
to Reduce Nitrate Leaching in Tile- Drained Midwestern Soils. 
Agronomy Journal, 94(1), 153–171.

Dungait, J.A.J., Cardenas, L.M., Blackwell, M.S.A., Wu, L., Withers, P.J.A., 
Chadwick, D.R., Bol. R., Murray, P.J.M., McDonald, A.P. Whitmore, 
A.P., Goulding, K.W.T., 2012. Advances in the understanding of 
nutrient dynamics and management in UK agriculture. Science of 
the Total Environment, 434, 39–50. 

Edmeades, D. C., 2003. The long-term effects of manures and fertilisers 
on soil productivity and quality: a review. Nutrient Cycling in 
Agroecosystems, 66, 165–180.

Eriksen, J., Vinther, F.P., Søegaard, K., 2004. Nitrate leaching and N2-
fixation in grasslands of different composition, age and management. 
The Journal of Agricultural Science, 142(2), 141–151. 



53

Eri tüüpi sõnniku toitainete sisalduse arvestuslikud väärtused, 
sõnnikuhoidlate mahu arvutamise metoodika ja põllumajandusloomade 
loomühikuteks ümberarvutamise koefitsiendid, 2014. Riigi 
Teataja  I, 16.07.2014, 8. Available from: https://www.riigiteataja.
ee/aktilisa/1160/7201/4008/PM_m1_lisa3.pdf#, cited on 09.10.15.

Fahrenfeld, N., Knowlton, K., Krometis, L. A., Hession, W. C., Xia, K., 
Lipscomb, E., Libuit, K., Green, B.L., Pruden, A., 2014. Effect of 
manure application on abundance of antibiotic resistance genes and 
their attenuation rates in soil: Field-scale mass balance approach. 
Environmental Science and Technology, 48(5), 2643–2650. 

Frame J., 1992. Improved Grassland Management. Farming Press Books, 
Ipswich, UK, 351 p.

Fremaux, B., Prigent-Combaret, C., Vernozy-Rozand, C., 2008. Long-term 
survival of Shiga toxin-producing Escherichia coli in effluents and 
environment: An updated review. Veterinary Microbiology, 132(1-2), 
1–18. 

Gali, R.K., Soupir, M.L., Mostaghimi, S., 2012. A comparison of nutrient 
losses from two simulated pastureland management scenarios. Journal 
of Environmental Monitoring, 14(9), 2421–2429. 

Ghosh, S., LaPara, T.M., 2007. The effects of subtherapeutic antibiotic 
use in farm animals on the proliferation and persistence of antibiotic 
resistance among soil bacteria. Multidisciplinary Journal of Microbial 
Ecology, 1(3), 191–203. 

Goulding, K., 2000. Nitrate leaching from arable and horticultural land. 
Soil Use and Management, 16, 145–151. 

Hansen, B., Kristensen, E.S., Grant, R., Høgh-Jensen, H., Simmelsgaard, 
S.E., Olesen, J.E., 2000. Nitrogen leaching from conventional versus 
organic farming systems – a systems modelling approach. European 
Journal of Agronomy, 13, 65–82. 

Hatfield, J.L., Cambardella, C.A., 2001. Nutrient management in 
cropping systems. In: McFarland, J., Sanderson, M. (Eds.), Integrated 
management of land application of animal waste. American Society 
of Agricultural and Biological Engineers, St. Joseph, Michigan, USA.

Henriksen, T.M., Breland, T.A., 1999. Decomposition of crop residues in 
the field: Evaluation of a simulation model developed from microcosm 
studies. Soil Biology and Biochemistry, 31(10), 1423–1434. 



54

Heuer, H., Smalla, K., 2007. Manure and sulfadiazine synergistically 
increased bacterial antibiotic resistance in soil over at least twomonths. 
Environmental Microbiology, 9, 657–666.

Heuer, H., Schmitt, H., Smalla, K., 2011. Antibiotic resistance gene spread 
due to manure application on agricultural fields. Current Opinion in 
Microbiology, 14(3), 236–243. 

Hill, A.J., Di, H.J., Cameron, K.C., Podolyan, A., 2015. Comparison  of 
dicyandiamide and biochar for reducing nitrate leaching under winter 
forage grazing in Canterbury, New Zealand. New Zealand Journal 
of Agricultural Research, 58(2), 121–130. 

Hooda, P.S., Moynagh, M., Svoboda, I.F., Anderson, H.A., 1998. A 
comparative study of nitrate leaching from intensively managed 
monoculture grass and grass – clover pastures. Journal of Agricultural 
Science, 131, 267–275.

Ippolito, J.A., Laird, D.A., Busscher, W.J., 2012. Environmental benefits 
of biochar. Journal of Environmental Quality, 41(4), 967–972. 

Jarvis S.C. 1996. Future trends in nitrogen research. Plant and Soil, 
181,47–56.

Jechalke, S., Kopmann, C., Rosendahl, I., Groeneweg, J., Weichelt, 
V., Krögerrecklenfort, E., Brandes, N., Nordwig, M., Ding, G-C., 
Siemens, J., Heuer, H., Smalla, K., 2013. Increased Abundance 
and Transferability of Resistance Genes after Field Application of 
Manure from Sulfadiazine-Treated Pigs. Applied and Environmental 
Microbiology, 79(5), 1704–1711. 

Jensen, L.S., 2013. Animal manure fertiliser value, crop utilisation and 
soil quality impacts. In: Sommer, S.G., Christensen, M.L., Schmidt, 
T., Jensen, L.S. (Eds.), Animal Manure Recycling: Treatment and 
Management. John Wiley & Sons, Ltd., pp.    295–328. 

Johnston, A.E., 2003. Understanding potassium and its use in agriculture. 
European fertilizer manufacturers association, Brussels, 40 p. 

Kameyama, K., Miyamotoa, T., Shionoa, T., Shinogib, Y., 2012. Influence 
of Sugarcane Bagasse-derived Biochar Application on Nitrate Leaching 
in Calcaric Dark Red Soil. Journal of Environmental Quality, 41(4), 
1131–1137.

Kauer, K., 2012. The effect of plant residues management and fertilization 
on herbage growth and organic carbon content in soil. PhD thesis. 
Estonian University of Life Sciences, 216 p.



55

Kayser, M., Isselstein, J., 2005. Potassium cycling and losses in grassland 
systems: a review. Grass and Forage Science, 60(3), 213–224. 

Kayser, M., Müller, J., Isselstein, J., 2007. Potassium leaching from cut 
grassland and from urine patches. Soil Use and Management, 23, 
384–392. 

Kayser, M., Breitsameter, L., Benke, M., Isselstein, J., 2015. Nitrate 
leaching is not controlled by the slurry application technique in 
productive grassland on organic–sandy soil. Agronomy for Sustainable 
Development, 35(1), 213–223. 

Kemper, N., 2008. Veterinary antibiotics in the aquatic and terrestrial 
environment. Ecological Indicators, 8(1), 1–13. 

Keskkonnaministeerium, Maves AS, 2006. Pandivere ja Adavere-
Põltsamaa nitraaditundlik ala. Available from: http://www.maves.
ee/Projektid/2006/PandivereAdavere%20NTA.pdf 25 p., cited on 
22.03.2016.

Kim, K.-R., Owens, G., Kwon, S.-I., So, K.-H., Lee, D.-B., Ok, Y. S., 
2011. Occurrence and Environmental Fate of Veterinary Antibiotics 
in the Terrestrial Environment. Water, Air, & Soil Pollution, 214(1-
4), 163–174. 

Kirchmann, H., Bergström, L., 2001. Do organic farming practices reduce 
nitrate leaching ? Do organic farming practices. Communications in 
Soil Science and Plant Analysis, 32(7, 8), 997–1028. 

Kirchmann, H., Johnston, J.A.E., Bergström, L.F., 2002. Possibilities for 
Reducing Nitrate Leaching from Agricultural Land. Ambio, 31(5), 
404–408.

Knowles, O.A., Robinson, B.H., Contangelo, A., Clucas, L., 2011. Biochar 
for the mitigation of nitrate leaching from soil amended with biosolids. 
Science of the Total Environment, 409(17), 3206–3210. 

Knudsen, M.T., Kristensen, I.B.S., Berntsen, J., Petersen, B.M., Kristensen, 
E.S., 2006. Estimated N leaching losses for organic and conventional 
farming in Denmark. The Journal of Agricultural Science, 144(2), 
135–149.

Kumar, K.C. Gupta, S., Chander, Y., Singh, A.K., 2005. Antibiotic Use in 
Agriculture and Its Impact on the Terrestrial Environment. Advances 
in Agronomy, 87(05), 1–54. 



56

Kušliene, G., Eriksen, J., Rasmussen, J., 2015. Leaching of dissolved 
organic and inorganic nitrogen from legume-based grasslands. Biology 
and Fertility of Soils, 51, 217–230. 

Kuzyakov, Y., Subbotina, I., Chen, H., Bogomolova, I., Xu, X., 2009. 
Black carbon decomposition and incorporation into soil microbial 
biomass estimated by 14C labeling. Soil Biology and Biochemistry, 
41(2), 210–219. 

Kärblane, H., 1998. Väetistega mulda viidud taimetoitainete leostumine.       
Agraarteadus, IX(2), 116–124.

Laird, D., Fleming, P., Wang, B., Horton, R., Karlen, D., 2010. Biochar 
impact on nutrient leaching from a Midwestern agricultural soil. 
Geoderma, 158(3-4), 436–442. 

Lalor, S. T. J., 2014. Cattle slurry on grassland – application methods and 
nitrogen use efficiency. PhD thesis. Wageningen University,   184 p.

Lehmann, J., Schroth, G., 2003. Nutrient Leaching. In: Schroth, G., 
Sinclair, F.L. (Eds.), Trees, Crops, and Soil Fertility. CAB International 
Publishing, Wallingford, UK, pp. 151–166.

Lehmann, J., Pereira da Silva, J., Steiner, C., Nehls, T., Zech, W., Glaser, B., 
2003. Nutrient availability and leaching in an archaeological Anthrosol 
and a Ferralsol of the Central Amazon basin: fertilizer, manure and 
charcoal amendments. Plant and Soil, 249, 343–357. 

Lehmann, J., Joseph, S., 2009. Biochar for environmental management: 
an introduction. In: Lehmann, J., Joseph, S. (Eds.), Biochar for 
Environmental Management: Science and Technology. Earthscan, 
London, pp. 1–12.

Lipinska, H., Jackowska, I., Lipinski, W., Kornas, R., Stamirowska-
krzaczek, E., 2016. Effect of grass species and harvesting frequency 
on the content of macroelements in waters in a lysimeter experiment. 
Journal of Elementology, 21(2), 435–445. 

Loiseau, P., Carre, P., Lafarge, M., Delpy, R., Dublanchet, J., 2001. Effect 
of soil-N and urine-N on nitrate leaching under pure grass, pure clover 
and mixed grass/ clover swards. European Journal of Agriculture, 
14, 113–121.

Lucero, D., Grieu, P., Guckert, A., 2002. Water deficit and plant 
competition effects on 14C assimilate partitioning in the plant-soil 
system of white clover (Trifolium repens L.) and rye-grass (Lolium 
perenne L.). Soil Biology and Biochemistry, 34, 1–11. 



57

Marti, R., Tien, Y.-C., Murray, R., Scott, A., Sabourin, L., Topp, E., 
2014. Safely Coupling Livestock and Crop Production Systems: How 
Rapidly Do Antibiotic Resistance Genes Dissipate in Soil following 
a Commercial Application of Swine or Dairy Manure? Applied and 
Environmental Microbiology, 80(10), 3258–65. 

Martínez-Suller, L., Provolo, G., Brennan, D., Howlin, T., Carton, O.T., 
Lalor, S.T.J., Richards, K.G., 2010. A note on the estimation of nutrient 
value of cattle slurry using easily determined physical and chemical 
parameters. Irish Journal of Agricultural and Food Research, 49(1), 
93–97.

Massé, D.I., Saady, N.M.C., Gilbert, Y., 2014. Potential of biological 
processes to eliminate antibiotics in livestock manure: An overview. 
Animals, 4(2), 146–163. 

Mašauskas, V., Antanaitis, Š., Lazauskas, S., Mašauskiene, A., 2006. 
Content of nitrates in drainage and groundwater from permanent 
pasture, grassland and arable crop rotation soil. ECOLOGIJA, (4), 
83–88.

Mattila, P.K., Joki-Tokola, E., Tanni, R., 2003. Effect of treatment and 
application technique of cattle slurry on its utilization by ley: II. 
Recovery of nitrogen and composition of herbage yield. Nutrient 
Cycling in Agroecosystems, 65, 231–242.

Mattila, P. K., 2006. Ammonia emission from pig and cattle slurry in  
the field and utilization of slurry nitrogen in crop production. PhD 
thesis. University of Helsinki, 136 p.

Mcgechan, M.B., Wur, L., 1998. Environmental and Economic 
Implications of some Slurry Management Options. Journal of 
Agricultural Engineering Research, 71, 273–283.

Mengel, K., Kirkby, E.A., 2001. Principles of plant nutrition, 5th edition. 
Kluwer Academic Publisher, The Hague, Netherlands, 849 p.

Mizuta, K., Matsumoto T., Hatate Y., Nishihara K., Nakanishi T., 2004. 
Removal of nitrate-nitrogen from drinking water using bamboo 
powder charcoal. Bioresource Technology, 95(3), 255–257. 

Murphy, D.V, Macdonalds, A.J., Stockdale, E.A., Goulding, K.W.T., 
Fortune, S., Gaunt, J.L., Poulton, P.R., Wakefield, J.A., Webster, C.P., 
Wilmer, W.S., 2000. Soluble organic nitrogen in agricultural soils. 
Biology and Fertility of Soils, 30, 374–387.



58

Murphy, J.D., Wall, D., Kiely, O. P., 2013. Second generation biofuel : 
biomethane from co-digestion of grass and slurry. Grassland Science 
in Europe, 18, 505–513.

Möller, K., 2009. Influence of different manuring systems with and 
without biogas digestion on soil organic matter and N inputs, 
flows and budgets in organic cropping systems. Nutrient Cycling in 
Agroecosystems, 84, 179–202.

Müller, C.E., Johansson, M., Salomonsson, A.-C., Albihn, A., 2014. Effect 
of anaerobic digestion residue vs. livestock manure and inorganic 
fertilizer on the hygienic quality of silage and haylage in bales. Grass 
and Forage Science, 69(1), 74–89. 

Ndegwa, P.M., Hristov, A.N., Arogo, J., Sheffield, R.E., 2008. A review 
of ammonia emission mitigation techniques for concentrated animal 
feeding operations. Biosystems Engineering, 100(4), 453–469. 

Neff, J.C., Chapin, F.S., Vitousek, P.M., 2003. Breaks in the cycle: dissolved 
organic nitrogen in terrestrial ecosystems. Frontiers in Ecology and 
the Environment, 1(4), 205–211. 

Nicholson, F. A., Groves, S. J., Chambers, B. J., 2005. Pathogen survival 
during livestock manure storage and following land application. 
Bioresource Technology, 96(2), 135–143. 

Oenema, O., Tamminga, S., 2005. Nitrogen in global animal production 
and management options for improving nitrogen use efficiency. 
Science in China Series C Life Sciences, 48(871), 871–887. 

Oenema, O., Oudendag, D., Velthof, G. L., 2007. Nutrient losses from 
manure management in the European Union. Livestock Science, 
112(3), 261–272. 

Ollivier, J., Schacht, D., Kindler, R., Groeneweg, J., Engel, M., Wilke, B. 
M., Kleineidam, K., Schloter, M., 2013. Effects of repeated application 
of sulfadiazine-contaminated pig manure on the abundance and 
diversity of ammonia and nitrite oxidizers in the root-rhizosphere 
complex of pasture plants under field conditions. Frontiers in 
Microbiology, 4, 1–14. 

Owens, L.B., Edwards, W.M., Van Keuren, R.W., 1994. Groundwater 
nitrate levels under fertilized grass and grass-legume pastures. Journal 
of Environmental Quality 23, 752–758.



59

Prendergast-Miller, M.T., Duvall, M. Sohi, S.P. 2011. Localisation of 
nitrate in the rhizosphere of biochar-amended soils. Soil Biology & 
Biochemistry, 43, 2243–2246.

Prospero, J.M., Blades, E., Mathison, G., Naidu, R., 2005. Interhemispheric 
transport of viable fungi and bacteria from Africa to the Caribbean 
with soil dust. Aerobiologia, 21(1), 1–19. 

Pruden, A., Joakim Larsson, D.G., Amézquita, A., Collignon, P., Brandt, 
K.K., Graham, D.W., Lazorchak, J.M., Suzuki, S., Silley, P., Snape, 
J.R., Topp, E., Zhang, T., Zhu, Y.G., 2013. Management options for 
reducing the release of antibiotics and antibiotic resistance genes to the 
environment. Environmental Health Perspectives, 121(8), 878–885. 

Pudasaini, K., Ashwath, N., Walsh, K., Bhattarai, T., 2012. Biochar 
Improves Plant Growth and Reduces Nutrient Leaching in Red Clay 
Loam and Sandy Loam. Hydro Nepal: Journal of Water, Energy and 
Environment, Special issue, 86–90. 

Põl lumajandusuuringute Keskus, 2009. Kuhu on teel Eest i 
põl lu majanduskesk kond?  Ü levaade  M A K 20 04 -20 06 
põllumajandusliku keskkonnatoetuse hindamisest. Available 
from:http://pmk.agri.ee/pkt/files/f22/KuhuOnTeelEestiPolumaja 
nduskeskkond.pdf, 76 p., cited on 15.12.2015.

Pötsch, E.M., Klopf, K., Graiss, W., Resch, R., Krautzer, B., 2013. Impact 
of different fertilization intensity on nutrient leaching in ley-based 
farming systems. Grassland Science in Europe, 18, 111–113.

Resende, J.A., Diniz, C.G., Silva, V.L., Otenio, M.H., Bonnafous, A., 
Arcuri, P.B., Godon, J.-J., 2014. Dynamics of antibiotic resistance 
genes and presence of putative pathogens during ambient temperature 
anaerobic digestion. Journal of Applied Microbiology, 117(6), 1689–
1699. 

Rodhe, L., Pell, M., Yamulki, S., 2006. Nitrous oxide, methane and 
ammonia emissions following slurry spreading on grassland. Soil 
Use and Management, 22(3), 229–237. 

Rotz, C.A., 2004. Management to reduce nitrogen losses in animal 
production. Journal of Animal Science, 82, 119–137.

Saarman, T., Viiralt, R., 1982. Taimetoitainete väljauhtumisest liivmullast 
heintaimede intensiivsel väetamisel ja niisutamisel. Rohumaaviljelus, 
18, 29–36. 



60

Salgado, M., Alfaro, M., Salazar, F., Badilla, X., Troncoso, E., Zambrano, 
A., Gonzalez, M., Pötsch, R.M., Collins, M.T., 2015. Application of 
cattle slurry containing Mycobacterium avium subsp. paratuberculosis 
(MAP) to grassland soil and its effect on the relationship between 
MAP and free-living amoeba. Veterinary Microbiology, 175(1), 26–34. 

Sarmah, A.K., Meyer, M.T., Boxall, A.B.A., 2006. A global perspective 
on the use, sales, exposure pathways, occurrence,  fate and effects of 
veterinary antibiotics (VAs) in the  environment. Chemosphere, 65(5), 
725–759. 

Sau A., Laugus A., 1974. The nitrogen balance in lysimeters trial with 
herbage. Transaction of Estonian Agricultural Academy (Grassland 
Husbandry), 95, 37–51.

Sau A., Viiralt R., 1974. The efficiency and agronomical bases of 
sprinkler irrigation of cultivated grassland. Transactions of Estonian 
Agricultural Academy (Grassland Husbandry), 95, 115–156.

Schils, R.L.M., Kok, I., 2003. Effects of cattle slurry manure management 
on grass yield. NJAS - Wageningen Journal of Life Sciences, 51(1-2), 
41–65. 

Schröder, J.J., Jansen. A.G., Hilhorst, G.J., 2005. Long-term nitrogen 
supply from cattle slurry. Soil Use and Management, 21, 196–204.

Schröder, J.J., Uenk, D., Hilhorst, G.J., 2007. Long-term nitrogenfertilizer 
replacement value of cattle manures applied to cut grassland. Plant 
and Soil, 299(1-2), 83–99. 

Schröder, J.J., Assinck, F.B.T., Uenk, D., Veltof, G.L., 2010. N leaching 
from cut grassland as affected by the substitution of slurry with 
nitrogen mineral fertilizer on two soil types. Grass and Forage 
Science, 65, 49–57.

Schulz, H., Glaser, B., 2012. Effects of biochar compared to organic and 
inorganic fertilizers on soil quality and plant growth in a greenhouse 
experiment. Journal of Plant Nutrition and Soil Science, 175(3), 410–
422. 

Shen, J., Yuan, L., Zhang, J., Li, H., Bai, Z., Chen, X., Zhang, W., Zhang, 
F., 2011. Phosphorus Dynamics: From Soil to Plant. Plant Physiology, 
156(3), 997–1005. 



61

Shepherd, M., Pearce, B., Cormack, B., Philipps, L., Cuttle, S., Bhogal, A., 
Costigan, P., Unwin, R., 2003. An assessment of the environmental 
impacts of organic farming. A review for Defra-funded project 
OF0405, 80 p.

Scholefield, D., Tyson, K.C., Garwood, E.A., Armstrong, A.C., Hawkins, 
J., Stone, A.C., 1993. Nitrate leaching from grazed grassland lysimeters 
- Effects of fertilizer input, field drainage, age of sward and patterns 
of weather. Journal of Soil Science, 44(4), 601–613. 

Siemens, J., Kaupenjohann, M., 2002. Contribution of dissolved organic 
nitrogen to N leaching from four German agricultural soils. Journal 
of Plant Nutrition and Soil Science, 165, 675–681.

Sika, M.P., Hardie, A.G., 2014. Effect of pine wood biochar on ammonium 
nitrate leaching and availability in a South African sandy soil. 
European Journal of Soil Science, 65(1), 113–119. 

Singh, B., Singh, B. P., Cowie, A. L., 2010. Characterisation and evaluation 
of biochars for their application as a soil amendment. Australian 
Journal of Soil Research, 48(6-7), 516–525. 

Sohi, S.P., Krull, E., Bol, R., 2010. A Review of Biochar and Its Use and 
Function in Soil. Advances in Agronomy, 105, 47–82.  

Sørensen, P., Jensen, L., 2013. Nutrient Leaching and Runoff from Land 
Application of Animal Manure and Measures for Reduction. In: 
Sommer, S.G., Christensen, M.L., Schmidt, T. Jensen, L.S. (Eds.), 
Animal Manure Recycling: Treatment and Management. John Wiley 
and Sons, Ltd, Chichester, UK, pp. 195 – 210. 

Steiner, C., Glaser, B., Teixeira, W.G., Lehmann, J., Blum, W.E.H., Zech, 
W., 2008. Nitrogen retention and plant uptake on a highly weathered 
central Amazonian Ferralsol amended with compost and charcoal. 
Journal of Plant Nutrition and Soil Science, 171(6), 893–899. 

Stopes, C., Lord, E.I., Woodward, L., 2002. Nitrate leaching from organic 
farms and conventional farms following best practice. Soil Use and 
Management, 18(3), 256–263. 

Tampere M., Kauer K., Keres I., Laidna T., Loit E., Parol A., Selge 
A., Viiralt R. and Raave H., 2014. Impact of surface fertilization 
on dehydrogenase activity in grassland soil. Grassland Science in 
Europe, 19, 315–317.  



62

Tani, M., Sakamoto, N., Kishimoto, T., Umetsu, K., 2006. Utilization 
of anaerobically digested dairy slurry combined with other wastes 
following application to agricultural land. International Congress 
Series, 1293, 331–334. 

Ten Berge, H.F.M., van der Meer, H.G., Carl ier, L., Hofman, 
T.B., Neeteson, J.J., 2002. Limits to nitrogen use on grassland. 
Environmental Pollution, 118(2), 225–238. 

Torstensson, G., Aronsson, H., Bergström, L., 2006. Nutrient Use 
Efficiencies and Leaching of Organic and Conventional Cropping 
Systems in Sweden. Agronomy Journal, 98(3), 603–615. 

Trindade, H., Coutinho, J., Jarvis, S., Moreira, N., 2009. Effects of 
different rates and timing of application of nitrogen as slurry and 
mineral fertilizer on yield of herbage and nitrate-leaching potential 
of a maize/Italian ryegrass cropping system in north-west Portugal. 
Grass and Forage Science, 64(1), 2–11. 

Tripolskaja, L., Verbylienė, I., 2014. The effect of different forms of 
nitrogen fertilizers on nitrogen leaching. Zemdirbyste-Agriculture, 
101(3), 243–248. 

Troy, S.M., Lawlor, P.G., O’Flynn, C.J., Healy, M.G., 2014. The Impact 
of Biochar Addition on Nutrient Leaching and Soil Properties from 
Tillage Soil Amended with Pig Manure. Water, Air and Soil Pollution, 
225(3), 1900-1906.

Tuomisto, H.L., Hodge, I.D., Riordan, P., Macdonald, D.W., 2012. Does 
organic farming reduce environmental impacts?- a meta-analysis of 
European research. Journal of Environmental Management, 112(834), 
309–320. 

Udikovic-Kolic, N., Wichmann, F., Broderick, N.A, Handelsman, J., 2014. 
Bloom of resident antibiotic-resistant bacteria in soil following manure 
fertilization, Proceedings of the National Academy of Sciences of 
the United States of America, 111(42), 15202–15207. 

Uusi-Kämppä, J., Mattila, P. K., 2010. Nitrogen losses from grass ley after 
slurry application – surface broadcasting vs. injection. Agricultural 
and Food Science, 19, 327–340.

Van Kessel, C., Clough, T., Van Groenigen, J.W., 2009. Dissolved Organic 
Nitrogen : An Overlooked Pathway of Nitrogen Loss. Journal of 
Environmental Quality, 38, 393–401. 



63

Van Zwieten, L., Kimber S., Morris, S., Chan K.Y., Downie, A., Rust, J., 
Joseph, S., Cowie, A., 2009. Effects of biochar from slow pyrolysis of 
papermill waste on agronomic performance and soil fertility. Plant 
Soil 327, 235–246.

Vinther, F.P., Hansen, E.M., Eriksen, J., 2006. Leaching of soil organic 
carbon and nitrogen in sandy soils after cultivating grass-clover 
swards. Biology and Fertility of Soils, 43, 12–19. 

Wachendorf, M., Buchter, M., Trott, H., Taube, F., 2004. Performance 
and environmental effects of forage production on sandy soils. II. 
Impact of defoliation system and nitrogen input on nitrate leaching 
losse. Grass and Forage Science, 59(3), 307. 

Walsh, J.J., Jones, D.L., Edwards-Jones, G., Prysor Williams, A., 2012. 
Replacing inorganic fertilizer with anaerobic digestate may maintain 
agricultural productivity at less environmental cost. Journal of Plant 
Nutrition and Soil Science, 175, 840–845.

Webster, C.P., Conway, J.S., Crew, A.P., Goulding, K.W.T., 2003. Nitrogen 
leaching losses under a less intensive farming and environment (LIFE) 
integrated system. Soil Use and Management, 19, 36–44. 

Wegener, H.C., 2003. Antibiotics in animal feed and their role in resistance 
development. Current Opinion in Microbiology, 6(5), 439–445. 

Wilkins, R.J., 2008. Eco-efficient approaches to land management: a case 
for increased integration of crop and animal production systems. 
Philosophical Transactions of the Royal Society of London, Series 
B, Biological Sciences, 363(1491), 517-525. 

Yao, Y., Gao, B., Zhang, M., Inyang, M., Zimmerman, A.R., 2012. 
Effect of biochar amendment on sorption and leaching of nitrate, 
ammonium, and phosphate in a sandy soil. Chemosphere, 89(11), 
1467–1471. 

Zemenchik, R.A., Albrecht, K.A., 2002. Nitrogen Use Efficiency and 
Apparent Nitrogen Recovery of Kentucky Bluegrass, Smooth 
Bromegrass, and Orchardgrass. Agronomy Journal, 94, 421–428.

Zhang, F., Niu, J., Zhang, W., Chen, X., Li, C., Yuan, L., Xie, J., 2010. 
Potassium nutrition of crops under varied regimes of nitrogen supply. 
Plant and Soil, 335, 21–34. 



64

Zheng, J., Stewart, C. E., Cotrufo, M. F., 2012. Biochar and  Nitrogen 
Fertilizer Alters Soil Nitrogen Dynamics and Greenhouse Gas Fluxes 
from Two Temperate Soils. Journal of Environmental Quality, 41, 
1361–1370. 

Zhu, Y.-G., Johnson, T.A., Su, J.-Q., Qiao, M., Guo, G.-X., Stedtfeld, 
R.D., Hashsham, S.A., Tiedje, J.M., 2013. Diverse and abundant 
antibiotic resistance genes in Chinese swine farms. Proceedings of 
the National Academy of Sciences, 110(9), 3435–3440. 

Zörb, C., Senbayram, M., Peiter, E., 2014. Potassium in agriculture-status 
and perspectives. Journal of Plant Physiology, 171(9), 656–69. 



65

SUMMARY IN ESTONIAN

VEDELSÕNNIKUGA VÄETAMISE MÕJU TOITAINETE 
LEOSTUMISELE JA ANTIBIOOTIKUMIRESISTENTSUSE 

GEENIDE ARVUKUSELE PÕLLUMULLAS

Sissejuhatus

„Põllumajanduse eesmärk on tõhus täisväärtusliku toidu tootmine 
vastuvõetava hinna ja minimaalse negatiivse mõjuga keskkonnale,” on öelnud 
Aronsson koos kolleegidega (2007). See tähendab, et peale kasumlikkuse 
peaks põllumajanduslik tootmine olema keskkonnasäästlik, kuid see 
saab toimuda vaid ressursside efektiivse kasutamise teel. Vedelsõnnik on 
orgaanilise aine ning taimele oluliste toitainete, näiteks lämmastiku (N), 
fosfori (P), kaaliumi (K), väävli, ja mikroelementide allikas (Jensen, 2013). 
Vedelsõnniku kasutamine väetisena võimaldab korraga varustada taimi 
toitainetega ja säilitada mulla kvaliteeti (Chambers et al., 2000).

Sageli arvatakse, et sõnnikuga väetamine on mineraalväetistega väetamisest 
keskkonnahoidlikum ja jätkusuutlikum (Ding et al., 2014), seda enam, 
et mineraalväetiste tootmine on energiamahukas ning seotud fossiilsete 
kütuste kasutamisega (Jensen, 2013). Kuid uurimistööd näitavad, et ka 
orgaaniliste väetiste kasutamine võib avaldada keskkonnale negatiivset 
mõju. Suur osa neis olevatest toitainetest kuuluvad orgaanilise aine 
koosseisu ning muutuvad taimedele kättesaadavaks alles pärast orgaanilise 
aine lagunemist ja mineraliseerumist (Mattila, 2006). Mainitud protsessid 
sõltuvad aga keskkonnatingimustest ( Jarvis, 1996), mistõttu toitainete 
vabanemine orgaanilisest ainest võib toimuda ka ajal, kui taimedel 
on nende omastamine pärsitud, mis võib viia toitainete leostumiseni 
(Bergström et al., 2008b). Seetõttu on orgaaniliste väetiste abil taimede 
toitainetega varustamine keskkonnale negatiivset mõju avaldamata 
märgatavalt keerulisem kui mineraalväetistega.

Leostumine tähendab märkimisväärset toitainete kadu (Di, Cameron, 
2004), pinna- ja põhjavee reostumisohtu (Mašauskas et al., 2006; Aronsson 
et al., 2007) ning majanduslikku kahju põllumeestele. Uurimistulemused 
orgaaniliste väetiste, sealhulgas vedelsõnniku mõjust leostumisele, on 
olnud väga vasturääkivad. On leitud, et N-i leostumine orgaanilistest 
süsteemidest on suurem, sest toitainete mineraliseerumine ei ole taimede 
lämmastikuvajadusega täielikult sünkroonis (Bergström et al., 2008b). 
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Märgitakse ka, et nii mineraalväetises kui ka sõnnikus sisalduv N leostub 
sarnaselt (Ten Berge et al., 2002; Schröder et al., 2010). K puhul on 
leitud, et võrreldes orgaaniliste väetistega leostub K suuremas koguses 
anorgaaniliste väetiste kasutamisel (Torstensson et al., 2006), väetise tüüp 
K leostumist ei mõjuta (Alfaro et al., 2004).

Uuendusliku võimalusena on leostumise vähendamiseks välja pakutud 
idee lisada mulda biosütt. Tuhandeid aastaid on seda süsinikurikast 
materjali kasutatud mullaparandusainena, kuid nüüd on leitud, et lisaks 
CO2 heitkoguse vähendamisele ja seetõttu kliimamuutuste leevendamisele 
(Sohi et al., 2010) aitab biosüsi toitaineid mullas kinni hoida (Clough et al., 
2013). Selles osas on uurimistööde tulemused aga vastuolulised (Schulz, 
Glaser, 2012; Zheng et al., 2012; Sika, Hardie, 2014; Hill et al., 2015).

Lisaks toitainete leostumisele on põllumajandustootmisest pärinevate 
väetiste kasutamisel probleemiks nendega levivad antibiootikumide jäägid 
ja antibiootikumiresistentsuse geenid (ARG-d), mis võivad mullabakteritele 
edasi kanduda (Binh et al., 2008; Heuer et al., 2011). See suurendab 
omakorda antibiootikumiresistentsuse leviku ohtu inimeste seas (Heuer 
et al., 2011) ja võimalust resistentsuse tekkeks patogeensetel bakteritel 
(Udikovic-Kolic et al., 2014). Seda teemat uuritakse maailmas laialdaselt, 
kuid Eesti sellekohane ülevaade seni puudub.

Doktoritöös käsitletakse vedelsõnniku mõju toitainete leostumisele 
rohumaal ja aktiivsöe tõhusust leostumise vähendamisel. Samal ajal hindab 
töö vedelsõnnikuga väetamise mõju ARG-de levikule rohumaa mullas.

Hüpoteesid

 � Toiteelementide N-i ja K leostumine rohumaamullast on 
väetamisel veise vedelsõnnikuga suurem kui mineraalväetisega.

 � N normi suurendamine väetamisel suurendab N-i ja K leostumist 
rohumaamullast.

 � Taimiku botaaniline koosseis mõjutab N-i ja K leostumist 
rohumaamullast.

 � Aktiivsüsi (biosöe aktiveeritud vorm) vähendab N-i ja K 
leostumist väetatud mullast.

 � Veise vedelsõnnikuga väetamine suurendab ARG-de arvukust 
rohumaamullas.
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Uurimistöö eesmärgid

 � Uurida väetise liigi (II), N normi (II) ja taimiku botaanilise 
koosseisu (I) mõju N-i ja K leostumisele rohumaamullast 
vegetatsiooniperioodil ning pärast seda.

 � Selgitada aktiivsöe mõju N-i ja K leostumisele mineraal- ja 
orgaaniliste väetiste kasutamisel (III).

 � Hinnata vedelsõnnikuga väetamise mõju ARG-de arvukusele 
rohumaamullas (IV).

Metoodika

Doktoritöös kasutatud andmed pärinevad kolmest katsest, mis korraldati 
Eesti Maaülikooli Eerika katsejaamas aastatel 2008–2013. N-i ja K 
leostumist (I ja II) uuriti minilüsimeeterkatses saviliivmullal 2008. 
aasta maist kuni 2011. aasta jaanuarini kolmel taimiku tüübil (kõrrelised, 
kõrrelised valge ristikuga ja kõrrelised lutserniga). Taimikuid väetati 
kolme väetisega (mineraalväetis, veise vedelsõnnik, reoveesete), nii 
et taimikud said N-i nelja erinevat normi ((kg ha) N0P0K0 (kontroll), 
N60P30K60, N120P60K120 ja N180P60K120), mis olid tasakaalustatud P ja K-ga. 
Katsevariandid olid kolmes korduses. Lisaks oli katses kaks varianti, kus 
kasutati ainult P-d ja K-d sisaldavat väetist (N0P30K60 ja N0P60K120), mille 
keskmist nimetatakse töös variandiks PK. Kuna lutsernile katsetingimused 
ei sobinud ja taime osakaal taimikus langes miinimumi juba teisel 
kasutusaastal, siis neid tulemusi töös ei käsitleta. Samuti ei käsitleta 
leostumise tulemusi, mis saadi taimikuid reoveesettega väetades.

Aktiivsöe mõju leostumisele (III) uuriti minilüsimeeterkatses 2010. 
aasta maist kuni 2012. aasta jaanuarini liivsavimullal. Katse variandid 
kolmes korduses olid kaks substraati: muld (S) ja aktiivsöega segatud 
muld (S + AC)) ning viis väetist (mineraalväetis, sea vedelsõnnik, sea 
vedelsõnniku digestaat, reoveesete ja väetamata kontroll).

Väetamise mõju mulla ARG-de sisaldusele (IV) hinnati lappkatses 
ajavahemikul aprillist kuni septembrini 2013 liivsavimullal nelja erineva 
väetise kasutamisel (mineraalväetis, veise vedelsõnnik, veise vedelsõnniku 
digestaat, väetamata kontroll) neljas korduses.

Leostumise määramiseks kasutati plastist minilüsimeetreid, millest 
läbinõrgunud vee kogus ja N-i ning K sisaldus nõrgvees mõõdeti igas 
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kuus perioodil, kui maa ei olnud külmunud (I–III). Leostunud elementide 
kogused m2 kohta saadi nõrgvee koguse ja elementide sisalduse korrutamisel 
ning saadud tulemuse jagamisel lüsimeetri pindalaga (0,0706 m2).

Kolmandas katses määrati nelja suurde antibiootikumide klassi kuuluvad 
ARG-d: (1) blaCTX-M ja (2) blaOXA2, mis kodeerivad resistentsust 
beetalaktamaasidele, (3) tetA, mis kodeerib resistentsust tetratsükliinidele, 
(4) sul1, mis kodeerib resistentsust sulfoonamiididele, ja (5) qnrS, mis 
kodeerib resistentsust fluorokinoloonidele, kasutades selleks kvantitatiivset 
PCRi (qPCR) analüüsi (IV).

Andmete statistiliseks analüüsiks kasutati tarkvaraprogrammi Statistica 
(StatSoft Inc., USA). Tulemuste statistilisel analüüsil kasutati korrelatsioon- 
(I, II, III ja IV) ja mitmest regressioonanalüüsi ning mitmefaktorilist (I 
ja II) ja korduvmõõtmistega (IV) dispersioonanalüüsi. Olulisusnivooks 
võeti 0,05.

Tulemused ja arutelu

Väetise mõju leostumisele (II)

Tulemused toetasid hüpoteesi, et võrreldes mineraalväetisega (keskmiselt 
1,8 g/m2) on N-i leostumine suurem (keskmiselt 2,1 g/m2) veise 
vedelsõnniku kasutamisel. Mineraalväetise variandis oli taimiku saak 
võrreldes veise vedelsõnniku variandiga suurem (keskmiselt vastavalt 
0,8 ja 0,6 kg KA m2), mistõttu seoti seal vett biomassis rohkem, seda 
nõrgus vähem (joonis 2) ja toitainete ärakanne oli väiksem. Kõigil 
katseaastatel oli leostumine suurim vegetatsiooniperioodi lõpus (augustis, 
septembris), kui taimede kasv aeglustus ja nõrgvee kogus suurenes. 
Erinevalt varasematest tulemustest (Bergström et al., 1999, 2006) oli 
meie katses aga leostumine vegetatsiooniperioodi lõpus vedelsõnniku ja 
mineraalse NPK variandis sarnane. Usutavat erinevust variantide vahel 
ei olnud ka nõrgvee koguses ega selle lämmastikusisalduses. Meie katses 
erines N-i leostumine mineraalväetise ja vedelsõnniku variandis usutavalt 
ainult vegetatsiooniperioodi keskel (juunis, juulis), kui see oli suurem 
vedelsõnniku variandis. Lisauuringud (Tampere et al., 2014) näitasid, et 
vegetatsiooniperioodi keskel on mulla mikroorganismide aktiivsus kõrgema 
õhutemperatuuri tõttu kõige suurem. Seetõttu oletame, et suurem N-i 
leostumine veise vedelsõnniku variandist võis tuleneda intensiivistunud 
vedelsõnniku orgaanilise aine lagundamisest ja N-i mineraliseerumisest.
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N-i leostumine oli väetamata kontrollvariandist (keskmiselt 2,1 g/m2) 
sarnane variandiga, kus kasutati väetisena veise vedelsõnnikut, ja usutavalt 
suurem võrreldes variandiga, kus kasutati mineraalväetist (joonis 2). Varem 
on märgitud, et toitainete leostumine võib toimuda ka mullavarude arvelt 
(Scröder et al., 2010) ja see sõltub toitainete mineraliseerumisest (Adomaitis 
et al., 2008). Väetamata taimik on enamasti väetatud taimikutega võrreldes 
hõredam, mistõttu vee nõrgumine läbi selle on intensiivsem (Tripolaskaja, 
Verbylienė, 2014). Seda oli näha ka selles katses, kus kontrollvariandi saak oli 
väetatud variantidega võrreldes väiksem ja leovee kogus sarnane või suurem.

N-i leostumine kontrollvariandist võis toimuda ka lahustunud orgaanilise 
N-na, mis seletaks, miks ei taimed ega mikroobid seda ei omastanud 
(Neff et al., 2003). Kuna varem on leitud, et sõnniku kasutamine väetisena 
võib suurendada N-i leostumist lahustunud orgaanilisel kujul (Murphy et 
al., 2000), on võimalik, et ka selle töö raames tehtud katse vedelsõnniku 
variandist võis osa N-i sellisel kujul leostuda.

K leostumine vedelsõnniku ja mineraalse NPK variandist oluliselt ei 
erinenud (keskmiselt vastavalt 1,3 g/m2 ja 1,0 g/m2) (joonis 2). Ilmselt oli 
selle põhjuseks väetiste sarnane N-i ja K suhe. K tasakaalu tähtsus N-iga 
avaldus selgesti PK variandis, kust K leostumine oli usutavalt suurem (1,8 
g/m2) võrreldes kõigi N-i saanud variantidega. Meie tulemus toetab neid 
varasemaid tulemusid, mille kohaselt sõltub taimede K omastamine nende 
N-iga varustatusest (Alfaro et al., 2003; Zhang et al., 2010). See tuli välja ka 
taimikute võrdluses, kui K kontsentratsioon väiksema lämmastikuvaruga 
kõrreliste taimiku leovees oli suurem (keskmiselt 17,0 mg/l) võrreldes 
kõrreliste valge ristiku taimikuga (keskmiselt 5,1 mg/l).

Vegetatsiooniperioodi väline K leostumine sarnanes vegetatsiooniperioodi 
K leostumisega ja oli suurem variantides, mille taimede kasvuaegne K-ga 
väetamine ei olnud tasakaalus N-iga.

Leostumise dünaamika katseperioodil

Vegetatsiooniperioodil leostumine vähenes katseaastate jooksul (tabel 
2, II), sest iga järgnev aasta oli eelmisega võrreldes kuivem (tabel 
2, I). Vastupidine oli leostumise dünaamika vegetatsiooniperioodi 
väliselt, sest esimesest kolmanda katseaastani pikenes periood, mis jäi 
vegetatsiooniperioodi lõpu ja maa püsiva külmumise vahele.
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N normi mõju leostumisele (II)

Lämmastikväetise normi suurenemine kuni 180 kg N/ha aastas ei 
mõjutanud usutavalt N-i leostumist. See oli kõigi N normide korral sarnane 
ja jäi vahemikku 1,9–2,0 g N/m2 normide 0–180 kg/ha korral. N normi 
kasvuga kaasnes taimiku saagi suurenemine (0,4–0,8 kg/m2 N0 ja N180 
korral), kuid see ei vähendanud usutavalt nõrgvee kogust. Märgata võis 
tendentsi, et veise vedelsõnniku kasutamisel suurenev N norm vähendas 
(P > 0,05) N-i leostumist (2,1, 2,0 ja 1,9 g N/m2 normide N60, N120 ja 
N180 korral), kuid mineraalse NPK väetise kasutamisel leostunud N-i 
kogused ei muutunud (1,7 g N/m2 normide N60–180 korral). Tulemus näitab, 
et katses kasutatud lämmastikväetise kogused ei ületanud taimede N-i 
omastamisvõimet, ja viitab võimalusele, et kuni väetisega antud N-i koguste 
kasutus on tõhus, ei suurenda kasvav N norm rohumaal N leostumist.

Kasutatud väetiste vahel esines leostumises erinevus ainult N normi 
60 kg/ha korral, kui see oli usutavalt väiksem mineraalse NPK väetise 
kasutamisel (keskmiselt 1,7 g/m2). Veise vedelsõnniku variandist leostus 
sama N normiga väetades 2,1 g N/m2. Erinevus variantide vahel tekkis 
erineva saagikuse tõttu, mis avaldas mõju nõrgvee kogusele. Suuremate 
N normide korral võrreldud väetiste vahel saakide erinevus küll suurenes, 
kuid erinevus lämmastikusisalduses leovees ja eriti leovee koguses vähenes, 
jäädes NPK variandis samaks, kuid vähenedes vedelsõnniku korral. See 
tulemus näitab, et lisaks saagikusele mõjutab nõrgvee hulka ka taimede 
veevajaduse ja sademete sünkroniseeritus ning üldiselt on vee omastamine 
suuresaagilistel taimikutel suurem.

Hoolimata väetiste erinevast tõhususest ei erinenud N leostumine 
mineraalse ja orgaanilise väetise variandis väljaspool vegetatsiooniperioodi 
ühegi N normi korral. N normi ja väetise liigi vahelise koosmõju 
puudumine N-i leostumisele väljaspool vegetatsiooniperioodi võis olla 
tingitud jaotatud väetamisest, aastaringsest taimkatte olemasolust või ka 
sellest, et suurem osa talveperioodist püsis maa külmununa.

Taimiku tüübi mõju leostumisele (I)

Taimiku tüübil oli N-i leostumisele suur mõju. Võrreldes ainult kõrrelistest 
koosneva taimikuga (keskmiselt 2,2 g N/m2) oli kõrreliste valge ristiku 
taimikust leostumine usutavalt väiksem (keskmiselt 1,7 g N/m2) (joonis 
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3). Taimikute mõju leostumisele tulenes nende erinevast saagikusest. 
Keskmised saagid olid 0,8 kg KA/m2 ja 0,5 kg KA/m2 vastavalt kõrreliste 
valge ristiku ja kõrreliste taimikul. Valge ristiku poolt seotud bioloogilise 
N-i tõttu oli kõrreliste valge ristiku taimiku saak suurem, mistõttu nõrgus 
sealt vett vähem kui läbi kõrreliste taimiku. Vegetatsiooniperioodi välisel 
ajal N-i leostumine taimikute vahel ei erinenud.

Ka K leostumine oli kõrreliste valge ristiku taimikust (keskmiselt 0,5 g 
K/m2) kõrreliste taimikuga (keskmiselt 2,0 g K/m2) võrreldes väiksem, 
mille põhjuseks peale väiksema nõrgvee koguse oli väiksem K sisaldus 
kõrreliste valge ristiku taimiku nõrgvees (joonis 3). Tulemus toetab 
kaudselt varasemate uurimistööde järeldusi, mille kohaselt määrab K 
leostumise rohumaa mullas omastatava K sisaldus (Askegaard et al., 2003; 
Alfaro et al., 2004; Kayser et al., 2007), mida mõjutab taimiku N-iga 
varustatuse tase (Alfaro et al. 2003). Tulemused viitavad võimalusele, et 
taimiku tüübi mõju K leostumisele tuleneb selle võimest muuta mullas 
N-i ja K suhet. Väljaspool vegetatsiooniperioodi oli taimikute mõju K 
leostumisele sarnane taimikute mõjuga vegetatsiooniperioodil.

Aktiivsöe mõju leostumisele (III)

Katse tulemused näitasid, et aktiivsöe lisamine mulda vähendab oluliselt 
NO3

−-N leostumist (19 kuu kohta kumulatiivselt 0,18 ja 0,72 g/m2 vastavalt 
S + AC ja S-i variandis), kuid suurendab K leostumist (19 kuu kohta 
kumulatiivselt 7,3 ja 2,3 g/m2 vastavalt S + AC ja S-i variandis) (joonis 
4). Selgus ka, et aktiivsöel on toitainete leostumisele selektiivne mõju, 
mis ei sõltu kasutatud väetise liigist. Aktiivsöe negatiivne mõju NO3

−-N 
leostumisele võib tuleneda selle tavalisest (500–600 °C) kõrgemast (700–
900 °C) tootmistemperatuurist, mis võib mõjutada söe pinna reaktsiooni 
ja stimuleerida sellel positiivsete laengute teket. Ühtlasi seletaks see, miks 
aktiivsüsi ei mõjutanud NH4

+-N leostumist, mida on märgitud paljudes 
varasemates söega tehtud katsetes (Lehmann et al., 2003; Ding et al., 2010; 
Singh et al., 2010). Temperatuuri tähtsusele söe omaduste kujunemisel 
osutavad ka varasemate katsete tulemused, mis näitavad, et NO3

−-N seob 
ainult see süsi, mis on toodetud 700 °C kõrgemal temperatuuril (Mizuta 
et al., 2004; Kameyama et al., 2012).

Aktiivsöe lisamine mulda vähendas vee läbinõrgumist sellest ja suurendas 
taimede N-i omastamist. Arvatavasti püsisid toitained tänu väiksemale 
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vee nõrgumisele kauem taimede juurte piirkonnas, mis aitas kaasa nende 
suuremale omastamisele. Lisaks osutasid tulemused võimalusele, et 
aktiivsüsi on suuteline nitraate enda külge siduma, nagu on leidnud varem 
ka Prendergast-Miller et al. (2011) ja Knowles et al. (2011). K suurenenud 
leostumine aktiivsöe kasutamisel tulenes aktiivsöe äärmiselt suurest K 
sisaldusest.

Väetamise mõju ARG-dele (IV)

Nii veise vedelsõnnik kui ka selle digestaat sisaldasid arvestatavas koguses 
ARG-sid. Mõlemad orgaanilised väetised suurendasid usutavalt mullas 
sul1 geenide arvukust, mis vähenes pärast väetamist. Sellest võib järeldada, 
et sul1 geenid satuvad mulda vedelsõnniku ja selle digestaadiga ning 
on mullas piiratud ellujäämisvõimega. Veise vedelsõnnik ja digestaat 
suurendasid mullas ka blaCTX-M arvukust, samas kui mineraalväetise 
kasutamine mõjus positiivselt tetA geeni kontsentratsioonile. Positiivne 
korrelatsioon üldist bakterite kogukonna suurust peegeldava 16S rRNA 
geeni ning tetA ja blaCTX-M arvukuse muutumises kõigis väetatud 
muldades viitab võimalusele, et neid ARG-sid kandvad mikroobide 
rühmad on mullas püsivad ja nende arvukus sõltub üldisest bakterite 
kogukonna arvukusest, mitte aga kasutatud väetistest.

Kokkuvõte

 � N-i leostumine sõltus kasutatud väetise liigist ja oli mineraalse 
NPK väetise kasutamisel väiksem kui vedelsõnniku kasutamisel. 
Selle põhjuseks oli mineraalväetisega väetades saadud suurem 
saak, mis omastas rohkem vett, mistõttu seda nõrgus vähem. 
Suurem N-i leostumine vedelsõnniku kasutamisel oli ilmselt 
põhjustatud selle orgaanilise aine mineraliseerumisest, mis ei 
olnud sünkroniseeritud taime vajadustega.

 � Tulemused näitasid, et väetamata rohumaal leostunud N-i 
kogused olid sarnased või isegi suuremad võrreldes väetatud 
rohumaaga. Tõenäoliselt leostub seal mulla orgaanilise aine 
lagunemisel ja mineraliseerumisel vabanenud N, mille leostumist 
soodustab väetamata taimiku väike saak, mistõttu nõrgub seal 
vett rohkem kui väetatud rohumaal.

 � N-i leostumine ei sõltunud kasutatud N normist (N60, N120, 
N180 kg/ha). Sellest tulemusest järeldub, et N-i kogused, mis 
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suurendavad rohumaa saaki ega ületa taimede N omastamise 
võimet, ei suurenda N-i leostumist, sest koos saagikusega 
suureneb taimede veetarbimine.

 � Taimiku botaaniline koosseis mõjutas N-i leostumist ja 
see oli väiksem kõrreliste valge ristiku taimikust võrreldes 
kõrreliste taimikuga. Erinevus taimikute vahel tekkis nende 
erineva saagikuse tõttu, mis oli kõrreliste valge ristiku taimikul 
bioloogiliselt seotud N-i tõttu suurem võrreldes vaid kõrrelistest 
koosneva taimikuga. Käesolev tulemus näitab, et liblikõieliste 
lisamine seemnesegusse vähendab leostumist.

 � K leostumist mõjutas kõige rohkem N-i ja K suhe väetamisel. 
PK variandis, kus N-i ei antud, leostus K-d oluliselt rohkem 
N-iga väetatud variantidest. N-i seos K leostumisega ilmnes 
ka taimikute võrdluses, kui liblikõielise seotud N-i tõttu oli K 
leostumine kõrreliste valge ristiku taimikust usutavalt väiksem 
kui kõrrelistel.

 � Taimiku tüüp, vegetatsiooniperioodil antud väetise liik ja N norm 
ei mõjutanud N-i leostumist väljaspool vegetatsiooniperioodi. 
Leostunud N-i kogus sõltus siis peamiselt perioodi pikkusest, 
kui muld oli külmunud. K leostumine sarnanes aga 
vegetatsiooniperioodil toimunud leostumisega ning sõltus ilmselt 
mulla N-i ja K suhtest, mille määras vegetatsiooniperioodi aegne 
väetamine. Väljaspool vegetatsiooniperioodi erines leovee kogus 
katsevariantide vahel vähe, mistõttu variantidevahelised erinevused 
olid tingitud peamiselt N-i ja K sisalduse erinevusest leovees.

 � Summaarne N-i leostumine kolmeaastase katseperioodi jooksul 
suurenes esimesest kolmanda aastani. Leostumise kasv tulenes 
leostumise suurenemisest väljaspool vegetatsiooniperioodi, mille 
põhjuseks oli sellise perioodi pikenemine, kui muld püsis sula. 
Vegetatsiooniperioodil leostunud toitainete kogused esimesest 
kolmanda aastani vähenesid, sest iga järgnev kasvuperiood oli 
eelmisega võrreldes kuivem.

 � Aktiivsöe lisamine mulda vähendas NO3
−-N leostumist sõltumata 

kasutatud väetise liigist. Materjali mõju tulenes selle võimest 
vähendada mullast vee läbinõrgumist ja NO3

−-N sisaldust 
nõrgvees. Aktiivsüsi ei mõjutanud NH4

+-N leostumist. Oma 
suure K sisalduse tõttu suurendas aktiivsüsi aga K leostumist.
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 � Nii veise vedelsõnnik kui ka selle digestaat sisaldasid olulisel 
määral ARG-sid ja nende kasutus mõjutas mulla ARG-de 
arvukust. Mõlemad orgaanilised väetised suurendasid mulla 
blaCTX-M ja sul1 ning mineraalväetis tetA arvukust. Kui 
blaCTX-M ja tetA arvukus mullas muutub koos üldise bakterite 
kogukonna arvukusega, siis sul1 geeni sisaldus mullas sõltub 
väetamisest.

Uurimistöö tulemuste kasutamine

Doktoritöö tulemustel on suur praktil ine väärtus. Tulemusi on 
võimalik kasutada seadusloomes, et leida pidevalt intensiivistuva 
põl lumajandustootmise t ing imustes tõhusamaid mooduseid 
keskkonnahoiuks. Sel le töö põhjal on võimal ik parendada ka 
põllumajandustootjatele määratud reeglistikke ja anda juhtnööre väetiste 
efektiivsemaks kasutamiseks. Täpsemini saab doktoritöö raames tehtud 
katsete (I, II, III, IV) alusel välja tuua järgmised üldised tähelepanekud.

 � Veise vedelsõnniku tõhusus rohumaa väetisena on väiksem kui 
mineraalsel NPK väetisel. Seetõttu on vedelsõnniku kasutamisel 
toitainete leostumise risk suurem. Seega on oluline rakendada 
meetmeid selle vähendamiseks.

 � Rohumaal saab toitainete leostumist vähendada taimikute 
saagikana hoidmisega. Koos saagikusega suureneb taimede 
veetarbimine, mis vähendab selle nõrgumist. Saagikuse 
suurendamiseks tuleb seemnesegusse kõrreliste kõrvale lisada 
ka liblikõielisi ning rohumaade väetusplaani koostamisel arvesse 
võtta taimikus kasvavate liikide erinevat toitainete vajadust.

 � Uuendusliku meetmena võib N-i leostumise vähendamiseks 
soovitada mulla rikastamist biosöega, sest sõltumata kasutatud 
väetise liigist vähendas see katses N-i leostumist.

 � Vedelsõnnikuga väetamine võib esile kutsuda ka 
teist laadi probleemi, milleks on mulla saastumine 
antibiootikumiresistentsuse geenidega. Seega on oluline 
välja töötada ja väetamisjuhtnööridesse lisada ka piirangud 
resistentsuse leviku ohjeldamiseks.
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Edasist uurimist vajavad teemad

 � Katse tulemused näitasid, et hoolimata võrdse NH4
+-N 

normi alusel veise vedelsõnniku ja mineraalse NPK väetisega 
väetamisest, oli vedelsõnniku tõhusus väiksem. Tulemuseks oli 
väiksem saak ja suurem leostumine. Seega on oluline uurida, 
kui palju väetisega antud N-ist omastasid taimed tegelikult ja 
missuguses vormis toimus N-i leostumine. Töö tulemuste puhul 
oletati, et veise vedelsõnniku kasutamisel tekkinud suurem 
leostumine võis tuleneda osaliselt ka N-i leostumisest lahustunud 
orgaanilise N-ina. See hüpotees vajab kontrollimist.

 � Tulemused näitasid, et aktiivsöe lisamine mulda vähendab 
anioonide (NO3

−-N) leostumist, kuid ei ole selge, milline 
on aktiivsöe toimemehhanism. Nii meie kui ka varasemad 
uurimistööd osutavad võimalusele, et aktiivsüsi võib NO3

−-N 
keemiliselt või ka füüsikaliselt siduda, kuid teaduslikku tõestust 
sellele veel ei ole. Söe puhul on teada, et selle omadused on 
sõltuvalt toorainest ja tootmistemperatuurist väga varieeruvad, 
kuid ei ole selge, kuidas need mõjutavad söe anioonide ja 
katioonide sidumisvõimet.

 � ARG-de probleem Eesti põllumajanduses on suures osas läbi 
uurimata ja vajab ulatuslikumat käsitlemist. Tähtis on teada 
saada, millised bakteriliigid kannavad ARG-sid ja milline mõju 
on ARG-del olulistele mullaprotsessidele. Uurida tuleb ka ARG-
de sisaldust nõrgvees ja kasvaval taimikul sõltuvalt erinevatest 
keskkonna- ja viljelustingimustest.
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APPENDIX

Table 1. Treatments effect on N leaching 

Para-
meter

Effect Degrees of 
freedom

Sum of 
squares

Mean 
square

F value P value

N 
leaching 
in vege-
tative 
period

Intercept 1 503.57 503.57 1595.11 0.000
Sward type 1 9.75 9.75 30.90 0.000
Fertilizer 1 3.26 3.26 10.34 0.002
N rate 2 0.21 0.10 0.33 0.719
Sward type 
× fertilizer

1 0.00 0.00 0.00 0.972

Sward type 
× N rate

2 0.18 0.09 0.29 0.748

Fertilizer × 
N rate

2 0.43 0.22 0.68 0.507

Sward type 
× fertilizer 
× N rate 
used

2

0.35 0.18 0.56 0.571

Error 151 47.67 0.32 – –
N 
leaching 
after 
vege-
tative 
period

Intercept 1 166.87 166.87 366.16 0.000

Sward type 1 0.99 0.99 2.16 0.143

Fertilizer 1 0.46 0.46 1.02 0.314
N rate 2 0.27 0.13 0.29 0.746
Sward type 
× fertilizer 1 0.01 0.01 0.02 0,891

Sward type 
× N rate 2 0.03 0.02 0.04 0.963

Fertilizer × 
N rate 2 0.31 0.16 0.34 0.711

Sward type 
× fertilizer 
× N rate 
used

2 0.01 0.01 0.01 0.989

Error 151 68.81 0.46 – –
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Table 2. Treatment effect on K leaching
Para-
meter

Effect Degrees of 
freedom

Sum of 
squares

Mean 
square

F value P value

K 
leaching 
in vege-
tative 
period

Intercept 1 198.96 198.96 276.95 0.000
Sward type 1 73.08 73.08 101.73 0.000
Fertilizer 1 2.58 2.58 3.59 0.060
N rate 2 0.35 0.17 0.24 0.786
Sward type 
× fertilizer 1 0.22 0.22 0.30 0.582

Sward type 
× N rate 2 0.20 0.10 0.14 0.873

Fertilizer × 
N rate 2 0.00 0.00 0.00 1.000

Sward type 
× fertilizer 
× N rate 
used

2 0.26 0.13 0.18 0.836

Error 151 108.48 0.72 – –
K 
leaching 
after 
vege-
tative 
period

Intercept 1 12.74 12.74 319.07 0.000
Sward type 1 3.86 3.86 96.56 0.000
Fertilizer 1 0.74 0.74 18,61 0.000
N rate 2 0.05 0.03 0.64 0.530
Sward type 
× fertilizer

1 0.32 0.32 8.07 0.005

Sward type 
× N rate

2 0.04 0.02 0.48 0.621

Fertilizer × 
N rate

2 0.29 0.14 3.62 0.029

Sward type 
× fertilizer 
× N rate 
used

2 0.01 0.01 0.15 0.863

Error 151 6.03 0.04 – –



I

ORIGINAL PUBLICATIONS



Tampere, M., Kauer, K., Keres, I., Loit, E., Selge, A., Viiralt, 
R., Raave, H., 2014. EFFECTS OF SWARD BOTANICAL 

COMPOSITION ON NITROGEN AND POTASSIUM 
LEACHING IN CUT GRASSLAND. Zemdirbyste-Agriculture, 

101(4), 389–394.



81

ISSN 1392-3196         Zemdirbyste-Agriculture             Vol. 101, No. 4 (2014) 389

ISSN 1392-3196 / e-ISSN 2335-8947
Zemdirbyste-Agriculture, vol. 101, No. 4 (2014), p. 389−394
DOI  10.13080/z-a.2014.101.049

 Effects of sward botanical composition on nitrogen and 
potassium leaching in cut grassland 

Mailiis TAMPERE, Karin KAUER, Indrek KERES, Evelin LOIT, Are SELGE,                                      
Rein VIIRALT, Henn RAAVE 
Estonian University of Life Sciences, Institute of Agricultural and Environmental Sciences 
Kreutzwaldi 5, 51014 Tartu, Estonia 
E-mail: mailiis.tampere@emu.ee

Abstract
The leaching of nutrients in regions where annual precipitation considerably exceeds evaporation needs to be 
minimised. Our objective was to study the dependence of leached nitrogen and potassium on botanical composition 
of grassland sward. Mini-lysimeters filled with loamy sand were embedded in three swards (a mixture of three 
grass species, grasses mixed with white clover and grasses mixed with lucerne). Annual nitrogen application rates 
(0, 60, 120 and 180 kg ha-1) in conjunction with three fertilizers (mineral fertilizer, cattle slurry and sewage sludge) 
were applied. The nitrogen and potassium leaching was measured monthly during three years. We concluded that 
nitrogen and potassium leaching are affected by sward botanical composition. The leaching of both elements was 
the lowest from grass-clover sward. 

Key words: leaching, nitrogen, potassium, sward type, water percolation, yield. 

Introduction
Nutrient leaching has become a major concern 

worldwide, mainly due to the intensification of agricultural 
production involving the application of fertilizers and 
organic wastes (Di, Cameron, 2002). Leaching of 
fertilizer NO3

--N through the soil profile can contribute to 
eutrophication of streams and lakes, contaminate surface 
and groundwater resources (Mašauskas et al., 2006) and 
cause several health problems to humans (Di, Cameron, 
2002). Nutrient leaching is a problem in regions where 
precipitation exceeds evaporation considerably. Estonia 
is located in a moderately cold and humid region, where 
total annual precipitation exceeds evaporation by 1.5–2 
times; hence weather conditions for nutrient leaching are 
favourable. 

Concerning the grasslands it has been found 
that nutrient leaching is high only from pastures, in cut 
grassland it is often estimated to be low (Eriksen, Vinther, 
2002). Although nutrient leaching from grassland is 
lower than from arable land it is still important to find 
opportunities for its reduction. Under the conditions of 
climate change the risk of nutrient leaching is expected 
to become more favourable also from grasslands (Olesen 
et al., 2011). So far the research work in grassland has paid 
only little attention on the identification of relationships 
between nutrient leaching and sward species composition. 
Studies have shown that the ability of grasses to take up 
nitrogen (N) varies in great extent (Zemenchik, Albrecht, 
2002). Therefore it can be presumed that N leaching at the 
same N application rate in swards with different botanical 
composition can be different. The study of Bouman et al. 
(2010) showed that NO3

--N leaching is affected by the 
compositional diversity of the sward. In their experiment 

NO3
--N leaching decreased in a treatment with bluegrass 

(Poa pratensis L.), while the number of grasses did not 
affect leaching. 

Due to the decreasing amount of resources in 
agricultural production it has been suggested that the 
targeted use of biodiversity, especially grass-legume 
mixtures, could play a role (Peyraud et al., 2009). 
According to several current studies, livestock production 
systems based on legumes are more sustainable than 
those based on mineral fertilizers (Thomas, 1992; Jarvis 
et al., 1996). The use of legumes in seed mixtures is 
an efficient strategy to reduce the external N-input on 
farms (Pötsch et al., 2013). But the impact of legumes 
on N leaching is not so clear. The amount of N fixed by 
legumes depends on their proportion in the sward and 
on environmental conditions, which may vary greatly 
(Frame, 1992). Bouman et al. (2010) showed that in 
midsummer when the percentage of white clover in the 
sward is high, N leaching also increases. Eriksen et al. 
(2004) have reported that less leaching occurs from 
unfertilized grassland containing white clover than from 
fertilized grass-only grassland. Low and Armitage (1970) 
studies have demonstrated increased leaching in the 
swards with reduced legume content.

Most research so far has focused only on N 
leaching (Eriksen et al., 2004; Mašauskas et al., 2006; 
Bouman et al., 2010). The leaching of potassium (K), 
which is also a very mobile element in the soil, but which 
does not cause eutrophication (Alfaro et al., 2004) or lower 
the quality of groundwater (Kayser, Isselstein, 2005) has 
received less attention. Potassium is a very important 
nutrient for the growth of grasses and the reduction of its 
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leaching loss is important in economical aspect. As was 
showed by Kayser and Isselstein (2005), high levels of 
available K in the soil and large quantities of fertilizers 
may increase K losses significantly. Bučienė et al. (2014) 
found that K leaching increases with the higher rate of 
soil aggregates <0.25 mm and humus in topsoil. 

A three-year experiment of nutrient leaching 
was conducted in Estonia with the aim of examining 
the impact of sward botanical composition on N and K 
leaching from grassland during and after the vegetative 
period. We hypothesised that N and K leaching from 
grass-only and grass-legume swards is different. 

Materials and methods
The experiment was conducted from May 2008 

to January 2011 at the Eerika Experimental Station, 
Estonian University of Life Sciences (58°23′32″ N, 
26°41′31″ E; 60 m a.s.l.). Plastic mini-lysimeters 
with 0.0706 m-2 area and 30 cm depth were used. The 
construction of lysimeters used in the experiment is 
described in more detail by Raave et al. (2014). Mini-
lysimeters were filled with loamy sand (64% sand, 29% 
silt, 7% clay; specific surface area of 30.6 m-2 g-1). The 
general chemical properties of the soil were as follows: 
soil organic matter (OM) – 1.7–1.9%, total nitrogen (N) 
content – 0.11%, plant available phosphorus (P) – 94–102 
mg kg-1 and potassium (K) – 165–180 mg kg-1. Soil OM 
was determined by loss-upon-ignition following heating 
at 500°C for four hours, total N – by Kjeldahl procedure, 
available P and K – by the A-L method, where 0.1 M 
ammonium lactate solution (pH = 3.7) was used as an 
extract (Egner et al., 1960). 

The experiment was 3 × 3 × 4 factorial design 
with three replicates. We tested the effects of (i) sward 
type: grass-only mixture including timothy (Phleum 
pratense L.), perennial ryegrass (Lolium perenne L.) 
and smooth meadow-grass (Poa pratensis L.); above 
mentioned grasses mixed with white clover (Trifolium 
repens L.) and grasses mixed with lucerne (Medicago 
sativa L.), (ii) fertilizer type: mineral fertilizer, cattle 
slurry and sewage sludge, and (iii) fertilizer application 
rate based on N rate applied. The grass-lucerne plot was 
measured only in the first and second year, because the 
experimental conditions were not suitable for lucerne 
and its percentage in the sward decreased to a minimum 
after the second year. The application rates of mineral 
fertilizers in kg ha-1 were: N0P0K0 (control), N0P30K60, 
N0P60K120, N60P30K60, N120P60K120 and N180P60K120. We 
used NH4NO3, Ca(H2PO4)2 and KCl as the sources of N, 
P and K, respectively. Organic fertilizers were applied 
to provide N rates of 60, 120 and 180 kg ha-1. Their 
application rate was calculated based on the NH4

+-N 
content. The amounts K applied with cattle slurry and 
sewage sludge when applied based on N rate of 60 kg ha-1 
are presented in Table 1. Both organic fertilizers were 
applied manually. Sewage sludge was spread on the sward 
surface, cattle slurry was applied either by spreading 
or by injection. The injection method is described in 
Tampere (2012). Mineral P and K fertilizers were not 
applied with organic manure. All fertilizers were applied 
to the plots in one to three split applications, depending 
on the N rate. Fertilizers were applied at once based on N 
rate 60 kg ha-1 as follows: one week after the grass began 
to grow in spring, in June/July (after the second harvest) 
and in August (after the third harvest). PK fertilizers were 
applied once a year in spring together with N fertilizer. 

Table 1. The amount of applied potassium (K) with 
organic fertilizers per one split application 

Fertilizer type Amount of K kg ha-1

1st year 2nd year 3rd year
Cattle slurry 75.58 75.17 67.42

Sewage sludge 9.31 7.79 5.19

The sward yield and its botanical composition 
were determined five times during the growing season. 
Species were selected by hand separation based on 
functional groups (grasses, legumes, and invasive 
species). Functional groups were weighed, dried and their 
dry matter (DM) yield and proportion (% on the basis of 
dry weight) in the yield was calculated. The quantities of 
leachate water and total N and K contents in the water were 
measured on a monthly basis throughout the year, except 
in the period when the soil was frozen. Leachate was 
removed from the lysimeter with a vacuum pump. After 
the leachate was measured with a beaker, water samples 
(20 ml) were collected for the determination of N and 
K content in the leachate. Water samples were stored at 
−18°C until analysis. An elemental analyzer “VarioMax” 
(“Elementar”, Germany) was used to measure the total N 
content, and a flame photometer “Jenway PFP7” (“Bibby 
Scientific”, UK) to measure the K content in the leachates. 
All chemical analyses were performed in the Laboratory 
of the Department of Soil Science and Agrochemistry in 
Estonian University of Life Sciences. 

The amounts of leached N and K were calculated 
as follows: (i) amount of leached N or K (g m-2) = amount 
of percolated water (L) × N or K content in leachate 
(g L-1) / lysimeter surface area (0.0706 m-2); (ii) amount 
of leached N or K in a year (g m-2) = ∑ leached N or 
K amounts (g) in the individual months; (iii) amount 
of leached N or K in the vegetative period (g m-2) = ∑ 
leached N or K amounts (g) in the individual months from 
May to October; (iv) amount of leached N or K after the 
vegetative period (g m-2) = ∑ leached N or K amounts (g) 
in the individual months from November to April. 

Statistical analysis was conducted using 
cumulative leaching data calculated individually for each 
treatment replication. Correlation and multiple regression 
analyses were used to test the relationships between water 
percolation, sward DM yield and nutrient leaching. Fisher’s 
least significant difference (LSD) test for homogeneous 
groups was used for testing the significance of differences 
between treatments. All calculations were performed using 
the statistical package Statistica 9.0 (StatSoft Inc., USA). 
The probability level was set at 0.05. 

The meteorological conditions during the 
experimental period (Table 2) were monitored with 
weather stations “Metos Model MCR300” (Pessl 
Instruments GmbH, Austria); the sensors were positioned 
2 m above the ground. 

Results and discussion
Nitrogen (N) leaching during and after 

the vegetative period. During the vegetative period 
(vegetation period is the part of the year with daily 
mean temperatures steadily above +5ºC) N leaching was 
significantly the lowest (P < 0.05) from grass-clover 
sward (Table 3). Between grass-only and grass-lucerne 
sward N leaching did not vary. 

Water percolation and N content in the percolated 
water were significantly different in compared swards 
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(Table 3). N leaching was positively correlated with the 
amount of percolated water (Fig. 1). The relationships in 
individual swards were as following: R2 = 0.89, P < 0.05, 
n = 135 (grass-clover); R2 = 0.85, P < 0.05, n = 90 (grass-
lucerne) and R2 = 0.87, P < 0.05, n = 135 (grass-only). The 
three-year average correlation between N leaching and N 
concentration in the leachate was not significant. Only 
exception was the grass-lucerne sward, where N leaching 
increased with N content increase in the leachate (R2 = 
0.63, P < 0.05, n = 90). Our results are in accordance with 

Webster et al. (2003), who found that drainage volume 
has major influence on N leaching. 

In our experiment the percolated water amount 
correlated most with sward yield. The correlations 
between the amounts of percolated water and sward 
yields were significant only within single experimental 
years: R2 = 0.51, P < 0.000, n = 135 (1st year); R2 = 0.59, 
P < 0.000, n = 135 (2nd year) and R2 = 0.43, P < 0.000, 
n = 90 (3rd year). The relationship in three-year summary 
was not significant due to the variable annual rainfall 

Table 2. Meteorological data during the experimental period from May 2008 to January 2011 

Month Precipitation mm Average air temperatures °C
1st year 2nd year 3rd year 1991–2009 1st year 2nd year 3rd year 1991–2009

May 30.6 18.4 97.4 37.6 10.4 11.3 12.2 10.1
June 108.2 151.0 98.0 63.2 14.2 13.6 14.3 14.5
July 59.6 97.4 38.4 59.5 15.9 16.8 21.7 17.5

August 216.6 85.0 148.4 68.0 15.4 14.9 17.8 16.6
September 67.6 57.6 99.4 48.1 9.5 12.4 10.7 11.8

October 96.4 132.4 59.2 67.3 7.9 3.7 3.8 6.5
November 27.8 77.8 72.4 55.0 1.8 1.9 −.2 1.3
December 42.6 57.0 0.0 44.0 −1.6 −5.5 −8.6 −1.5
January 24.0 0.0 40.4 45.6 −4.0 −14.7 −5.2 −2.5

February 16.8 8.6 0.0 NM 34.2 −5.4 −8.3 −12.0 NM −4.1
March 33.0 33.6 0.0 NM 32.6 −2.2 −2.6 −2.5 NM −0.8
April 3.2 25.0 0.6 NM 29.3 5.3 5.7 5.7 NM 4.9

During vegetative period 579.0 560.8 541.4 12.0 11.3 12.7
After vegetative period 147.4 183.0 112.8 −1.3 −5.8 −4.2

Year 726.4 743.8 654.2 584.6 5.6 4.1 5.0 6.2
NM – no measurements taken 

Table 3. Average yields, amounts of percolated water, nitrogen (N) and potassium (K) concentrations in the leachate, 
and amounts of leached N and K in different swards during and after the vegetative period (averaged for the three-year 
period) 

Sward type DM yield
kg m-2

Amount of 
percolated 
water L m-2

N content in 
leachate
mg L-1

K content in 
leachate
mg L-1

Amount of 
leached N 

g m-2

Amount of 
leached K

g m-2

During vegetative period
Grass-clover 0.8 A 79.8 A 20.9 A 5.0 A 1.6 A 0.4 A

Grass-lucerne* 0.7 B 127.4 C 17.5 B 15.7 B 2.2 B 2.1 B
Grass-only 0.4 C 117.3 B 19.6 C 17.0 B 2.2 B 2.1 B

After vegetative period
Grass-clover – 55.4 A 19.9 A 3.5 A 1.1 A 0.1 A

Grass-lucerne* – 42.3 B 18.1 B 11.9 B 0.8 B 0.4 B
Grass-only – 55.3 A 17.7 B 10.8 B 1.0 A 0.5 C

Note. Within the same column, values with different letters are significantly different (P < 0.05); * – results from two years; DM 
– dry matter. 

and significantly different annual yields (P < 0.01). 
This result suggests that N leaching differences between 
swards in our experiment were mainly due to different 
sward yields. Higher yielding sward used more water for 
yield formation, and therefore water percolation and N 
leaching depending on it were lower. Leaching was also 
influenced by the water demand of the plants and it was 
higher for white clover when compared to grasses (data 
not shown). This is in accordance with Bouman et al. 
(2010), who concluded that different water demand of 
the plants impacts N leaching. 

After vegetative period N leaching between the 
compared swards was similar (Table 3). In grass-lucerne 
sward N leaching was measured only in the first two years, 
therefore average N leaching from this sward was less when 
compared to other swards (Table 3). Based on the results of 
the first two years, average N leaching from grass-lucerne 
sward was the same as from grass-clover sward (0.8 g m-2). 
The amount of leached N in the first two years was less 
from grass-only sward (0.7 g m-2) (Table 4). 

Figure 1. The dependence of nitrogen (N) leaching 
during the vegetative period on quantities of percolated 
water (three-year experimental period, n = 360) 
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Table 4. Nitrogen (N) and potassium (K) leaching in different experimental years from 2008–2011 

Sward type

1st year 2nd year 3rd year

vegetative 
period

after 
vegetative 

period
total vegetative

period
after 

vegetative 
period

total vegetative 
period

after 
vegetative 

period
total

N g m-2

Grass-clover 1.99 aA 0.32 aA 2.31 aA 1.49 bA 1.19 bA 2.68 bA 1.44 bA 1.84 cA 3.28 cA
Grass-lucerne 2.50 aB 0.36 aA 2.86 aB 1.96 bB 1.20 bA 3.16 bB – – –

Grass-only 2.93 aC 0.31 aA 3.24 abC 2.06 bB 1.05 bB 3.11 aAB 1.72 cB 1.67 cB 3.39 bA
K g m-2

Grass-clover 1.01 aA 0.13 aA 1.14 aA 0.24 bA 0.15 aA 0.39 bA 0.09 cA 0.06 bA 0.15 cA
Grass-lucerne 2.74 aB 0.36 aB 3.10 aB 1.38 bB 0.44 bB 1.82 bB – – –

Grass-only 3.36 aC 0.28 aB 3.64 aC 2.09 bC 0.67 bC 2.76 bC 0.91 cB 0.60 bB 1.51 cB
Note. Within the same row, values with different lowercase letters are significantly different (P < 0.05); within the same column, 
values with different uppercase letters are significantly different (P < 0.05). 

After vegetative period N leaching depended 
substantially on the length of the period when the ground 
remained unfrozen. In the first two years, ground froze 
permanently already at the end of November – beginning 
of December, therefore N leaching after vegetative 
period in those years was low. However, in the third year 
when ground did not freeze until the middle of January 
N leaching was substantially higher (Table 4). As with N 
leaching during the vegetative period, N leaching after 
the vegetative period depended mostly on the amount of 
water percolation (Fig. 2). Correlations were strong in 
all swards: R2 = 0.97, P < 0.05, n = 135 (grass-clover 
sward); R2 = 0.92, P < 0.05, n = 90 (grass-lucerne sward) 
and R2 = 0.98, P < 0.05, n = 135 (grass-only sward). 
After vegetative period leaching depended also on N 
concentration in the leachate. Correlations between N 
leaching and N content in the leachate were as following: 
R2 = 0.59, P < 0.05, n = 360 (all swards); R2 = 0.59, P < 
0.05, n = 135 (grass-clover sward); R2 = 0.57, P < 0.05, 
n = 90 (grass-lucerne sward) and R2 = 0.65, P < 0.05, n = 
135 (grass-only sward). After the crop growth stops the 
continued generation of nitrate by soil processes is no 
longer balanced by crop uptake, and hence soil nitrate 
concentration increases (ADAS, 2007). 

Our results showed that after vegetative period 
the amount of percolated water was similar in all swards 
(Table 3). Therefore the influence of soil nitrate content 
on leaching increased. Leachate N content increased 
in grass-clover and grass-only swards throughout the 
experimental period and the increase was the highest in 
grass-clover leachate. The corresponding figures in the 

grass-clover sward were 16.7 (1st year), 19.8 (2nd year) 
and 21.0 (3rd year) mg L-1 N, and in the grass-only sward 
15.9 (1st year), 17.5 (2nd year) and 19.7 (3rd year) mg L-1 N. 
Significant difference between two swards appeared in the 
second year; probably it was due to the decrease in legume 
content in the sward (Table 5) and the decomposition of 
N-rich plant residues in the soil. Earlier Low and Armitage 
(1970) studies have demonstrated increased leaching in 
the swards with reduced legume content. 

Nitrogen leaching between grass-clover and 
grass-only swards differed most in the first year. In 
subsequent years the difference between those two 
swards decreased and disappeared by the third year. The 
increase in N leaching throughout the experiment in 
grass-clover sward was 42.0%, but in grass-only sward 
just 4.6% (Table 4). Leaching increased in both swards 
after the vegetative period and it was greater in grass-
clover sward. In vegetative period it decreased in both 
swards due to the decrease in precipitation throughout the 
experimental period (Table 2). Precipitation impacted the 
amount of percolated water, which in grass-only sward 
was twice as low in the third year when compared to the 
first year. In grass-clover sward the amount of percolated 
water decreased less throughout the experimental period, 
due to the higher water uptake by the sward in the first 
year, when the amount of rainfall was the highest of the 
total experimental period. 

Potassium (K) leaching during and after the 
vegetative period. Three-year average K leaching during 
the vegetative period was significantly (P < 0.05) lowest 
from grass-clover sward (Table 3). Potassium leaching in 
vegetative period correlated most with its concentration in 
leachate (Fig. 3). Correlations in individual swards were 
as following: R2 = 0.97, p < 0.05, n = 135 (grass-clover 
sward); R2 = 0.95, P < 0.05, n = 90 (grass-lucerne sward) 
and R2 = 0.85, P < 0.05, n = 135 (grass-only sward). The 
correlation between three-year average K leaching and 
percolated water amount was less in all swards: R2 = 
0.68. P < 0.05 (grass-clover sward); R2 = 0.70, P < 0.05 
(grass-lucerne sward) and R2 = 0.88, P < 0.05 (grass-
only sward). This shows that K leaching was mainly 
determined by the content of exchangeable K in the soil, 
in accordance with Askegaard et al. (2003), Alfaro et al. 
(2004) and Kayser et al. (2007). 

Potassium concentrations in the leachate were 
significantly affected by sward type (P < 0.01), being 
lowest in the grass-clover sward (Table 3). Higher K 
uptake by plants in grass-clover sward was probably 
due to its higher N supply. The impact of lucerne on K 
concentration in the leachate was less due to its lower 
percentage in the sward (Table 5). Therefore the amount 
of symbiotically fixed N in this sward was probably less 

Figure 2. The dependence of nitrogen (N) leaching after 
the vegetative period on water quantities that percolate 
through the soil (three-year experimental period, n = 360) 
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when compared to grass-clover sward and it did not affect 
K uptake by plants. The highest K concentration appeared 
in the leachate of grass-only sward. These results suggest 
that K leaching depends mostly on N supply which is in 
agreement with Alfaro et al. (2003). 

Potassium leaching after vegetative period 
was significantly (P < 0.05) lowest in the grass-clover 
and the highest in the grass-only sward (Table 3) and it 
correlated most to K concentration in the leachate: R2 = 
0.90, P < 0.05, n = 135 (1st year); R2 = 0.94, P < 0.05, 
n = 135 (2nd year) and R2 = 0.98, P < 0.05, n = 90 (3rd 
year). Correlations were significant only in individual 
experimental years. The three-year average correlation 
between K leaching and the amount of percolated water 
was weak: R2 = 0.24, P < 0.05, n = 360. After vegetative 
period average K content in the leachate decreased 
throughout the experimental period – 12.7 (1st year), 6.8 
(2nd year) and 4.0 mg L-1 (3rd year), in contrast to N. Our 
results suggest that after vegetative period K leaching is 
related to the content of exchangeable K in the soil at the 
end of the vegetative period, which in turn depends on 
plants N supply and K uptake in the vegetative period. 

Conclusions 
1. Our study supports the hypothesis that 

nitrogen (N) and potassium (K) leaching is affected 
by sward botanical composition. From three compared 
swards N and K leaching was less in grass-clover sward. 

Nitrogen leaching from that sward was less only in the 
vegetative period. After vegetative period, three-year 
average N leaching was similar in all swards. It increased 
throughout the experimental period in all swards, but 
the increase was the highest in the grass-clover sward. 
Potassium leaching was the lowest from grass-clover 
sward in vegetative and after vegetative period. 

2. The impact of botanical composition on N 
leaching was related to sward yield, which was different 
between the swards. In higher yielding swards water 
percolation and N leaching depending on it were lower. 
Sward botanical composition also influenced N content 
in the leachate. It was the highest in the leachate of grass-
clover sward. 

3. Potassium leaching between three swards 
was different due to their unequal N supply. The highest 
amount of plant-available N was in the grass-clover 
sward, because of the symbiotically fixed N. Therefore 
K leaching from that sward was the lowest. Our results 
suggest that K leaching is mainly determined by the N and 
K ratio in the soil, which impacts K uptake by plants. 
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Žolyno botaninės sudėties įtaka azoto ir kalio išplovimui                                 
iš šienaujamo žolyno 

M. Tampere, K. Kauer, I. Keres, E. Loit, A. Selge, R. Viiralt, H. Raave 
Estijos gyvybės mokslų universiteto Žemės ūkio ir aplinkos mokslų institutas 

Santrauka 
Regionuose, kuriuose metinis kritulių kiekis smarkiai viršija išgaravimą, būtina minimalizuoti maisto medžiagų 
išplovimą iš dirvožemio. Tyrimo tikslas – ištirti iš dirvožemio išplauto azoto ir kalio priklausomumą nuo ganyklos 
žolyno botaninės sudėties. Priemolio smėlio pripildyti minilizimetrai buvo įstatyti trijų rūšių žolynuose (trijų rūšių 
miglinių žolių mišinys, miglinių žolių mišinys su baltaisiais dobilais ir miglinių žolių mišinys su liucernomis). 
Metinis kiekis azoto (0, 60, 120 ir 180 kg ha-1) buvo įterptas trijų skirtingų trąšų pavidalu (mineralinės trąšos, 
galvijų srutos, nuotekų dumblas). Azoto ir kalio išplovimas matuotas kiekvieną mėnesį trejus metus. Nustatyta, 
kad žolyno botaninė sudėtis turi įtakos azoto ir kalio išplovimui. Abiejų elementų išplovimas buvo mažiausias iš 
žolyno su miglinių žolių ir dobilų mišiniu. 

Reikšminiai žodžiai: azotas, derlius, išplovimas, kalis, vandens prasisunkimas, žolyno tipas. 
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Abstract
Although fertilization has a positive effect on agricultural productivity, its negative side effect can be the leaching 
of plant nutrients. Our objectives were to study the impact of fertilizer type and nitrogen application rate on the 
nitrogen and potassium leaching from grassland during and after the vegetative period. Within three years (2008–
2011) mini-lysimeters experiment was conducted on grassland swards receiving mineral NPK, mineral PK, cattle 
slurry and sewage sludge based on nitrogen rate 0, 60, 120 and 180 kg ha-1 year-1. Nitrogen and potassium leaching 
was measured monthly throughout the experimental period. From our results it can be concluded that nitrogen 
leaching is lower with the use of mineral NPK, because it increases the sward yield most efficiently. Potassium 
leaching in grassland can be reduced when using nitrogen containing fertilizers, as the fertilizer N:K ratio has a 
great effect on its leaching potential. Fertilizers are not the only N and K leaching source. It can be high also from 
unfertilized soil at the expense of soil reserves. Injection of slurry at rational amounts can be an effective method 
for the reduction of nitrogen leaching in grassland.

Key words: cattle slurry, leaching, nitrogen, nitrogen rate, potassium, sewage sludge. 

Introduction
Advanced use of fertilizers has resulted in 

significantly increased agricultural productivity, but 
simultaneously in a higher environmental pressure 
(Mondelaers et al., 2009), of which contamination of 
surface and groundwater by plant nutrients is among the 
most serious (Aronsson et al., 2006; Bergström et al., 
2008; Gali et al., 2012). Nutrient leaching is considered 
the most problematic in regions where precipitation 
exceeds evaporation considerably. Estonia is located 
in a moderately cold and humid climate region with 
annual precipitation exceeding evaporation 1.5–2 times; 
therefore conditions for nutrient leaching are favourable. 

It has been found that the least amount of 
nitrates leaches into the groundwater when perennial 
grasses are grown (Adomaitis et al., 2008), as they cover 
the soil year-round with growing vegetation and grasses 
are efficient at taking up nitrogen (N) from soil. Still the 
risk of leaching increases, when N input exceeds the 
swards capacity to utilize the available N (Malhi et al., 
2002), especially when fertilizers are applied based on 
agronomically optimal dry matter production amounts 
without taking into account the economically optimal 
fertilizer recommendations for different species. 

It is assumed that organically farmed systems 
have lower nutrient losses compared with conventionally 
farmed systems that rely on soluble fertilizer inputs 

(Condron et al., 2000). Bergström et al. (2008) suggest 
that in organic systems, which depend on renewable 
and natural fertilizer sources N mineralization and crop 
N demand are poorly synchronized making it more 
vulnerable to leaching than inorganic fertilizers, especially 
under the cold and humid climate conditions. Ten Berge 
et al. (2002) and Schröder et al. (2010) state that it does 
not matter much from a leaching point-of-view whether 
the N requirement is met with mineral fertilizer-N or with 
plant-available N from manure; it is the quantity of N in 
the system rather than the source of N, which determines 
the environmental impact (Watson, Younie, 1995). 

Nitrogen fertilizers have been commonly 
implicated as the main cause of the leaching problem 
(Kirchmann et al., 2002), but unbalanced fertilization 
leading to high levels of available potassium (K) in 
the soil can increase its leaching losses considerably 
(Kayser, Isselstein, 2005). Although K is not regarded 
as a substantial environmental pollutant, it is extremely 
important as a plant and animal nutrient and therefore 
needs to be in adequate supply for good grassland systems 
production (Laegreid et al., 1999). It has even been 
claimed that K application can alleviate the N pollution 
problem by inducing a high uptake rate of N by crops 
(Zhang et al., 2010). Greater K leaching losses have been 
found from the areas where inorganic fertilizer is used 
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when compared to organic nutrient sources (Torstensson 
et al., 2006), but also that the form of K supply has 
no effect on the total K leaching losses (Alfaro et al., 
2004). 

A possibility to apply organic matter and 
nutrients to agricultural land may be fertilization with 
stabilized sewage sludge from municipal wastewater 
treatment plants. It can be used as an addition to animal 
wastes or as a readily available alternative to the use 
of inorganic fertilizers. It contains useful concentration 
of nitrogen, phosphorus and potassium and to a lesser 
extent, calcium, sulphur and magnesium (Usman et al., 
2012). Sewage sludge advantages are associated mainly 
with its influence on crop yield but also with soil 
properties (Wang et al., 2008). However, similarly to 
other fertilizers inappropriate application times or rates 
may lead to poor utilisation by crops and, thus, to nitrate 
leaching and water contamination (Shepherd, 1996). 

A three-year experiment on nutrient leaching was 
conducted in Estonia to study the impact of (i) fertilizer 
type and (ii) N application rate on the amounts of N and K 
leached from the grassland during and after the vegetative 
period in moderately cold and humid climatic conditions. 
We hypothesised that N and K leaching depends on both 
fertilizer type and N rate used. 

Materials and methods
The experiment was conducted from May 2008 

to January 2011 at the Eerika Experimental Station, 
Estonian University of Life Sciences (58°23′32″ N, 
26°41′31″ E; elevation 60 m). Plastic mini-lysimeters 
with an area of 0.0706 m-2 and 30 cm depth were used. 
The construction of lysimeters used in the experiment is 
described in more detail by Raave et al. (2014). Mini-
lysimeters were filled with loamy sand (64% sand, 29% 
silt, 7% clay; specific surface area of 30.6 m-2 g-1). 

The experiment was 3 × 3 × 4 factorial design 
with three replicates. We tested fertilizer effect on three 
different swards: (i) grasses-only mixture including 
timothy (Phleum pratense L.), perennial ryegrass 
(Lolium perenne L.) and smooth meadow-grass (Poa 
pratensis L.), (ii) the above mentioned grasses mixed 
with white clover (Trifolium repens L.) and (iii) grasses 
mixed with lucerne (Medicago sativa L.). Fertilizer 
treatments were (i) mineral fertilizer, (ii) cattle slurry and 
(iii) sewage sludge with four different N application rates 
(0, 60, 120 and 180 kg ha-1). The grasses-lucerne plot was 
assessed only in the first and second year, because the 
experimental conditions were not suitable for lucerne and 
its percentage in the sward decreased to a minimum after 
the second year. 

The application rates of mineral fertilizers in kg 
ha-1 were: N0P0K0 (control), N0P30K60, N0P60K120, N60P30K60, 
N120P60K120 and N180P60K120. We used NH4NO3, Ca(H2PO4)2 
and KCl as the sources of N, P and K, respectively. In this 
article, we used the average of fertilizer rates N0P30K60 
and N0P60K120 under the abbreviation of PK. Organic 
fertilizers were applied to provide N rates of 60, 120 and 
180 kg ha-1. Their application rate was calculated based 

on the NH4
+-N content. Mineral P and K fertilizers were 

not applied with organic manure. All fertilizers were 
applied to the plots in one to three split applications, 
depending on the N rate. Both organic fertilizers were 
applied manually. Sewage sludge was spread on the sward 
surface, cattle slurry was applied either by spreading or 
by injection. 

The quantities of leachate water and total N and 
K contents in the water were measured on a monthly 
basis throughout the year, except in the period when 
the soil was frozen. Leachate was removed from the 
lysimeter with a vacuum pump. After the leachate was 
measured with a beaker, water samples (20 ml) were 
collected for the determination of N and K content in 
the leachate. The average amounts of leached N and K 
were calculated as follows: (i) average N or K leaching 
of each fertilizer type (g m-2) = ∑ leached N or K amounts 
(g m-2) in all swards at all N rates used / the number of 
measurements, (ii) average N or K leaching of each N rate 
used (g m-2) = ∑ leached N or K amounts (g) in all swards 
in all fertilizer treatments / the number of measurements. 
The flow-weighted average concentrations of N and K in 
the leachate for each replication of every fertilizer type 
and N rate used were calculated as follows: ∑ amount of 
leached N or K (g m-2) of each measurement / ∑ amount 
of percolated water (L m-2) of each measurement. Fisher’s 
least significant difference (LSD) test for homogeneous 
groups was used for testing the significance of differences 
between treatments. 

A more comprehensive description of the 
methodology including information about K amounts 
applied with organic fertilizers, chemical, statistical and 
mathematical analyses conducted and meteorological 
conditions during the experimental period can be found 
in Tampere et al. (2014). 

Results and discussion
Nitrogen (N) leaching during and after 

vegetative period depending on fertilizer type used. 
Fertilizer type had significant (P < 0.05) influence on N 
leaching during the vegetation period (vegetation period is 
the part of the year with daily mean temperatures steadily 
above +5ºC), April to November. In three-year average 
the lowest N leaching (P < 0.05) occurred from mineral 
NPK treatment (Table 1). Between other treatments it was 
similar. Sward yield was the highest with mineral NPK 
fertilizer use. Our research shows that water percolation 
together with nutrient leaching is reduced with increasing 
yield (Tampere et al., 2014). Similarly to findings by 
Bergström et al. (2008) this result demonstrates that 
N leaching is not lower when using organic fertilizers 
compared to mineral fertilizers. Several previous studies 
(Hansen et al., 2000; Knudsen et al., 2006) have found 
that N leaching was lower in organic systems and the 
reason for it was lower N input. This has been criticized 
by Kirchmann and Bergström (2001), who argued that 
equal conditions, such as N input between organic and 
conventional farming systems, must be ensured in order 
to obtain conclusive results. 
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Table 1. Average yields and amounts of percolated water, flow-weighted average nitrogen (N) and potassium (K) 
concentrations in the leachate, and average amounts of leached N and K depending on used fertilizer type during and 
after the vegetative period (averaged for the three-year period) 

Fertilizer
type

Dry matter 
yield

kg m-2

Amount of 
percolated water

L m-2

N content 
in leachate

mg L-1

K content 
in leachate

mg L-1

Amount of 
leached N 

g m-2

Amount of 
leached K

g m-2

During vegetative period
0 0.44 A 113.4 A 18.9 B 14.6 A 2.1 A 1.6 AB

Mineral PK1 0.57 A 108.8 A 18.6A B 19.4 B 2.0 A 2.1 B
Mineral NPK2 0.84 C 94.8 B 18.8 AB 13.6 A 1.8 B 1.3 A
Cattle slurry3 0.67 B 106.1 A 19.7 C 13.7 A 2.1 A 1.5 A

Sewage sludge3 0.57 A 112.0 A 18.0 A 11.8 A 2.0 A 1.3 A
After vegetative period

0 – 46.7 A 18.6 A 6.2 AB 0.9 A 0.3 AB
Mineral PK – 49.7 A 18.4 A 9.5 C 0.9 A 0.5 C

Mineral NPK – 52.0 A 18.1 A 4.9 A 1.0 A 0.2 A
Cattle slurry – 52.6 A 20.1 B 7.3 B 1.1 A 0.4 BC

Sewage sludge – 54.6 A 18.6 A 5.2 A 1.0 A 0.3 A
Notes. 1 – mean of treatments N0P30K60 and N0P60K120; 

2 – mean of treatments N60P30K60, N120P60K120 and N180P60K120; 
3 – mean of 

treatment N60-180. Within the same column, values with different uppercase letters are significantly different (P < 0.05). 

The difference in N leaching between organic 
and mineral treatments appeared in all experimental 
years only in the middle of the vegetative period, from 
June–August (data not presented). This could have been 
due to the higher organic matter decomposition rate in 
organic fertilizer treatments induced by the higher soil 
temperatures in the summer period. Bergström et al. (2008) 
have noted that lower N use efficiency in the organically 
fertilized treatments could have been caused by the poor 
synchronicity between mineralisation of N from the 
organic sources and crop N demand creating favourable 
conditions for leaching. But our research showed that the 
N from organic fertilizers leaches also at the times when 
plant growth is intensive and plant N demand is high. 
This result points to the possibility that a big part of N 
from organic matter leaches even before it mineralizes. 
Previously the same conclusion has been drawn in the 
review by Kessel van et al. (2009), who claim that the 
amount of N lost as dissolved organic nitrogen can be 
as high as one-third of the leaching losses observed for 
NO3-N. Based on the total N that we determined from the 
leachate in our experiment it is not possible to determine 
the form of N in which it appeared. 

Nitrogen leaching in both organic treatments was 
similar (P > 0.05) (Table 1). From the standpoint of slurry 
application method we found that in three-year average 
N leaching was significantly (P < 0.05) less when slurry 
had been injected compared to spreading, indicating that 
N in the slurry was more readily available for plants when 
it had been injected (Tampere, 2012). Nitrogen leaching 
from treatments where N fertilizers were not used (PK and 
control) was significantly (P < 0.05) higher compared to 
mineral NPK and similar to leaching in organic treatments. 
All these treatments were characterized by the lower yield 
and higher water percolation (Table 1). Nitrogen in the 
leachate of the unfertilized control treatment points to 
the availability of substantial amounts of N in the soil. 
Similarly to Schröder et al. (2010) we assume that this 

nitrogen must have originated from the earlier organic 
inputs. It has been found that non-controllable factors 
such as mineralization of soil organic matter have a 
tremendous effect on nitrate loadings in drainage water 
(Adomaitis et al., 2008). Our results also suggest the 
possibility that great amount of N may have leached in 
organic form, which explains why it was not taken up 
by plants. 

The interaction between fertilizer type and 
sward type on N leaching was not significant (P = 0.08). 
The only exception was the effect of mineral NPK and 
PK fertilizer on N leaching, which was slightly varying 
between swards. Differently from grass-only and grass-
lucerne sward, where N leaching was by 0.4–0.5 g m-2 N 
higher in PK treatments, in grass-clover sward leaching 
was by 0.2 g m-2 N higher in NPK treatment. This was 
caused by the much higher grass-clover sward yield in PK 
compared to NPK treatment, which consequently lowered 
water percolation. Slurry injection reduced N leaching in 
all swards, but significantly (P < 0.05) effective it was in 
grass-clover and grass-lucerne sward compared to surface 
spreading (Tampere, 2012). In all experimental years 
nitrogen leaching was lower when mineral NPK fertilizer 
had been used (Table 2). The difference in N leaching 
between NPK and cattle slurry treatment stayed the same 
or even decreased slightly throughout the experiment, but 
between NPK and sewage sludge treatment it increased. 
This shows that the impact of organic fertilizers on N 
leaching changed differently throughout the experimental 
period. We speculate that this may have been caused by 
the greater amount of organic matter applied with sewage 
sludge (data not shown), which decomposed in the soil 
and contributed to N leaching. Our results showed also 
that the yield difference between treatments was greater 
every year between NPK and sewage sludge compared 
to NPK and cattle slurry, indicating that the N in sewage 
sludge was not so well taken up by plants compared to 
cattle slurry. 



92

384 The effect of fertilizer and N application rate on nitrogen and potassium leaching in cut grassland

Table 2. Nitrogen (N) and potassium (K) leaching in different experimental years depending on used fertilizer type 

Fertilizer
type

1st year 2nd year 3rd year

vegetative 
period

after 
vegetative 

period
total vegetative

period

after 
vegetative 

period
total vegetative 

period

after 
vegetative 

period
total

N g m-2

0 2.45 Aba 0.31 ABa 2.75 ABa 2.07 Aab 1.04 ABb 3.12 Aba 1.78 Ab 1.46 Ac 3.24 ABa
Mineral PK1 2.40 ABa 0.28 Aa 2.68 Aa 1.97 Ab 1.04 Ab 3.01 ABab 1.52 ABc 1.67 ABc 3.19 ABb

Mineral NPK2 2.26 Aa 0.30 Aa 2.56 Aa 1.61 Bb 1.14 ABb 2.74 Aab 1.33 Bb 1.66 ABc 2.99 Bb
Cattle slurry3 2.63 Ba 0.37 Ba 3.00 Ba 1.88 Ab 1.22 Bb 3.11 Ba 1.60 Ac 1.82 ABc 3.42 Ab

Sewage sludge3 2.44 ABa 0.33 ABa 2.77 ABa 1.82 ABb 1.11 ABb 2.92 Aba 1.76 Ab 1.88 Bc 3.64 Ab
K g m-2

0 2.66 ABa 0.26 Aa 2.92 ABa 1.40 ABb 0.31 ABa 1.72 Ab 0.48 ABCb 0.27 ABa 0.75 ABb
Mineral PK 2.94 Ba 0.28 Aa 3.21 Ba 2.04 Bb 0.59 Cb 2.64 Ba 0.97 Cc 0.59 Bb 1.56 Bb

Mineral NPK 2.21 Aa 0.24 Aa 2.45 Aa 0.96 Ab 0.30 Aa 1.27 Ab 0.28 ABc 0.16 Aa 0.45 Ac
Cattle slurry 2.27 Aa 0.26 Aa 2.55 Aa 1.18 Ab 0.47 BCb 1.65 Ab 0.60 BCc 0.44 Bb 1.04 Bc

Sewage sludge 2.21 Aa 0.26 Aab 2.47 Aa 1.03 Ab 0.34 Ab 1.38 Ab 0.22 Ac 0.18 Aa 0.37 Ac
Notes. 1 – mean of treatments N0P30K60 and N0P60K120; 

2 – mean of treatments N60P30K60, N120P60K120 and N180P60K120; 
3 – mean of 

treatment N60-180. Within the same row, values with different lowercase letters are significantly different (P < 0.05); within the same 
column, values with different uppercase letters are significantly different (P < 0.05). 

After vegetative period, average N leaching 
increased with every experimental year and it was similar 
between all fertilizer treatments (P > 0.05) (Table 2). 
Similarly to vegetative period, it depended most on the 
amount of water percolation, but in addition also on N 
concentration in the leachate (Tampere et al., 2014). With 
sward age the difference in leaching between mineral and 
both organic fertilizer treatments increased. Nutrients 
in organic fertilizers mineralize over a longer period of 
time and increase leaching. This occurs especially after 
vegetative period when plant nutrient uptake is restricted. 
Higher organic matter application amount with sewage 
sludge in the vegetative period compared to cattle slurry 
impacted N leaching from sewage sludge treatment also 
after vegetative period. 

The total (vegetative + after vegetative period) 
N leaching averaged over three-year experimental period 
was significantly (P < 0.05) the lowest when using 
mineral NPK fertilizer (2.74 g m-2 N) compared to cattle 
slurry (3.14 g m-2 N) and sewage sludge (3.04 g m-2 N). 
From PK treatment (2.93 g m-2 N) and control (3.01 g m-2 
N) it did not vary. 

N leaching during and after vegetative period 
depending on N rate used. In the vegetative period, 
averaged over three-year period fertilizer N rate used 
had significant (P < 0.05) influence on N leaching. It was 
significantly the lowest when the highest (180 kg ha-1) N 
rate was applied compared to N rate 60 kg ha-1 (Table 3). 
The difference was significant (P < 0.05) even compared 
to control treatment where fertilizers had not been used. 
This relationship was valid only as an average of all 
fertilizer treatments. For each individual treatment it was 
not statistically significant (P > 0.05) due to the high 
variation in leaching within each fertilizer type and N rate 
used caused by variable weather conditions in different 
experimental years. Only the use of sewage sludge at rate 

180 kg ha-1 reduced N leaching significantly (P < 0.05) 
when compared to N rates 60 and 120 kg ha-1. Nitrogen 
rate used was positively correlated (P < 0.05) with sward 
yield, which in turn was in negative correlation (P < 0.05) 
with N leaching. Our results are in accordance with the 
results of Schröder et al. (2010), who showed that until 
the yield increases with increasing N rate and therefore 
N use efficiency is high, N rate has reducing effect on 
its leaching. From this result it is possible to conclude 
that N leaching can be reduced by keeping the grassland 
high-yielding. 

Leaching at different N rates used between 
different fertilizers did not vary at N rates 120 and 
180 kg ha-1. As an only exception at N rate 60 kg ha-1 
leaching was decreased significantly (P < 0.05) when 
using mineral NPK compared to organic fertilizers (data 
not shown). It shows similarly to Watson and Younie 
(1995) that N leaching does not depend so much on the N 
source, but rather on its amount. 

The interaction between N rate used and sward 
type on N leaching was significant (P < 0.05). In grass-
only sward it decreased significantly (P < 0.05) with 
higher N rates, but in grass-clover sward the decrease in 
leaching was insignificant (P > 0.05) (Table 4). Grass-
only sward yield increased together with N rate, but in 
grass-clover sward N rates above 120 kg ha-1 led to white 
clover disappearance from the sward. The simultaneous 
increase in grass ratio compensated for its decline but 
did not increase the yield remarkably. When comparing 
slurry application methods at N rates used, the difference 
in N leaching was statistically significant only in grass 
sward, where leaching was significantly lower with 
slurry injection at N rate 180 kg ha-1 (Tampere, 2012). 
N rate affected N leaching only in the vegetative period. 
After vegetative period leaching between different 
N rates used did not vary (P > 0.05) and the amounts 
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of percolated water and N content in the leachate did 
not vary either (Table 3). This shows that N leaching 
after vegetative period is not impacted by the amounts 
of N (60–180 kg ha-1) applied to the grassland during 
vegetative period. It does not depend on the source of N 
used either. 

Table 4. Average amounts of leached nitrogen (N) in 
different swards during vegetative period (averaged for 
the three-year period) 

N rate
kg ha-1

Dry matter yield
kg m-2

Amount of leached N
g m-2

Grass-only sward
0 0.20 A 2.40 A

60 0.40 B 2.40 A
120 0.50 BC 2.15 AB
180 0.59 D 2.01 B

Grass-clover sward
0 0.64 A 1.75 A

60 0.80 B 1.73 A
120 0.83 B 1.69 A
180 0.89 B 1.63 A

Note. Within the same column, values with different uppercase 
letters are significantly different (P < 0.05). 

The three-year average total N leaching 
was significantly (P < 0.05) the lowest at N rate 180 
(2.88 g m-2 N) compared to N60 (3.13 g m-2 N). It did 
not differ from N leaching at N120 (3.05 g m-2 N) and 
control (3.01 g m-2 N). Total N leaching at N rates 60 and 
120 was significantly (P < 0.05) lower with mineral NPK 
fertilizer compared to both organic fertilizers, at N180 
it was significantly lower only compared to cattle slurry 
treatment (data not shown). 

Potassium (K) leaching during and after 
vegetative period depending on fertilizer type used. In our 
experiment K leaching losses were lower when compared 
to N. The impact of fertilizer type on K leaching was 
small (Table 1). When comparing K leaching between 
mineral NPK and both organic treatments then in three-
year average they were similar (P > 0.05) although in 

all experimental years K leaching from cattle slurry 
treatment was slightly higher than in NPK and sewage 
sludge treatments. Higher K leaching from the treatment 
with cattle slurry when compared to sewage sludge 
was apparently due to the more narrow N:K ratio in the 
applied cattle slurry with one split application (1:1.2 in 
three-year average) compared to sewage sludge (1:0.1 in 
three-year average) (Table 1 in Tampere et al., 2014) as 
the K application amounts with organic fertilizers in our 
experiment were not standardized. With mineral NPK 
fertilizer the K amount applied was more balanced with 
N (N:K ratio 1–1.5:1 in three-year average depending on 
N and K rate used) compared to cattle slurry, reducing 
K leaching more efficiently. The impact of mineral 
NPK fertilizer, cattle slurry and sewage sludge on K 
leaching was similar in all three types of swards (data 
not shown). In case of cattle slurry the K leaching even 
did not depend (P > 0.05) on slurry application method 
(Tampere, 2012). 

In three-year average the highest (P < 0.05) K 
leaching in vegetative period occurred with the use of 
mineral PK fertilizer (Table 1). The reason for it was the 
lack of N in this treatment, as it is known that N controls 
plants K assimilation (Alfaro et al., 2003). In grass-
only and grass-lucerne swards K leaching when using 
PK fertilizer was significantly (P < 0.05) the highest 
(3.18 and 3.01 g m-2 K, accordingly) among fertilizer 
treatments, in grass-clover sward it was significantly 
(P < 0.05) lower (0.44 g m-2 K) compared to other swards 
and it did not vary from other fertilizer treatments (data 
not shown). This was due to the symbiotically fixed N in 
grass-clover sward, which increased soil plant available 
N content which in turn increased K uptake by plants. 
This effect did not appear in grass-lucerne sward due to 
the low percentage of lucerne in the sward. 

Potassium leaching from unfertilized control 
treatment was similar (P > 0.05) to that from mineral NPK 
and organic fertilizers treatments (Table 1). Leaching 
from that treatment was probably caused by the leaching 
of initial soil K, as K leaching was mainly determined by 
its concentration in the leachate (Tampere et al., 2014). 

Table 3. Average yields and amounts of percolated water, flow-weighted average nitrogen (N) and potassium (K) 
concentrations in the leachate, and average amounts of leached N and K depending on used N rate during and after the 
vegetative period (averaged for the three-year period) 

N rate
kg ha-1

Dry matter 
yield

kg m-2

Amount of 
percolated water 

L m-2

N content 
in leachate

mg L-1

K content 
in leachate

mg L-1

Amount of 
leached N 

g m-2

Amount of 
leached K

g m-2

During vegetative period
0 0.44 A 113.4 A 18.9 A 14.6 A 2.1 A 1.6 A

60 0.60 B 110.5 A 19.4 A 13.4 A 2.1 A 1.5 A
120 0.70 C 107.1 A 18.7 A 12.6 A 2.0 AB 1.4 A
180 0.75 C 96.8 B 19.2 A 12.4 A 1.8 B 1.2 A

After vegetative period
0 – 46.7 A 18.6 A 6.2 A 0.9 A 0.3 A

60 – 51.5 A 19.1 A 5.8 A 1.0 A 0.3 A
120 – 53.5 A 19.6 A 5.9 A 1.0 A 0.3 A
180 – 53.8 A 19.1 A 6.3 A 1.0 A 0.3 A

Note. Within the same column, values with different uppercase letters are significantly different (P < 0.05). 
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In all experimental years during the vegetative 
period K leaching was the highest from PK treatment. 
The difference in K leaching between NPK and cattle 
slurry treatment increased with experimental years, 
while between NPK and sewage sludge treatment it did 
not change greatly or even decreased slightly (Table 2). 
Slower reduction in leaching from cattle slurry-fertilized 
sward occurred due to the accumulation of K in the soil 
throughout the experiment due to its narrow N: K ratio 
when compared to sewage sludge. 

After vegetative period, three-year average 
highest K leaching occurred in the PK and cattle slurry 
treatments (Table 1). In the first year, K leaching did not 
vary between those treatments; differences appeared in the 
second and third year (Table 2). This result demonstrates 
that fertilizer type used had similar impact on K leaching 
during and after vegetative period. The highest leaching 
occurred from the treatments where K was not balanced 
with sufficient amount of N. Our research showed also 
that only in PK and cattle slurry treatments K leaching 
with sward age increased significantly (P < 0.05). In 
other treatments, including the control, K leaching was 

similar and with sward age it stayed the same or even 
decreased slightly. The total K leaching averaged over 
the three-year period depending on fertilizer type used 
was significantly the highest in PK treatment (2.57 g m-2 
K) compared to mineral NPK (1.51 g m-2 K), cattle slurry 
(1.85 g m-2 N) and sewage sludge (1.56 g m-2 K), and 
also control (1.93 g m-2 K). Among other treatments K 
leaching did not vary. 

K leaching during and after vegetative period 
depending on N rate used. Three-year average K leaching 
between different N rates used was not significantly (P 
> 0.05) different, although there was a tendency that 
increasing N rate reduced K leaching slightly during the 
vegetative period (Table 3). Although not significantly (P 
> 0.05), but K leaching was the highest when no N was 
applied throughout the experimental period (Table 5), 
where it was probably controlled by the soil K content, as 
was indicated also by the highest K content in the leachate. 
The interaction between N rate used and fertilizer type 
on K leaching was insignificant (P = 0.94). In three-year 
average, K leaching after vegetative period between 
different N rates applied did not vary (P > 0.05). 

Table 5. Nitrogen (N) and potassium (K) leaching in different experimental years depending on used N rate 

N rate
kg ha-1

1st year 2nd year 3rd year

vegetative 
period

after 
vegetative 

period
total vegetative

period

after 
vegetative 

period
total vegetative 

period

after 
vegetative 

period
total

N g m-2

0 2.45 ABa 0.31 Aa 2.75 Aa 2.07 Aab 1.04 Ab 3.12 ABa 1.78 Ab 1.46 Ac 3.24 Aa
60 2.63 Ba 0.34 Aa 2.96 Aa 1.97 Ab 1.13 Ab 3.10 Bab 1.66 Ac 1.74 Bc 3.40 Ab

120 2.49 ABa 0.33 Aa 2.82 Aa 1.83 Ab 1.20 Ab 3.02 ABa 1.57 Ac 1.88 Bc 3.44 Ab
180 2.35 Aa 0.36 Aa 2.71 Aa 1.61 Bb 1.18 Ab 2.79 Aa 1.49 Ab 1.77 Bc 3.26 Ab

K g m-2

0 2.66 Aa 0.26 Aa 2.92 Aa 1.40 Ab 0.31 Aa 1.72 Ab 0.48 Ac 0.27 Aa 0.75 Ab
60 2.42 Aa 0.25 Aa 2.67 Aa 1.27 Ab 0.38 Ab 1.65 Ab 0.39 Ac 0.26 Aab 0.64 Ac

120 2.26 Aa 0.24 Aa 2.50 Aa 1.09 Ab 0.38 Ab 1.47 Ab 0.44 Ac 0.34 Aab 0.78 Ac
180 2.10 Aa 0.28 Aa 2.41 Aa 0.91 Ab 0.44 Ab 1.35 Ab 0.46 Ac 0.31 Aab 0.79 Ac

Note. Within the same row, values with different lowercase letters are significantly different (P < 0.05); within the same column, 
values with different uppercase letters are significantly different (P < 0.05). 

Nitrogen rate used did not have significant (P > 
0.05) impact on total three-year average K leaching, but 
there was a tendency that it decreased with increasing 
N rate. Total leaching was 1.81, 1.69 and 1.60 g m-2 K 
accordingly with N rates 60, 120 and 180 kg ha-1. The 
highest K leaching (1.93 g m-2 K) appeared when no 
fertilizers were applied. 

Conclusions 
1. Our results supported our hypothesis that 

nitrogen (N) leaching in cut grassland depends on fertilizer 
type. When compared with organic fertilizers (2.0–2.1 g 
m-2 N), N leaching was less when using mineral NPK 
fertilizer (1.8 g m-2 N) due to its great positive impact on 
grassland yield. Our results showed also that as long as 

the yield increases and N use is efficient, increasing N 
rate reduces N leaching. This indicates that one measure 
for leaching reduction can be keeping the grassland high-
yielding. Differences between treatments and N rates 
used appeared only in the vegetative period. 

2. Potassium (K) leaching depended almost 
solely on the N:K ratio of applied fertilizers and increased 
when the ratio became narrower. The highest K leaching 
(2.1 g m-2 K) in our experiment occurred in the treatment 
where no N had been applied with fertilizer. Similar 
tendency was seen also after vegetative period. 

3. Leaching of N (2.1 g m-2 N) and K (1.6 g m-2 
K) from unfertilized soil can be as high or even higher 
compared to soil receiving mineral or organic fertilizer, 
indicating that a considerable part of nutrients leaching is 
not connected with fertilizer use. 
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4. In grassland, slurry injection at quantities 
optimal for sward type can be an effective method in 
the reduction of N leaching, because N in the slurry is 
thereby more available to plants. 
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Trąšų ir azoto normų įtaka azoto bei kalio išplovimui                 
iš šienaujamo žolyno 

M. Tampere, K. Kauer, I. Keres, E. Loit, A. Selge, R. Viiralt, H. Raave 
Estijos gyvybės mokslų universiteto Žemės ūkio ir aplinkos mokslų institutas 

Santrauka
Nors tręšimas turi teigiamos įtakos žemės ūkio augalų produktyvumui, jo neigiamas šalutinis poveikis gali būti 
maisto medžiagų išplovimas. Tyrimo metu siekta ištirti trąšų rūšių ir azoto normų įtaką azoto (N) bei kalio (K) 
išplovimui iš pievos vegetacijos metu ir po jos. Trejus metus (2008–2011) minilizimetrų bandymai buvo vykdyti 
pievos žolynuose, tręštuose mineralinėmis NPK ir PK trąšomis, galvijų srutomis bei nuotekų dumblu, trąšų kiekį 
apskaičiuojant pagal metinę 0, 60, 120 ir 180 kg ha-1 normą azoto. Azoto ir kalio išplovimas buvo matuotas kas 
mėnesį visą tyrimo laikotarpį. Tyrimo rezultatai leidžia daryti išvadą, kad azoto išplaunama mažiau tręšiant 
mineralinėmis NPK trąšomis, nes jos efektyviausiai didina žolyno derlių. Kalio išplovimą iš pievos galima sumažinti 
tręšiant azoto turinčiomis trąšomis, nes trąšų N:K santykis turi didelę įtaką jo išplovimo potencialui. Trąšos nėra 
vienintelė N ir K išplovimo priežastis. Išplovimas gali būti didelis ir iš netręšto dirvožemio, priklausomai nuo šių 
elementų kiekio jame. Tręšimas racionaliomis normomis srutų gali būti veiksmingas azoto išplovimo mažinimo 
būdas pievose. 

Reikšminiai žodžiai: azotas, azoto norma, galvijų srutos, išplovimas, kalis, nuotekų dumblas. 
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The impact of activated carbon on NO3
−-N, NH4

+-N, P
and K leaching in relation to fertilizer use

H . R a a v ea , I . K e r e sa , K . K a u e ra , M . N õ g e sb , J . R e b a n eb , M . T a m p e r ea & E . L o i ta

aDepartment of Field Crops and Grassland Husbandry, Institute of Agricultural and Environmental Sciences, Estonian University of Life
Sciences, Kreutzwaldi 1a, 51014 Tartu, Estonia, and bAgricultural Research Centre, Teaduse 4/6, 75501 Saku, Harjumaa Estonia

Summary

The ability of light-textured soils to retain nutrients and water is small. In agriculture such soils pose a risk
of nutrient leaching when amended with fertilizers. This study investigated the effects of the incorporation of
activated carbon (AC) into the soil to determine (i) if it would decrease leaching of major nutrient ions and
(ii) if its effect on leaching is influenced by fertilizer use. Nitrate nitrogen (NO3

−-N), ammonium nitrogen
(NH4

+-N), phosphorus (P) and potassium (K) leaching through two substrates (sandy loam soil (S) and a
sandy loam soil mixed with activated carbon (S + AC), which were unfertilized (NF or control) or fertilized
with inorganic fertilizer (F), pig slurry (PS), pig slurry digestate (PD) or sewage sludge digestate (SD) was
studied using mini-lysimeters. In soil enriched with AC mark K-835, water percolation and NO3

−-N and P
leaching were significantly reduced, and K leaching was increased. Ammonium nitrogen leaching was not
influenced by the AC amendment. The impact of AC on NO3

−-N and P leaching and water percolation did
not change during the two-year period, from which it is concluded that AC mark K-835 prevents the leaching
of NO3

−-N and P and increases soil water retention ability, and thus it is beneficial for light-textured soils.

Introduction

Nutrient leaching and groundwater contamination have become
major concerns throughout the world, mainly because of the
intensification of agricultural production (Di & Cameron, 2002).
Conditions for nutrient leaching are especially favourable in
regions where precipitation substantially exceeds evaporation.
The risk of groundwater contamination is large in light-textured
and coarse soils, where water retention is poor. In Estonia,
annual precipitation exceeds evaporation by 1.5–2 times (Sau &
Viiralt, 1974); therefore it is necessary to implement practices that
minimize nutrient leaching.

Two simple and extensively used methods of reducing leaching
are to keep arable land under continuous vegetation and to
use slowly-soluble fertilizers. Another option is to increase soil
sorption and retention ability by incorporating different substances
such as poor quality residues (Gentile et al., 2009) and compost
(Glaser et al., 2002; Gentile et al., 2009). In recent years biochar
(charcoal produced by pyrolysis of biomass feedstock) (BC) has
attracted considerable attention as a sorbent of nutrients and
potentially harmful compounds (Lehmann et al., 2003; Steiner
et al., 2008; Novak et al., 2009; Laird et al., 2010). However,
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its use has produced mixed results. Biochar is considered to
be relatively stable in the soil and has better nutrient retention
ability than other forms of organic matter (Clough & Condron,
2010). Its sorption ability depends on its specific surface area, the
structure of pores and the chemical make-up of the surface groups
(Spokas et al., 2012). The use of biochar effectively restricts
the leaching of multivalent cations; however, monovalent cation
leaching could increase (Novak et al., 2009; Laird et al., 2010).
Reduced leaching with BC has been noted for total N (Ntot)
(Laird et al., 2010), ammonium (NH4

+) (Lehmann et al., 2003),
phosphorus (P) (Novak et al., 2009; Laird et al., 2010), manganese
(Mn), zinc (Zn) (Novak et al., 2009) and sulphur (S) (Laird et al.,
2010). However, potassium (K) leaching under the influence of
BC increases (Lehmann et al., 2003; Novak et al., 2009). There
are inconsistent results regarding the influence of BC on anion
leaching. According to some studies, BC decreases NO3

− leaching
(Mizuta et al., 2004; Ding et al., 2010; Kameyama et al., 2012),
but others find that it has no influence (Schulz & Glaser, 2012).

In recent years there has been considerable favourable research
on the preparation of low-cost activated charcoal (AC; charcoal
that has been passed through gas or chemical oxidization after
pyrolysis) from agricultural wastes (Demiral & Gündüzoğlu,
2010), therefore its use may expand in coming years. When
compared with BC, AC has greater reactivity and thus may
be more effective for the prevention of nutrient leaching than

© 2013 British Society of Soil Science 1
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BC. Activated carbon is generally considered to be a universal
sorbent for the removal of aquatic organic pollutants (Bhatnagar
& Sillanpää, 2011), polycyclic aromatic hydrocarbons (PAH) and
dissolved organic carbon (DOC) from the soil (Hale et al., 2012),
but its ability to adsorb anions is usually described as poor
(Bhatnagar & Sillanpää, 2011). In some cases, however, AC is
an effective NO3

− adsorbent from aqueous solutions (Demiral &
Gündüzoğlu, 2010), which suggests that it could also increase the
adsorption of nitrates in the soil and thus decrease their occurrence
in groundwater. The objectives of this research were to investigate
(i) if incorporation of AC into the soil decreases nitrate (NO3

−)
-N, NH4

+-N, P and K leaching and (ii) if its effect on leaching
is influenced by fertilizer use. It was hypothesized that NO3

−-
N, NH4

+-N, P and K leaching from soil enriched with AC is
significantly reduced when compared with untreated soil and that
its effect does not depend on fertilizer use.

Methods

Study site description

The experiment was conducted between May 2010 and January
2012 at the Eerika Experimental Station at the Estonian University
of Life Sciences (58◦23�32��N, 26◦41�31��E, at an altitude of
60 m above sea level). A Glossic Albeluvisol (IUSS, 2006) with
sandy loam texture (sand 56.7%, silt 33.9% and clay 9.4%)
was used in the lysimeters. The topsoil (0–15 cm) was removed
from the field and sieved with a round-holed sieve (< 15 mm)
in April 2010. Other characteristics of the soil are presented in
Table 1.

Lysimeter construction description

Plastic mini-lysimeters (surface area 0.0706 m2 and a depth of
30 cm) were used in the experiment. The lysimeters consisted of
two plastic vessels placed one inside another, so that an empty
space remained between the bottoms of the vessels to serve
as a water reservoir. The bottom of the uppermost vessel was
punctured, so that water could percolate down into the reservoir.
To prevent soil deposits, the bottom of the uppermost vessel was
covered with geotextile. The space between the sides of the two
vessels was filled with silicone and covered with waterproof tape
to prevent water leakage. Water from the lysimeters was removed

Table 1 Characteristics of activated carbon, soil and mixture of soil +
activated carbon before placing in the lysimeters

Content / g kg−1

Sample pHKCl Pa Ka Ntot Ctot

CEC/

cmol kg−1

Specific

surface area

/ m2 g−1

AC 9.9 0.34 7.08 2.7 852 20.9 534

S 6.6 0.03 0.11 1.1 12 7.9 20.9

S + AC 6.9 0.05 0.13 1.0 26 7.6 35.2

aWas determined by the ammonium lactate (A-L) method.
AC = activated carbon; S = soil; S + AC = soil + activated carbon.

Table 2 Chemical characteristics of organic fertilizers added to substrates
and providing 80 kg ha−1 N

Content in DM / g kg−1

Fertilizer pHKCl DM / % NH4
+-N Ntot P K

PS 7.2 8.6 56.9 76.7 11.6 34.9

PD 8.3 3.3 103.3 151.5 30.3 60.6

SD 7.4 2.5 40.0 76.0 30.0 5.6

PS = pig slurry; PD = pig digestate; SD = sewage sludge digestate; DM = dry
matter.

with a vacuum pump, through a plastic tube that reached from
the reservoir to the soil surface. When not used for sampling, the
tube was closed with a cap. Lysimeters were dug into the ground
so that the lysimeter soil surface was at the same level as the
surrounding soil.

Experimental design

The experiment was set up as a 2 × 5 factorial design with
four replicates. The treatments were: (i) two substrates, soil (S)
and soil mixed with activated carbon (S + AC); and (ii) five
fertilizer variants, mineral fertilizer (F), pig slurry (PS), pig slurry
digestate (PD), sewage sludge digestate (SD) and unfertilized
(NF or control). The AC mark K-835 (Silcarbon Activated
Carbon LLC, Miami, Florida, USA) used in the experiment
was produced from coconut shell. The activation process was
generated by the interaction of steam and carbon dioxide with the
raw material at temperatures between 700 and 900◦C. The general
physical properties of the AC were as follows: granule size 2 mm,
‘apparent’ density 500 g l−1, ash content 3%, moisture content 5%
and iodine number 1.050 mg g−1. Other characteristics of the soil
and the AC are presented in Table 1. The soil and AC mixture
containing 17.5 kg (dry mass) soil and 350 g AC was placed into
each lysimeter.

Table 3 Meteorological data from the experimental site over the experi-
mental period from May 2010 to January 2012

Sum of precipitation / mm Average air temperature / ◦C

Month 2010 2011 2012

Average

1991–2009 2010 2011 2012

Average

1991–2009

January – 40.4 30 45.6 – −5.1 −6.1 −2.5

February – NDa – 34.2 – −12.0 – −4.1

March – ND – 32.6 – −12.0 – −0.8

April – 0.6 – 29.3 – 5.7 – 4.9

May 97.4 58.4 – 37.6 12.2 11.0 – 10.1

June 98.0 35.2 – 63.2 14.3 17.2 – 14.5

July 38.4 48.2 – 59.5 21.7 19.9 – 17.5

August 148.4 54.6 – 68.0 17.8 15.8 – 16.6

September 99.4 80 – 48.1 10.7 12.3 – 11.8

October 59.2 47.8 – 67.3 3.8 6.8 – 6.5

November 72.4 34.4 – 55.0 −0.2 2.9 – 1.3

December ND 52.6 – 44.0 −8.6 0.95 – −1.5

aMeasurements did not take place.
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Figure 1 Nitrate nitrogen and ammonium nitrogen cumulative leaching between May 2010 and January 2012. Leaching samples were not collected in
December 2010 and from February to April 2011 because the ground was frozen. Soil (S), soil mixed with activated carbon (S+AC), mineral fertilizer
(F), pig slurry (PS), pig digestate (PD), sewage sludge digestate (SD), and unfertilized (NF or control).

Ammonium nitrate, super phosphate and potassium chloride
were used as mineral fertilizers and applied to supply the
equivalent of 80, 25 and 100 kg N, P and K per ha, respectively.
Organic manures (PS, PD and SD) were applied in quantities to
supply nitrogen at a rate of 80 kg ha−1. The application rate was
calculated based on the NH4

+-N content. Characteristics of the
organic fertilizers used are presented in Table 2. All fertilizers
were applied once before seed sowing in May.

In both years, barley (Hordeum vulgare L.) was sown on the
lysimeters at a rate of 500 pre-germinated seeds per m−2. No
watering was applied. The crop was harvested at the beginning of
August.

Leachate, plant and soil sampling and analyses

The leachate volume in each lysimeter was measured and sampled
once a month for analysis (twice a month in rainy periods).
Samples were stored at −18◦C in a refrigerator until the end of the
vegetation period, when all samples were analysed simultaneously.
The following nutrients were determined from the leachate:
NO3

−-N, NH4
+-N, P and K. The P and K contents were measured

only in the samples collected from May 2010 to January 2011.
The quantity of leached compounds (g m−2) per month was
calculated by multiplying the leachate volume by the compound
concentration in the leachate and dividing this by the surface
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area (0.0706 m2) of the lysimeter. For cumulative leaching the
amounts of leached nutrients from single months were combined.
Grain and straw yields were measured for each area growing on a
lysimeter. Contents of protein, P and K were recorded from grains,
whereas only P and K contents were determined from straw. Soil
samples were taken at the beginning of the experiment and in
the autumn of the second year. Total nitrogen (Ntot), total carbon
(Ctot), extractable P and K content, pH, specific surface area and
cation exchange capacity (CEC) were determined. Total carbon,
specific surface area and CEC were determined only in the samples
collected at the beginning of the experiment. The specific surface
area, CEC, extractable P and K and Ntot and Ctot were measured
from AC.

Measurements of NO3
−-N and NH4

+-N in the leachate were
performed by a flow injection analyser FIAStar 5000 (Foss Tecator
AB, Höganäs, Sweden); Ntot in soil was measured by a Kjeltec
2300 (Foss Tecator AB, Höganäs, Sweden); P and K content in
leachate and in plant materials were measured by an inductively
coupled plasma optical emission spectrometer (ICP-OES) Optima
2000 DV (Perkin-Elmer, Wellesley, MA, USA); protein content
in grains was measured by an Infratec 1275 Analyser, (Foss
Tecator AB, Höganäs, Sweden); Ctot and Ntot content in soil and
in AC were measured by a CNS elemental analyser varioMAX
(ELEMENTAR, Hanau, Germany); extractable P and K content in
soil in the autumn of the second year was measured by ICP-OES,
iCAP 6000 (Thermo Scientific, Waltham, MA, USA); extractable
P and K contents in both soil and AC at the beginning of
experiment were estimated by the ammonium lactate method (A-L
method), where 0.1 m ammonium lactate (pH = 3.7) solution was
used as an extractant (Egner et al., 1960); soil and AC specific
surface area was measured by the water steam adsorption method
(Klute, 1986); and CEC of soil and activated carbon was measured
by the ammonium acetate method at pH 7.0 (Chapman, 1965).

The meteorological conditions in the field (Table 3) were
monitored with a Metos Model MCR300 weather station (Pessl
Instruments GmbH, Weiz, Austria); the sensors were positioned
2 m above ground level.

Statistics

All calculations were made with the statistical program Statistica
2011. The probability level was set at P = 0.05. The treatment
effects and interactions were analysed by factorial anova. Rela-
tionships between leached nutrient amounts, nutrient concentra-
tions in leachate and percolated water volumes were evaluated by
the Pearson correlation method.

Results

NO3
−-N, NH4

+-N, P and K leaching

Nutrient leaching started in the first year (2010) after harvest;
it was greatest in the first month after harvest (Figure 1) and
decreased in subsequent months. The next leaching period started
in April 2011, after thawing, and peaked in May when fertilizers

Table 4 Nitrate nitrogen (NO3
−-N), ammonium nitrogen (NH4

+-N),
phosphorus (P) and potassium (K) leaching as effect of substrate and
fertilizer (factorial ANOVA)

Parameter Effect

Degrees

of

freedom

Sum

of

squares

Mean

square

F

value

P

value

NO3
−-N Intercept 1 9.32 9.32 55.13 0.000

Substrate 1 3.58 3.58 21.17 0.000

Fertilizer 4 2.72 0.68 4.02 0.01

Substrate × fertilizer 4 2.31 0.58 3.41 0.02

Error 30 – 0.17 – –

NH4
+-N Intercept 1 0.33 0.33 178.08 0.000

Substrate 1 0.00 0.00 1.23 0.28

Fertilizer 4 0.04 0.01 5.98 0.001

Substrate × fertilizer 4 0.01 0.00 0.85 0.502

Error 30 0.01 0.00 – –

P Intercept 1 0.51 0.51 407.97 0.000

Substrate 1 0.02 0.02 16.86 0.000

Fertilizer 4 0.01 0.00 1.21 0.329

Substrate × fertilizer 4 0.01 0.00 1.86 0.143

Error 30 0.04 0.00 – –

K Intercept 1 1009.45 1009.45 1208.02 0.000

Substrate 1 221.26 221.26 264.79 0.000

Fertilizer 4 6.33 1.58 1.89 0.137

Substrate × fertilizer 4 3.25 0.81 0.97 0.437

Error 30 25.07 0.84 – –

were applied. In June and July there was little leaching. Another
increase similar to the first year took place in August, after the crop
was harvested. Unlike 2010, in 2011 there was also substantial
leaching of nutrients from November until January during a long
period when the soil remained unfrozen.

Activated carbon influenced nutrient leaching significantly
(Table 4). The leaching of nitrate nitrogen (Figure 1) and P
(Figure 2) was significantly less from the S + AC treatment
than from the S treatment. The influence of AC on leaching was
similar in all fertilizer treatments. At the end of the experiment
the average cumulative amount of leached NO3

−-N from fertilizer
treatments was 0.18 g m−2 from S + AC and 0.72 g m−2 from S:
the respective quantities for P were 0.09 and 0.13 g m−2. Acti-
vated carbon had a reverse impact on the leaching of K, which
was 7.32 g m−2 from substrate S + AC and 2.32 g m−2 from S
substrate. The leaching of ammonium nitrogen was not affected
by AC and was 0.11 and 0.10 g m−2 from S + AC and S substrate,
respectively.

Activated carbon significantly decreased water percolation
through the soil and the concentration of nitrate nitrogen in the
leachate, which were respectively 1.1 and 3.3 times less with S +
AC than with S (Table 5). The concentration of K in the leachate
of the substrate S + AC was 2.9 times greater than in S, and the
concentration of NH4

+-N and P in leachate was not influenced
by AC.

In the S treatments the amount of leached NO3−-N was
significantly correlated only with its concentrations in the leachate
and in the S + AC treatment the amounts of leached K and P were
correlated only with the amount of leachate (Table 6). In the S
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Figure 2 Phosphorus and potassium cumulative leaching. Leaching samples were not collected in December 2010 because the ground was frozen. Soil
(S), soil mixed with activated carbon (S+AC), mineral fertilizer (F), pig slurry (PS), pig digestate (PD), sewage sludge digestate (SD), and unfertilized
(NF or control).

+ AC treatment the concentration of NO3−-N increased with an
increased amount of leachate.

Barley grain and straw yield and N, P and K content
in the first year’s yield

The grain yield of barley was not influenced by AC amendment
(Table 7). Nitrogen, P and K contents in grains (Table 7) and K
content in straw (Table 8) were significantly greater in the S + AC
substrate-grown barley. The content of P in the straw depended

only on the fertilizer used. The interactions between substrate and
fertilizer had no impact on NPK content either in grain or in straw
(P > 0.05).

Soil pH and N, P and K content in soil in the autumn
of the second year

The pH of the soil and the soil-AC mixtures was 6.9, the content
of total N (Ntot) 1 g kg−1

, P between 0.12 and 0.19 and K between
0.1 and 0.23 g kg−1. The AC had a significant impact (P < 0.001)
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Table 5 Total water percolation and nutrient concentration in leachate depending on substrate and fertilizer used (mean ± SE, n = 4)

Nutrient concentration in leachate / mg l−1

Substrate
Percolated water
amount / l m−2a NO3

−-Na NH4
+-Na Pb Kb

S 353.9 ± 13.9 1.81 ± 0.11 0.11 ± 0.03 0.84 ± 0.62 24.9 ± 4.48
S + F 337.8 ± 23.7 2.90 ± 1.24 0.54 ± 0.4 0.84 ± 0.62 24.9 ± 4.48
S + PS 335.7 ± 3.5 2.52 ± 0.84 0.13 ± 0.01 0.22 ± 0.02 21.5 ± 1.28
S + PD 324.3 ± 5.2 3.04 ± 0.93 0.13 ± 0.01 0.28 ± 0.09 21.7 ± 4.82
S + SD 324.6 ± 28.3 6.63 ± 2.04 0.17 ± 0.04 0.43 ± 0.15 23.2 ± 2.58
Mean 335.1 ± 7.5 3.38 ± 0.62 0.22 ± 0.08 0.41 ± 0.13 22.2 ± 1.35
S + AC 261.2 ± 12.8 0.61 ± 0.28 0.13 ± 0.007 0.32 ± 0.05 63.7 ± 37.9
S + AC + F 320 ± 9.35 1.87 ± 0.67 0.49 ± 0.12 0.54 ± 0.10 63.1 ± 2.91
S + AC + PS 272.4 ± 10.8 0.63 ± 0.17 0.28 ± 0.07 0.34 ± 0.08 68.4 ± 3.0
S + AC + PD 311.1 ± 21.9 0.92 ± 0.47 0.21 ± 0.08 0.31 ± 0.08 60.4 ± 1.98
S + AC + SD 301.4 ± 20.9 1.07 ± 0.15 0.18 ± 0.07 0.44 ± 0.07 69.5 ± 1.61
Mean 293.3 ± 8.2 1.02 ± 0.19 0.26 ± 0.04 0.39 ± 0.04 65.1 ± 1.35

aThe period from May 2010 to January 2012.
bThe period from May 2010 to January 2011.
S = soil; AC = activated carbon; F = mineral fertilizer; PS = pig slurry; PD = pig digestate; SD = sewage sludge digestate.

Table 6 Pearson correlation coefficients between amount of leached
nutrient and percolated water volume and nutrient concentration in
leachate, and correlation coefficients between percolated water volume
and nutrient concentration in leachate

Pearson correlations

Nutrient LNA × PWV LNA × NCL PWV × NCL

Soil
NO3

−-N NS 0.90 NS
NH4

+-N 0.55 0.81 NS
P NS NS NS
K 0.75 0.77 0.48

S + AC
NO3

−-N 0.80 0.80 0.57
NH4

+−N 0.72 0.91 0.49
P 0.56 NS 0.58
K 0.76 NS NS

LNA = leached nutrient amount; PWV = percolated water volume; NCL
= nutrient concentration in leachate; NS = not significant (P > 0.05).

only on K content of the soil, which, in S + AC, was on average
0.07 g kg−1 greater than in S. The P content depended only on the
fertilizer type used (P < 0.001).

Discussion

These results demonstrated that the influence of AC on nutrient
leaching is selective and does not depend on fertilizer use. Only
the leaching of NO3

−-N and P was reduced through the S +
AC treatment. We did not observe that AC had an influence on
the leaching of NH4

+-N, which has been noted before with BC
(Lehmann et al., 2003; Ding et al., 2010; Singh et al., 2010).
Activated carbon significantly reduced water percolation and the
concentration of NO3

−-N in the leachate. The effect was greater

on the concentration of NO3
−-N, which decreased more when

compared to the amount of leachate. This suggests (but was not
tested in the experiment) that AC may sorb nitrate from the
soil. Prendergast-Miller et al. (2011) and Knowles et al. (2011)
previously found that NO3

− remains in soil solution within BC
pores. Mizuta et al. (2004) and Kameyama et al. (2012) reported
that BC may adsorb NO3

−. It appeared from our study that the
amount of leached nitrate nitrogen from the S substrate depended
only on its concentration in the leachate, but from the substrate S
+ AC it depended equally on the concentration and the amount
of leachate. It can be concluded, therefore, that the concentration
of nitrate nitrogen in the soil solution must have been more stable
throughout the experimental period with AC than in untreated soil.

Table 7 Grain yield and nitrogen (N), phosphorus (P) and potassium (K)
content in the yield of barley harvested from the lysimeters (mean ± SE,
n = 4)

Grain

Content / g kg−1

Substrate Yield / g m−2 N P K

S 171.0 ± 13.1 10.9 ± 0.03 4.1 ± 0.04 5.3 ± 0.25
S + F 214.9 ± 8.9 20.4 ± 0.71 4.0 ± 0.06 5.1 ± 0.17
S + PS 262.7 ± 30.0 17.1 ± 0.50 4.1 ± 0.07 4.9 ± 0.10
S + PD 215.3 ± 12.3 19.5 ± 0.58 4.2 ± 0.07 4.7 ± 0.06
S + SD 187.0 ± 8.5 24.0 ± 0.76 4.4 ± 0.19 5.2 ± 0.15
Mean 213.6 ± 10.3 18.5 ± 1.00 4.1 ± 0.05 5.0 ± 0.07
S + AC 183.1 ± 47.2 13.0 ± 0.23 4.3 ± 0.08 6.1 ± 0.20
S + AC + F 208.9 ± 8.1 21.3 ± 0.36 4.4 ± 0.09 5.7 ± 0.09
S + AC + PS 249.6 ± 8.7 18.3 ± 0.9 4.4 ± 0.1 5.9 ± 0.04
S + AC + PD 244.2 ± 13.0 21.2 ± 0.56 4.6 ± 0.05 5.7 ± 0.07
S + AC + SD 201.5 ± 3.5 26.5 ± 0.56 4.6 ± 0.06 6.4 ± 0.05
Mean 210.2 ± 9.7 20.1 ± 1.00 4.5 ± 0.04 6.0 ± 0.07
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Table 8 Straw yield and nitrogen (N), phosphorus (P) and potassium (K)
content in the yield of barley harvested from the lysimeters (mean ± SE,
n = 4)

Content / g kg−1

Substrate Yield / g m−2 P K

S + NF 208.9 ± 7.9 1.0 ± 0.19 14.5 ± 0.25
S + F 355.5 ± 2.1 1.2 ± 0.08 18.4 ± 0.44
S + PS 327.5 ± 8.2 1.0 ± 0.1 19.6 ± 0.60
S + PD 356.9 ± 6.1 1.1 ± 0.08 19.2 ± 1.03
S + SD 364.0 ± 65.1 2.2 ± 0.39 20.3 ± 1.52
Mean 322.6 ± 17.8 1.3 ± 0.1 18.4 ± 0.56
S + AC + NF 177.1 ± 7.0 1.3 ± 0.18 19.3 ± 2.50
S + AC + F 266.6 ± 22.4 1.2 ± 0.11 21.3 ± 1.32
S + AC + PS 264.1 ± 19.6 1.3 ± 0.1 20.4 ± 1.65
S + AC + PD 263.8 ± 18.6 1.2 ± 0.14 21.9 ± 1.80
S + AC + SD 276.2 ± 51.7 1.8 ± 0.23 24.2 ± 2.57
Mean 249.6 ± 14.0 1.4 ± 0.08 21.4 ± 0.90

An unexpected result of the study was a positive correlation
between the amount of leachate and nitrate concentration in
the S + AC treatment. We speculate that in the soil enriched
with activated carbon, ion exchange occurs between the carbon
particles and the soil solution, and nitrate flow is determined
by the diffusion gradient. This theory for the impact of AC on
nitrate needs further experimental confirmation, as also previously
proposed by Prendergast-Miller et al. (2011).

One reason for the reduction in leaching in the BC treatments
may be the longer retention of NO3

− in the rhizosphere (Steiner
et al., 2008; Kameyama et al., 2012), resulting in increased N
uptake by plants. In the current study the grain N content in the S
+ AC treatment was significantly larger than in treatment S, but
grain yields between the two treatments did not differ. Total N
uptake in the S + AC treatment in the first year was greater than
in treatment S and only slightly less than the amount of NO3

−-
N that was retained in the soil in the S + AC treatment. As N
content in the straw was not determined, it was not possible to
estimate total N uptake.

Kameyama et al. (2012) showed that despite the fact that NO3
−

leaching decreased in the BC treatment at the beginning of their
experiment, the cumulative leaching from treatments with and
without added BC was similar at the end of the experiment. In the
current experiment, the leaching pattern and differences between
the two treatments were similar in both years. From these results it
can be concluded that the influence of AC used in the experiment
on NO3

− - N leaching lasted for at least two years.
Ammonium leaching from agricultural soil is not usually a

major problem because it is readily adsorbed onto negatively
charged clay minerals (Mengel & Kirkby, 2001). In the current
experiment, NH4

+-N leaching was greater only in early spring
(April), and mainly NO3

−-N was leached from May to November.
The only exception was August in the first year: then, in the
F treatment, from both substrates there was substantial NH4

+-
N leaching. Ammonium nitrogen leaching from other fertilizer

treatments was less and not affected by treatments. This finding
indicates that AC had no impact on NH4

+-N leaching in this
experiment and leaching was influenced only by the fertilizer used.

Yao et al. (2011) showed that the ability of AC to fix phosphates
is very small. Our results confirmed that the leaching of P
mainly depends on the amount of percolated water. Reduced water
percolation was the main reason why P leaching was less in the
S + AC treatment.

Of all the nutrients investigated, AC had the strongest influence
on the leaching of K. Several studies (Lehmann et al., 2003;
Schulz & Glaser, 2012) have shown that BC increases extractable
K content in the soil significantly. We found a similar effect in
the current experiment for AC, which resulted from an extremely
large K content of AC. In autumn of the second year the content of
extractable K in the soil enriched with AC was still significantly
larger than in the control, indicating that soil amended with a large
amount of AC may result in substantial leaching of K.

Conclusion

From these results it can be concluded that AC mark K-835
produced from coconut shells, when mixed into the soil, decreased
water percolation and nitrate nitrogen concentration in leachate,
which resulted in decreased NO3

−-N leaching. After harvest,
when conditions for leaching were most favourable, NO3

−-N
leaching did not increase in either year in the AC treatment.
The AC in our experiment reduced phosphorus leaching as
well, through reduced water percolation. The AC contains much
extractable K+ and therefore it increased soil K content and, as
a consequence, K+ leaching. It was found that the AC did not
influence NH4

+-N leaching. The effect of AC on NO3
−-N, NH4

+-
N, P and K leaching was similar in all fertilizer treatments.

Future research should focus on identifying the mechanism(s)
responsible for nitrate nitrogen NO3

−-N retention in the soil
enriched with AC. We conclude that the application of AC to
soil increases the ability of soil to retain water and NO3

−-N and
therefore it could potentially be used as a soil conditioner to reduce
NO3

−-N as well as P leaching from light-textured soils in all
regions with a large leaching risk.
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• Cattle slurry and its digestate were con-
siderable ARG sources.

• Fertilization of agricultural grassland
soil significantly affected its ARGs
content.

• Organic fertilizers enhanced sul1, intI1
and intI2 abundance in grassland soil.

• Cattle slurry digestate amendment sig-
nificantly enhanced blaCTX-M level in
soil.

• Mineral fertilizer usage significantly en-
hanced tetA abundance in soil.
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Soil fertilization with animal manure or its digestate may facilitate an important antibiotic resistance dissemina-
tion route from anthropogenic sources to the environment. This study examines the effect of mineral fertilizer
(NH4NO3), cattle slurry and cattle slurry digestate amendment on the abundance and proportion dynamics of
five antibiotic resistance genes (ARGs) and two classes of integron-integrase genes (intI1 and intI2) in agricultural
grassland soil. Fertilization was performed thrice throughout one vegetation period. The targeted ARGs (sul1,
tetA, blaCTX-M, blaOXA2 and qnrS) encode resistance to several major antibiotic classes used in veterinary med-
icine such as sulfonamides, tetracycline, cephalosporins, penicillin and fluoroquinolones, respectively. The non-
fertilized grassland soil contained a stable background of tetA, blaCTX-M and sul1 genes. The type of applied fer-
tilizer significantly affected ARGs and integron-integrase genes abundances and proportions in the bacterial com-
munity (p b 0.001 in both cases), explaining 67.04% of the abundance and 42.95% of the proportion variations in
the grassland soil. Both cattle slurry and cattle slurry digestate proved to be considerable sources of ARGs, espe-
cially sul1, as well as integron-integrases. Sul1, intI1 and intI2 levels in grassland soil were elevated in response to
each organic fertilizer's application event, but this increase was followed by a stage of decrease, suggesting that
microbes possessing these genes were predominantly entrained into soil via cattle slurry or its digestate
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application and had somewhat limited survival potential in a soil environment. However, the abundance of these
three target genes did not decrease to a background level by the end of the study period. TetAwasmost abundant
inmineral fertilizer treated soil and blaCTX-M in cattle slurry digestate amended soil. Despite significantly differ-
ent abundances, the abundance dynamics of bacteria possessing these geneswere similar (p b 0.05 in all cases) in
different treatments and resembled the dynamics of the whole bacterial community abundance in each soil
treatment.

© 2016 Published by Elsevier B.V.

1. Introduction

Antibiotic resistance is a threat to human and animal health world-
wide (Berendonk et al., 2015). Although antibiotic resistance is of natural
origin, numerous anthropogenic sources contribute to the spread of resis-
tance, including antibiotic use in clinical and agricultural settings (Allen
et al., 2010). Studies have shown that the quantity of antimicrobials
used in animal husbandry can be several-fold greater than for human
use (Maron et al., 2013), making farms an important source of antibiotic
residues and antibiotic resistant bacteria possessing antibiotic resistance
genes (ARGs) (Forsberg et al., 2012; Zhu et al., 2013). The common prac-
tice of soil fertilization with animal manure facilitates the dissemination
of antibiotic residues, ARGs and associated mobile genetic elements (i.e.
plasmids, integrons) from the farm to the environment (Binh et al.,
2008; Heuer et al., 2011). Especially, integrons (genetic elements that
allow efficient capture and expression of exogenous genes) are widely
regarded for their role in the dissemination of antibiotic resistance
(Gillings, 2014). In manure-amended soil ARGs tend to persist (Ghosh
and LaPara, 2007; Jechalke et al., 2013) and have increased transfer fre-
quency to indigenous soil bacteria via horizontal gene transfer (Riber
et al., 2014). It has been shown that manure fertilization can cause ARG
blooms in soil, even if the producing animals have never been treated
with antibiotics, suggesting the enrichment of soil resistome (Heuer
and Smalla, 2007; Kyselková et al., 2013; Udikovic-Kolic et al., 2014).
From agricultural fields, antibiotic resistant bacteria can enter the
human food chain (Rahube et al., 2014) or ARGs can be transferred to
clinically relevant pathogens (Riber et al., 2014).

In addition to the direct field application, animal manure is also in-
creasingly utilised in biogas plants for energy production. The waste
product of this technology is a digestate that can be used for soil fertili-
zation, similarly to manure (Insam et al., 2015). The available data on
the effect of the more commonly used mesophilic anaerobic digestion
on the initial manure resistome is, thus far, inconclusive. It has been
shown that mesophilic digestion of cattle manure reduced cultivable
multidrug resistant bacteria and putative pathogenic bacteria by N90%
(Beneragama et al., 2013, Resende et al., 2014a). Mesophilic digestion
was also found to reduce several ARGs concentrations in cattle manure
digestates (Resende et al., 2014b). On the other hand, mesophilic diges-
tion could not reduce ARGs encoding for erythromycin and tetracycline
resistance in swine manure (Chen et al., 2010). Moreover, digestates
have been shown as a potential source of transferable broad host-
range antibiotic resistance plasmids, making them, much like manure,
a potential reservoir of antibiotic resistant bacteria (Wolters et al.,
2015).

Both manure and digestate amendments introduce substantial
amounts of nutrients into the soil, increasing its carbon and nitrogen con-
tent, aswell as influencing its pH,which are likely to affect indigenous soil
microbial communities, including the portion carrying antibiotic resis-
tance determinants (Ding et al., 2014, Poulsen et al., 2013). Studies
have shown that inorganic fertilizer amendments (especially mineral
N) significantly affect soil bacterial community biomass (Truu et al.,
2008) and also structure (Fierer et al., 2012), but the effect of this treat-
ment on antibiotic resistome of soil indigenous bacteria is almost un-
known. Only results from a study by Udikovic-Kolic et al. (2014) show
no effect of inorganic fertilization on soil bacteria harbouring genes for re-
sistance to β-lactam antibiotics. A need to connect soil resistome data
with key soil properties such as its type, organicmatter content,moisture,

and pH has been recognized, but seldom addressed (Cytryn, 2013).
Therefore, addressing these aspects is essential to understanding the con-
tribution of agricultural practices to the environmental ARGs pool in
more detail.

The aim of this study was to assess the effect of fertilization with cat-
tle slurry, cattle slurry digestate and mineral fertilizer on a) the abun-
dance dynamics of the bacterial community, five ARGs (blaCTX-M,
blaOXA2, tetA, sul1, and qnrS) conferring resistance to themain antibiotic
classes, and two classes of integron-integrases; b) the relationships be-
tween targeted genes (16S rRNA gene, ARGs and integron-integrases)
and soil parameters in experimental plots of an agricultural grassland.

2. Materials and methods

2.1. Experimental setup and soil sampling

The experimentwas conducted at the Eerika experimental station of
the EstonianUniversity of Life Sciences, Estonia (58°23′32″N, 26°41′31″
E, elevation 60 m above sea level). The soil at the study site was
categorised as Stagnic luvisol (World Reference Base for Soil Resources
(WRB) classification) with a sandy loam soil texture (FAO, 2006). The
meadow-type grassland was established on a former extensive cereal
crop production field in 2008. Prior to 2008, the experimental field
had received only mineral fertilizers on a few random years with appli-
cation rates of 50–70 kg (N) ha−1 per year. No fertilizerswere applied to
the established grassland during the period of 2008–2011. In 2012, 12
treatment plots (8.8m2 each)were created and three types of fertilizers
(mineral N-fertilizer (NH4NO3), cattle slurry, and cattle slurry digestate)
were applied to three replicate plots each, situated in a randomised
block system. The remaining three plots served as non-fertilized con-
trols. The application rates of organic fertilizers were calculated based
on their NH4-N content. Fertilizers were manually surface-applied
(60 kg (N) ha−1) three times during the vegetation period. The applica-
tion pattern and rates of fertilizers were calculated according to the
yearly norm of the grassland (180 kg (N) ha−1) and Estonian Water
Law requirements. The start of the experiment in 2012 marked the
first applications of organic fertilizers to the experimental field. The
dominant plant species at the study site were Poa pratensis L. and
Festuca rubra L. On non-fertilized control plots, small-leaved Trifolium
repens L. was dominating also. During the experiment the grass was
mown thrice per year; no grazing occurred. The climatic conditions of
the experimental period of 2012–2013 are described in Suppl. Fig. A.1.

This studywas conducted in the experimental plots during the peri-
od of April to September 2013 (second year of fertilizations). The fertil-
izers were applied on plots on Days 1, 47, and 96 of the experimental
period. Untreated cattle slurry and cattle slurry digestatewere collected,
before application, from a dairy farm (Tartu County) and Oisu biogas
plant (Järva County), respectively. In the biogas plant the cattle slurry
was fermented together with smaller quantities of solid manure, hay
and silage atmesophilic conditions (37–38 °C). An overview of antibiot-
ic usage on the dairy farm prior to the experiment is presented in Suppl.
Table A.1.

Composite bulk soil samples (200 g) were collectedwith a soil auger
from the topsoil layer (0–10 cm) from each experimental plot (each
composite soil sample constituted of 20 piercings from a specific exper-
imental plot). Samplingwas conducted throughout the vegetation peri-
od, on the day prior (Days 0, 46, and 95) as well as subsequent (Day 2,
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48, and 97) to each fertilization. Additional samplings were conducted
between the second and the third fertilization on Days 55, 70, and 88
as well as one month (Day 125) and two months (Day 151) after the
final fertilization. In total, 132 composite soil samples were collected
during the experiment. The applied cattle slurry and cattle slurry
digestate samples (250 g) were taken before each application time
and subsamples (30 g) for chemical and molecular analyses were
stored at +4 °C and −20 °C, respectively, until further processing.

The pHKCl, moisture content (M), organic matter content (OM),
Kjeldahl nitrogen (N), ammonium nitrogen (NH4-N), nitrate (NO3-N),
lactate soluble phosphorous (P), lactate soluble potassium (K), lactate
soluble calcium (Ca), and lactate soluble magnesium (Mg) content
were determined from the cattle slurry and cattle slurry digestate sam-
ples while pHKCl, soil moisture content (SM), OM, N, and P were deter-
mined from soil samples by the Laboratory of Plant Biochemistry of the
Estonian University of Life Sciences using standard procedures (APHA,
1989).

2.2. DNA extraction

DNA from all collected soil samples (n= 132), cattle slurry (n= 3),
and cattle slurry digestate (n = 3) samples was extracted using a
PowerSoil DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA,
USA) according to the manufacturer's protocol. Homogenisation was
conducted at 5000 rpm for 20 s using Precellys® 24 (Bertin Technolo-
gies, Montigny-le-Bretonneux, France). The quantity and quality of
DNA extracts were determined by spectrophotometry (Infinite M200,
Tecan AG, Grödig, Austria). The extracted DNA was stored at −20 °C
prior to further analysis.

2.3. Quantitative PCR conditions and data analysis

Quantitative PCR (qPCR) was used to quantify bacterial 16S rRNA
gene, five ARGs representing several major antibiotic classes (blaCTX-
M and blaOXA2 encoding β-lactamase resistance, tetA encoding tetracy-
cline resistance, sul1 encoding sulfonamide resistance, and qnrS
encoding fluoroquinolone resistance), as well as class I and class II
integron-integrase genes (intI1 and intI2).

The qPCR assays were performed using real-time PCR system
RotorGene® Q (QIAGEN, Foster City, CA, USA) and analysed with
RotorGene Series Software version 2.0.2 (Qiagen). Stock solutions of
target sequence containing plasmids, or in case of integrase genes tar-
get sequence containing synthetic double-stranded DNA fragments
(EurofinsMWGOperon, Ebersberg, Germany),were used to create a se-
rially diluted standard curve, ranging from 25 to 108 copies for each tar-
get gene. The qPCR reactions were performed in 10 μl volume
containing 5 μl of Maxima SYBR Green Master Mix (Thermo Fisher Sci-
entific Inc., MA,Waltham, USA), an optimised concentration of forward
and reverse primers (Table 1), 1 μl of template DNA, and sterile distilled
water. Reaction conditions were optimised for each target gene. The
used gene-specific primer sets, optimised primer concentrations and
qPCR programs are described in Table 1. Immediately after the qPCR
assay, melting curve analysis was performed by increasing the temper-
ature from 70 °C to 95 °C (0.35 °C/3 s) with continuous fluorescence re-
cording. All qPCR samples were measured in triplicates and negative
controls were included in every qPCR run. The presence of qPCR inhib-
itors was estimated by serially diluting selected samples of soil from
each treatment type and of organic fertilizers and comparing quantifi-
cation results of different dilutions. No amplification inhibition was de-
tected in analysed samples.

The quantification data were subsequently analysed with the
LinRegPCR program, version 2012.3 (Ruijter et al., 2009), defining
amplicon groups based on the fertilization type of the soil samples. Cal-
culation of target gene copy numbers was performed through the esti-
mation of a fold difference (FD) between a sample (A) and multiple
data points from the standard curve (B), selected individually for eachTa
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measured gene. Ruijter et al. (2009) proposed a formula which defines
FD as:

FD ¼ N0;A=N0;B ¼ Nt;A=EACt;A
� �

= Nt;B=EBCt;B
� �

; ð1Þ

where N0 marks the starting concentrations of the A and B amplicons (in
arbitraryfluorescence units), E stands for the amplification efficiencies, Nt

stands for the fluorescence threshold values, and Ct marks the fractional
number of cycles needed to reach the fluorescence threshold. In order
to calculate gene copy numbers in samples, the obtained FD value was
multipliedwith the known number of gene copies in the respective stan-
dard dilution. The final concentration of each target gene was presented
as a geometric mean of all obtained abundance estimates and presented
per gramof dry analysedmaterial weight (copies g−1 dw−1). Additional-
ly, ARGs, intI1 and intI2 genes were normalised against 16S rRNA gene,
representing the proportion of ARGs and integrase genes in the bacterial
community of soil.

In some cases, the level of detected target genes (intI1 and intI2 in
non-fertilized soil; blaOXA2 in several random soil samples) remained
below the quantification limit (LOQ) of the used qPCR assays (intI1
LOQ = 50 copies per reaction; intI2 LOQ = 1000 copies per reaction;
blaOXA2 LOQ=100 copies per reaction). As intI1 and intI2were detect-
ed almost constantly in non-fertilized soil, their level was equalled to
LOQ of the respective qPCR assays in subsequent statistical analysis.

2.4. Statistical analysis

The statistical analyseswere carried out using the Statistica 10.0 pro-
gram. The unpaired two-tailed t-test was used to compare chemical and
target gene parameters in different treatment plot soils at Day 0 of the
study. The Spearman rank order correlation coefficient (R) was used
to relate target gene abundances and proportions in soil to chemical pa-
rameters. It was also used to find correlations between target gene
abundance and proportion dynamics in soil within a specific fertiliza-
tion treatment as well as to compare target gene abundance and pro-
portion dynamics in soil between different fertilization types.

The statistically significant differences of soil chemical parameters,
target gene abundances and target gene proportions between different
fertilization types were estimated using repeated measures ANOVA
(rANOVA) combined with the Tukey-HSD post hoc test. In all cases, sta-
tistical significance was determined at the 95% confidence level.

Gene parameters determined in the analysed soil sampleswere sub-
jected to Principal Component Analysis (PCA) and Between-Class Anal-
ysis (BCA) using the ade4 package (Dray and Dufour, 2007) in software
R, version 3.2.1 (R Development Core Team, 2015). In order to observe
the effect of fertilization treatment on ARGs and integron-integrase
genes composition in treated soils, BCA was performed using a treat-
ment as an explanatory variable. The significance of the differences be-
tween treatment groups was tested using a Monte-Carlo permutation
test (9999 permutations).

3. Results

3.1. Properties of organic fertilizers used for the amendments

Both cattle slurry and cattle slurry digestate applied for soil fertiliza-
tion were characterised by high moisture (N90%) and organic matter
content (N60%) as well as similar soluble N, NH4-N, NO3-N, P and Mg
concentrations (Table 2).While cattle slurry exhibited neutral pH, cattle
slurry digestate proved to be slightly alkaline. Cattle slurry digestate also
had somewhat higher K and Ca content compared to fresh cattle slurry.

The abundance and proportion of target genes in cattle slurry and cat-
tle slurry digestate were determined for each fertilizer application event.
On average, the 16S rRNA gene copy numbers reflecting bacterial com-
munity abundancewere twice as high in cattle slurry digestate comparedTa
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to cattle slurry (on average 9.21 × 109 and 4.25 × 109 copies g−1 dw−1,
respectively). Both organic fertilizers proved to be considerable ARGs
sources. Sul1 gene was the most copious ARG detected with abundances
reaching up to 1.63 × 106 and 1.46 × 107 copies g−1 dw−1 in cattle slurry
and cattle slurry digestate, respectively (Fig. 1A). In both organic fertilizers
tetA, blaCTX-M, and blaOXA2 abundanceswere at the level of 104–105 cop-
ies g−1 dw−1, while the concentration of qnrS gene mostly remained
below 103 copies g−1 dw−1. The proportions of targeted ARGs carrying
microbes in the bacterial community of organic fertilizers remainedmost-
ly below0.005%,with the notable exceptionof sul1, which showed0.014%
and 0.057% occurrence in cattle slurry and cattle slurry digestate,
respectively (Fig. 1B). Class I and II integron-integrase genes were found
at the level of 106–107 copies g−1 dw−1 (Fig. 1A); intI1 was more
abundant in cattle slurry digestate, while intI2 prevailed in fresh cattle
slurry with its proportion in the bacterial community reaching up to
0.069% (Fig. 1B). The third amendment of fresh cattle slurry contained
an exceptionally high number and proportion of intI2 genes (1.26 × 109

copies g−1 dw−1 and 0.78%, respectively).

3.2. The effect of fertilization on soil chemical parameters

The soil pH was slightly acidic in the experimental area and the or-
ganic as well as mineral fertilizers had different effects on the grassland
soil chemical parameters (Suppl. Table A.2). Soil amendment with or-
ganic fertilizers resulted in significantly higher pH, compared tomineral
fertilizer treated soil (rANOVA, p b 0.01 in both cases). Both organic fer-
tilizers also significantly increased the lactate-soluble phosphorous con-
tent in soil, compared to mineral fertilizer amendment (rANOVA,
p b 0.01 in both cases) and non-fertilized control (rANOVA, p b 0.05 in
both cases). Albeit total nitrogen content in mineral and cattle slurry
digestate treatment plots differed significantly at Day 0 (p b 0.05), no
significant effect of different fertilizers application on total nitrogen con-
tent, as well as soil moisture and organic matter content were recorded
throughout the whole study period in agricultural grassland soil.

3.3. The dynamics of target gene abundances and proportions, and relation-
ships between different genes in fertilized grassland soil

Among the targeted ARGs, qnrS genes were not detected in any of
the analysed soil samples.While blaOXA2 genes were detected in sever-
al random soil samples, their amounts remained under the LOQ of the
current qPCR assay. At Day 0, before the start of the seasonal fertiliza-
tions in 2013, no significant differences between treatment plots were

recorded for 16S rRNA gene, sul1, intI1 and intI2 abundances or sul1,
intI1 and intI2 proportions in bacterial communities. TetA and blaCTX-
M abundances and proportions, on the other hand, showed several sig-
nificant differences between treatment groups at Day 0.

3.3.1. Non-fertilized grassland soil
The abundance of bacterial 16S rRNA genes in untreated grassland

soil ranged from 8.63 × 107 to 1.67 × 108 copies g−1 dw−1 throughout
the study period (Fig. 2A). Despite some temporal fluctuations, the
overall dynamics of 16S rRNA gene abundance remained quite stable
over the study period (Fig. 3). IntI1 and intI2 genes were detected ran-
domly in control soil samples with their amounts remaining close to,
but mostly below, the LOQ of current qPCR assays. TetA genes were
the most numerous of the targeted ARGs in non-fertilized soil with av-
erage abundance of 9.63 × 104 copies g−1 dw−1. BlaCTX-M and sul1
abundances remained almost one order and two orders of magnitude,
respectively, lower than tetA abundances (Fig. 2D–F). The abundance
dynamics of targeted ARGs showed a somewhat decreasing trend dur-
ing the last third of the experiment (Figs. 3–4). The average proportions
of all targeted ARGs in the soil bacterial community remained below
0.1% (Suppl. Fig. A.2.C–E). Strong positive correlations were found be-
tween blaCTX-M and tetA abundance dynamics (Table 3A), aswell as be-
tween blaCTX-M and tetA proportion dynamics (Table 3B).

3.3.2. Mineral fertilizer amended grassland soil
Compared to non-fertilized control soil, the abundance and propor-

tion of tetA genes were significantly elevated (p b 0.001 in both cases)
already before the start of seasonal mineral fertilization at Day 0 in
this treatment soil (Fig. 3B; Suppl. Fig. A.3.B1).

Significantly higher abundances of 16S rRNA and tetA genes in min-
eral fertilizer amended soil were recorded throughout the study period
(Fig. 2A, E), compared to non-fertilized soil with average concentrations
of 1.43 × 108 copies g−1 dw−1 and 2.08 × 105 copies g−1 dw−1, respec-
tively. As a result of mineral fertilization, the proportion of tetA
possessing microbes in the bacterial community also increased signifi-
cantly (Suppl. Fig. A.2.D). Despite the generally increased abundance,
the dynamics of tetA abundance and proportion remained very similar
to the control soil (RS = 0.87, p b 0.001 and RS = 0.83, p b 0.01, respec-
tively) during the study period. On the other hand, blaCTX-M and sul1
abundances and proportions in soil were not affected by mineral fertil-
izer amendment as their levels remained almost identical to non-
fertilized controls (Fig. 2D, F; Suppl. Fig. A.2.C, E). BlaCTX-M abundance
and proportion dynamics were also similar to non-fertilized control

Fig. 1. The average abundance (A) of 16S rRNA gene, ARGs (blaCTX-M, blaOXA2, tetA, sul1, qnrS), class I and class II integron-integrases (intI1 and intI2, respectively) and average proportion
(B) of ARGs, intI1 and intI2 to 16S rRNAgenes in the bacterial community of cattle slurry and cattle slurry digestate used for all fertilization events (n=3). In the case of intI2 in cattle slurry
(a), n = 2.
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(RS=0.67…0.68, p b 0.05). In general, the ARGs abundance andpropor-
tion dynamics were more variable in time compared to non-fertilized
controls (Fig. 3B, Fig. 4B1, and Suppl. Fig. A.3.B1–B2). IntI1 and intI2
abundances were close to, but consistently over, the assays' LOQ with
average concentrations of 1.34 × 103 copies g−1 dw−1 for intI1 and
2.20 × 103 copies g−1 dw−1 for intI2. Both the abundance and propor-
tion of sul1, intI1 and intI2 showed similar dynamics between fertilizer
application times: an initial increase after themineral fertilizer addition
was followed by a slight decrease of the parameter values that dropped
almost to their initial values by the next fertilizer application time
(Fig. 4B1–2; Suppl. Fig. A.3.B1–2). Statistical analyses found several sig-
nificant correlations between 16S rRNA gene, ARGs and integron-

integrase genes abundance dynamics (Table 3A). In addition, all detect-
ed ARGs proportion dynamics were significantly similar in mineral fer-
tilizer amended soil (Table 3B).

3.3.3. Cattle slurry fertilized grassland soil
A comparison of theDay 0 control and cattle slurry amended soils re-

vealed that significant changes in soil ARGs possessing bacterial com-
munity had happened during the first amendment period in 2012. The
abundance and proportion of blaCTX-M genes at Day 0were significant-
ly increased compared to the control soil (p b 0.001 and p b 0.05, respec-
tively) and soil subjected to mineral fertilizer amendments (p b 0.01 in
both cases) (Fig. 3C, Suppl. Fig. A.3.C1). On the other hand, tetA

Fig. 2.Box andwhisker plot of absolute abundance of 16S rRNA gene (A), class I and class II integron-integrases (intI1 and intI2, respectively) (B–C) andARGs (blaCTX-M, tetA, sul1) (D–F) in
the bacterial community of non-fertilized and agricultural grassland soil, treated with different types of fertilizers. Error bars indicate maximum and minimum values; horizontal lines
indicate median values; and boxes indicate values between the 25th and 75th percentiles. Asterisks mark significant differences between fertilization types according to rANOVA
analysis (* – p b 0.05; ** – p b 0.01; *** – p b 0.001).
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abundance and proportion was significantly lower compared to soil
which was amended with mineral fertilizer (p b 0.01 in both cases).

Repeated grassland soil fertilization with cattle slurry resulted in
the highest average 16S rRNA gene abundance (1.60 × 108 copies
g−1 dw−1) recorded in any treatment (Fig. 2A). Even though 16S
rRNA gene abundance dynamics showed a prominent concentration
growth between Days 70 and 100 of the experiment and a decrease af-
terwards (Fig. 3C), the overall 16S rRNA gene dynamics in cattle slurry
fertilized soil still remained similar to the control soil (RS = 0.70,
p b 0.05). Cattle slurry fertilization resulted in elevated intI1, intI2 and
ARGs abundances and proportions (except for tetA proportion) in the
soil bacterial community compared to the control soil (Fig. 2B-F, Suppl.
Fig. A.2.). The abundance and proportion dynamics of sul1, intI1 and es-
pecially intI2were characterised by a quick elevation following each fer-
tilization, which was mostly succeeded by reduction (Fig. 4C1–2, Suppl.
Fig. A.3.C1–2). In addition, sul1 and intI1 abundance and proportion dy-
namics had strong significant correlations (Table 3A, B). None of the
intI1, intI2 and sul1 abundances nor proportions had decreased to back-
ground levels, as recorded at Day 0 by the end of the experiment
(Fig. 4C1–2; Suppl. Fig. A.3.C1–2). Despite increased tetA gene copy num-
bers, the abundance and especially proportion dynamics of this gene
were still similar to untreated soil (RS = 0.61, p b 0.05 and RS = 0.90,
p b 0.001, respectively). The tetA and especially blaCTX-M abundance dy-
namics followed a similar overall pattern to 16S rRNA gene abundance
(Fig 3C, Table 3A).

Compared to mineral fertilizer amended soil, treatment with cattle
slurry resulted in significantly higher intI1, intI2, blaCTX-M and sul1
abundances and proportions in the soil bacterial community (Fig. 2B-
D, F; Suppl. Fig. A.2.A–C, E). An increase of sul1, intI1 and intI2 abun-
dances in soil followed cattle slurry amendments and this increase
was more profound (in the case of intI2, up to three orders of magni-
tude) than in the case of mineral fertilizer amended soil (Fig. 4C1–2).
On the other hand, tetA abundance and proportion remained signifi-
cantly lower in cattle slurry fertilized soil compared to soil which re-
ceived mineral fertilizer (Fig 2E, Suppl. Fig. A.2.D). Despite the
recorded differences, the abundance dynamics of blaCTX-M and propor-
tion dynamics of tetAwere similar in these two fertilization types (RS=
0.70, p b 0.05 and RS = 0.80, p b 0.01, respectively).

3.3.4. Cattle slurry digestate fertilized grassland soil
The comparison of Day 0 samples revealed the effect of previous cat-

tle slurry digestate amendments on the soil bacterial community. Signif-
icantly higher blaCTX-M abundance and proportion compared to the
control soil (p b 0.001 and p b 0.01, respectively), mineral fertilizer
amended soil (p b 0.001 and p b 0.01, respectively), and cattle slurry
amended soil (p b 0.01 and p b 0.05, respectively) were recorded before
the current treatment study started. In addition, significantly lower tetA
abundance and proportion compared to the control soil (p b 0.05 and
p b 0.01, respectively), previously mineral fertilizer amended soil
(p b 0.01 and p b 0.001, respectively), and previously cattle slurry
amended soil (p b 0.05 in both cases) were also found in Day 0 samples
(Fig. 3D, Suppl. Fig. A.2.C–D).

The cattle slurry digestate amendments did not significantly affect
the abundance of bacteria (16S rRNA gene abundance was on average
1.36 × 108 copies g−1 dw−1) in grassland soil (Fig. 2A) and compared
to cattle slurry amended soil, 16S rRNAgene abundancewas significant-
ly lower (Fig. 2A). 16S rRNA gene abundance dynamics followed an as-
cending trend during the first 100 days of the experiment, which was
followed by a decrease during the last 50 days (Fig. 3D) andwas similar
to 16S rRNA gene dynamics in soils treated with other fertilizers (RS =
0.65…0.72, p b 0.05). Soil treatment with cattle slurry digestate

Fig. 3. The abundance dynamics of 16S rRNA, blaCTX-M, and tetA genes in non-fertilized
(A), mineral fertilized (B), cattle slurry fertilized (C), and cattle slurry digestate fertilized
(D) grassland soil. Fertilization occasions are marked with arrows. The Y axis scale
intervals before and after the break are unequal.
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significantly elevated the abundance and proportion of sul1, intI1 and
intI2, compared to non-fertilized and mineral fertilizer amended soil
(Fig. 2B-C, F; Suppl. Fig. A.2.A–B, E). IntI1, intI2 and sul1 abundances
and proportions showed positive correlations within cattle slurry
digestate treated soil (Table 3A, B). The dynamics of integron-
integrase genes and sul1 abundances and proportions followed a similar
pattern to soils treated with cattle slurry (RS = 0.67…0.98 and R =
0.63…0.93, respectively, p b 0.05 in all cases); a quick elevation of target
gene levels after the fertilization was followed by a stage of decrease
(Fig. 4D1–2; Suppl. Fig. A.3.D1–2). Also, similarly to cattle slurry treated
soil, the abundances and proportions of intI1, intI2 and sul1 did not de-
crease to the initial levels recorded on Day 0, by the end of the
experiment.

BlaCTX-M abundance (on average 1.53 × 105 copies g−1 dw−1) and
proportion (on average 0.67%) was significantly higher in cattle slurry
digestate amended soil compared to all other fertilization types and
control soil (Fig. 2D, Suppl. Fig. A.2.C) throughout the study period. At
the same time, the abundance dynamics of blaCTX-M genes in all fertil-
ized soils were similar (RS = 0.70…0.81, p b 0.05 in all cases). In addi-
tion, the proportion dynamics of blaCTX-M were similar in soils
treatedwith organic fertilizers (RS=0.64, p b 0.05). The tetA gene abun-
dance (on average 8.08 × 104 copies g−1 dw−1) and proportion (on av-
erage 0.1%) in cattle slurry digestate amended soil were significantly
lower than in all other treatment variants, including the control soil
(Fig. 2E, Suppl. Fig. A.2.D). Both blaCTX-M and tetA abundance dynamics
showed positive correlations with 16S rRNA gene abundance dynamics
within treatments (Table 3A).

3.4. Multivariate exploratory analysis based on soil ARG abundance data

The PCA analysis of the target genes abundance and proportion data
showed a slight shift between mineral fertilizer treated and non-
fertilized soil (Fig. 5A, C), mostly due to the increased tetA numbers in
mineral fertilizer amended soil (Fig. 5B, D). A much larger difference is
exhibited between samples of mineral fertilizer amended soil and cattle
slurry treated soil along the first axis on PCA plots due to higher intI1,
intI2, blaCTX-M and sul1 abundances and proportions in the soil bacteri-
al community of cattle slurry treated soil (Fig. 5A, C). Similarly to cattle
slurry treated soil, the cattle slurry digestate treated samples were
grouped separately from non-fertilized and mineral fertilized soils on
PCA plot (Fig. 5A, C). Behind a different grouping of cattle slurry and cat-
tle slurry digestate treated soils along the second axis on PCA plots were
the abundance and proportion of tetA and, in the case of gene propor-
tions, also intI2 (Fig. 5B, D).

The between-class analysis revealed that 67.04% of target genes
abundance variation and 42.95% of target genes proportion variation
within all samples was explained by fertilization type. In addition, the
application of theMonte Carlo test confirmed significant differences be-
tween the studied treatment groups (p b 0.001 in both cases).

3.5. The relationships between target genes and chemical parameters in soil

No significant relationships between target gene abundances and
soil chemical parameterswere recorded in non-fertilized soil. Inmineral
fertilizer amended soil, positive correlations between soil organic mat-
ter content and 16S rRNA and blaCTX-M gene abundances were found
(Table 4).

On the other hand, numerous correlations between soil chemical pa-
rameters and target gene abundances as well as proportions in soils
amended with organic fertilizers were revealed by statistical analyses.
Soil pH was positively related to sul1, intI1 and intI2 proportion, as

Fig. 4. The abundance dynamics of sul1, and class I and class II integron-integrase genes
(intI1 and intI2, respectively) in non-fertilized (A), mineral fertilized (B1–2), cattle slurry
fertilized (C1–2), and cattle slurry digestate fertilized (D1–2) grassland soil. Fertilization
occasions are marked with arrows.
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well as intI2 abundance in cattle slurry fertilized soil, while its positive
relationships with 16S rRNA gene, blaCTX-M, tetA and intI1 abundances
were recorded in cattle slurry digestate amended soil (Table 4). Soil or-
ganic matter and nitrogen content showed positive correlations with
16S rRNA, sul1 and intI1 gene abundances in both organic fertilizer
treatments aswell as intI2 abundance and intI1 proportion in cattle slur-
ry treated soil. Additionally, blaCTX-M abundancewas also positively af-
fected and tetA proportions in the bacterial community negatively
affected by these parameters in cattle slurry fertilized grassland soil
(Table 4). A positive correlation between soil organic matter content
and sul1 proportion in the microbial community was recorded in cattle
slurry fertilized soil, while higher nitrogen content was linked to intI2
proportion in cattle slurry treated soil. Sul1 abundance was also corre-
lated to lactate-soluble phosphorous content in organic fertilizer
amended soils, while intI1 abundance and proportion were linked to
phosphorous content only in cattle slurry treated soil. Also, a positive ef-
fect of phosphorous content on sul1 proportion coupled by a negative
effect on tetA proportion in themicrobial communitywas noted in cattle
slurry amended soil (Table 4).

4. Discussion

The antibiotic resistome of organic fertilizers and fertilized soil was
assessed by targeting ARGs and integron-integrase genes, which have
been suggested as indicators for antibiotic resistance estimation in envi-
ronmental settings (Berendonk et al., 2015) and encode resistance for
commonly used antibiotics found least effective in treating Estonian
dairy cattle pathogens (Kalmus et al., 2011).

In the current study, in addition to integron-integrase genes, sul1,
tetA and blaCTX-M possessing populations, which have been found be-
fore in dairymanure (Kyselkova et al., 2015;Marti et al., 2013), blaOXA2
and qnrSwere also detected in cattle manure and its digestate. Howev-
er, neither of the latter two ARGs could be later quantified in the differ-
ently amended soils. Based on the recorded 16S rRNA gene data, the
cattle slurry used in this study harboured a somewhat less abundant
bacterial community, compared to previous similar applications
(Marti et al., 2014; Munir and Xagoraraki, 2011). The abundance and

proportion of sulfonamide resistance encoding sul1 and class I
integron-integrase gene intI1were predominant in the cattle slurry bac-
terial community, albeit up to an order of magnitude lower than previ-
ously recorded (Marti et al., 2014; Munir and Xagoraraki, 2011).
Surprisingly, class II integron-integrase gene intI2 showed considerably
greater prevalence in cattle slurry than the commonly used integron-
integrases gene marker intI1, suggesting the need to track both of
these markers, in order to estimate the potential of integron-
associated genetic mobility more adequately. Comparative quantitative
data characterizing cattle slurry digestates are rather scarce, however,
some of the prevalent ARGs and integron-integrase genes in this study
(tetA, sul1, intI1) have been previously found on transferable antibiotic
resistance plasmids from cattle slurry digestate (Wolters et al., 2015).
The recordedhigh target gene abundances in cattle slurry digestate con-
firm a suggestion that the number of ARGs is often not reduced in this
waste product compared to the initial manure used in mesophilic an-
aerobic digestion (Chen et al., 2010). Thus, both cattle slurry and espe-
cially cattle slurry digestate proved to be substantial sources of ARGs
and integron-integrase genes.

The microbial community of non-fertilized grassland soil contained
a stable background of tetA, blaCTX-M and sul1 genes and a detectable,
but not quantifiable, background of integron-integrase genes. Although
a lower abundance of 16S rRNA gene was recorded than previously
found in non-fertilized agricultural soils (Jechalke et al., 2013; Marti
et al., 2014), the level of sul1 proportion in the bacterial community
was similar to previous findings in non-fertilized soils (Jechalke et al.,
2013; Marti et al., 2014, Munir and Xagoraraki, 2011).

Despite identical fertilizer applications a year before the current
study, the background levels of sul1, intI1, intI2 and 16S rRNA genes re-
corded at Day 0 of the current study were similar to the non-fertilized
control soil in all treatment variants. This suggests similarly to the re-
sults of Marti et al. (2014), that a period of up to one year could be suf-
ficient for these gene markers to decrease to stable background levels.
On the other hand, the elevated level of tetA and blaCTX-M at Day 0 in
mineral and organic fertilizer application plots, compared to control
plots, can most likely be attributed to more persistent changes in the
soil bacterial community structure in response to fertilizations.

Table 3
Statistically significant Spearman rank order correlations (R) between target gene abundance dynamics within a treatment (A) and between target gene proportion dynamics within a
treatment (B).

A
Fertilization type Target gene abundance

Spearman correlation coefficient R

Target gene abundance

blaCTX-M tetA sul1 intI2

No fertilization tetA 0.92⁎⁎⁎

Mineral 16S rRNA 0.94⁎⁎⁎ 0.63⁎

tetA 0.78⁎⁎ 0.74⁎⁎ 0.82⁎

Cattle slurry 16S rRNA 0.92⁎⁎⁎ 0.67⁎ 0.65⁎

blaCTX-M 0.66⁎ 0.82⁎⁎ 0.63⁎

intI1 0.72⁎ 0.95⁎⁎⁎ 0.85⁎⁎

intI2 0.63⁎ 0.78⁎⁎

Cattle slurry digestate 16S rRNA 0.73⁎ 0.81⁎⁎

intI1 0.71⁎ 0.74⁎⁎ 0.66⁎

B
Fertilization type Target gene proportion

Spearman correlation coefficient R

Target gene proportion

blaCTX-M sul1 intI2

No fertilization tetA 0.76⁎⁎

Mineral tetA 0.82⁎⁎ 0.83⁎⁎

sul1 0.87⁎⁎⁎

Cattle slurry tetA −0.65⁎

intI1 0.98⁎⁎⁎ 0.81⁎⁎

intI2 0.77⁎⁎

Cattle slurry digestate intI1 0.88⁎⁎⁎ 0.76⁎

⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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The type of applied fertilizer proved to be a major factor affecting
target gene abundances and proportions in treated soil. Generally, as in-
dicated by 16S rRNA gene abundances, the repeated soil amendment
with cattle slurry andmineral fertilizer significantly stimulated bacterial
abundance, compared to non-fertilized soil. Similarly to the results re-
ported by Udikovic-Kolic et al. (2014) and Truu et al. (2008), the former
had a greater enhancing effect on the soil microbial community. Con-
trary to Walsh et al. (2012), cattle slurry digestate treated soil showed

no enhancing effect of the soil bacterial community abundance in the
current study, while the addition of organic matter and nitrogen with
the application of cattle slurry had a positive effect on the soil bacterial
community abundance. Also, the selective pressure of antibiotic resi-
dues and microelements added to the soil with organic fertilizers
could play a role in shaping the soil microbial community. The abun-
dance dynamics of 16S rRNA gene in both control and fertilized soils
were similar and stable throughout the study period, even though it

Fig. 5. Ordination plot showing the grouping of soil samples of different fertilization treatments based on principal component analysis (PCA) of target gene abundances (A) and
proportions (C) in the soil bacterial community, and correlation of target genes abundances (B) and proportions in the bacterial community (D) with the first two axes according to
the principal component analysis (PCA), based on the correlation matrix obtained from the target genes abundance and proportion data. Each sample is connected to the
corresponding group centroid. NF, M, S, and SD denote samples obtained from non-fertilized, mineral fertilized, cattle slurry fertilized, and cattle slurry digestate fertilized experiment
plots, respectively. Black arrows represent variables used to calculate ordination, dotted arrow represents the supplementary variable.

Table 4
Statistically significant Spearman rank order correlations (R) between target gene abundances as well as proportions in bacterial community and chemical parameters in fertilized soils.
Abbreviations: SOM – soil organic matter content.

Fertilization type Soil chemical parameter

Spearman correlation coefficient R

Gene abundance Gene proportion

16S rRNA blaCTX-M tetA sul1 intI1 intI2 tetA sul1 intI1 intI2

Mineral SOM*** 0.83⁎ 0.74⁎

Cattle slurry pH 0.83⁎ 0.76⁎ 0.83⁎ 0.83⁎

SOM 0.88⁎⁎ 0.88⁎⁎ 0.91⁎⁎ 0.90⁎⁎ 0.81⁎ −0.81⁎ 0.76⁎ 0.79⁎

N 0.76⁎ 0.76⁎ 0.81⁎ 0.88⁎⁎ 0.81⁎ −0.77⁎ 0.74⁎ 0.71⁎

P 0.79⁎ 0.71⁎ −0.81⁎ 0.76⁎ 0.71⁎

Cattle slurry digestate

pH 0.88⁎⁎ 0.71⁎ 0.86⁎⁎ 0.71⁎

SOM 0.81⁎ 0.83⁎ 0.88⁎⁎

N 0.76⁎ 0.85⁎⁎ 0.92⁎⁎

P 0.71⁎

⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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was approximately anorder ofmagnitude lower than recorded in a sim-
ilar experiment conducted in comparable climatic conditions in Canada
(Marti et al., 2014). The discrepancy between studies might be caused
by differences in environmental conditions at the study sites or it
could also have a technical origin (Nõlvak et al., 2012), as different pro-
tocols of gene quantification were used.

The recorded abundance and proportion of sul1 as well as intI1 and
intI2 genes in all fertilized soils remained one to two orders of magni-
tude lower than previously reported (Marti et al., 2014; Munir and
Xagoraraki, 2011). However, both organic fertilizers significantly, and
very similarly, enhanced these marker gene abundances after each fer-
tilization, which was generally followed by a stage of decrease. The in-
crease of these target genes in soil due to organic fertilizers
application was one to two orders of magnitude greater in the case of
intI1 and sul1 and up to three orders ofmagnitude greater for intI2, com-
pared to mineral fertilizations. This type of dynamics suggests that sul1,
intI1 and intI2 genes possessing microbes are predominantly entrained
into the soil through manure and manure digestate application and
have somewhat limited survival potential in such environment. Similar
tendency of abundance dynamics has been noted for Pseudomonas spp,
which are known hosts for sul1 and integron-integrase genes, in soils
treated with different organic fertilizers (Riber et al., 2014). However,
despite showcasing a decreasing trend, the abundance and proportion
of sul1, intI1 and intI2 genes in organic fertilizers amended soil did not
drop to initial levels recorded at Day 0 by the end of the experiment.
This finding confirms previous notions that several months might not
be a sufficient time-frame for the reduction of these gene markers
(Heuer and Smalla, 2007; Jechalke et al., 2013). The often-established
linkage between sul1 and intI1 genes (Adamczuk et al., 2015; Heuer
et al., 2011) was once again confirmed by strong correlations between
the abundance and proportion dynamics of these genes in the soil. Ob-
tained numerous positive relationships between sul1, intI1 and intI2
abundances and soil chemical parameters (i.e. organic matter, nitrogen
and phosphorous content) in soils treated with organic fertilizers can
partly be explained by simultaneous additions of nutrients and the
aforementioned target genes to soil via fertilization.

Despite significantly dissimilar tetA and blaCTX-M levels in the soil of
the experimental plots receiving different fertilizers, the dynamics of
these genes' abundances and proportions in the bacterial community
remained quite stable and were mostly similar in differently treated
soils (except for tetA dynamics in cattle slurry digestate amended
soil). Moreover, positive correlations between 16S rRNA gene, tetA and
blaCTX-M abundance dynamics were found within all fertilized soils,
suggesting that tetA and blaCTX-M genes possessing bacteria had
attained stable, albeit significantly different, levels in themicrobial com-
munity of differently treated soils, and fluctuations in their abundances
were in accordance with the changes of the total bacterial community
abundance, rather than selective enrichment caused by applied fertil-
izers. This resembles the situation recorded in wastewater irrigated
soil where ARGs and integrons carrying bacteria levels were significant-
ly enhanced during thefirst year of treatment and remained quite stable
at elevated levels afterwards, showing neither dissipation nor cumula-
tive effect in response to continuous irrigation treatment (Jechalke
et al., 2015).

The results of this study indicated a remarkable increase in abun-
dance and proportion of blaCTX-M in cattle slurry and cattle slurry
digestate treated soils. Udikovic-Kolic et al. (2014) also showed that cat-
tle manure amendment induced a bloom of indigenous β-lactam resis-
tant bacteria in soil. In addition, the current study demonstrates that the
effect of digested manure is significantly more profound in this respect,
compared to the use of fresh cattle slurry. The recorded data also sug-
gest that, quite similarly, mineral fertilization could significantly en-
hance groups of the indigenous bacterial community that encode for
tetracycline resistance. Surprisingly, suppression of tetA genepossessing
bacteria was found in cattle slurry digestate fertilized soil compared to
the control soil, suggesting that the utilization of digestate as fertilizer

can selectively enhance bacterial community members possessing one
type of resistance, while suppressing othermembers that carry different
resistance determinants.

In this study the main emphasis was on quantitative characteriza-
tion of the fate of several antibiotic resistance markers in agricultural
grassland soils treated with different fertilizers as well as their relation-
ship with main chemical parameters of treated soils. Further follow-up
studies characterizing soil microbial community composition and struc-
ture, pathogen content, as well as the effect of antibiotic residues and
microelements on soil microbial community would be beneficial for
better understanding of development and changes of antibiotic resis-
tant portion ofmicrobial community in the complex environment of dif-
ferently fertilized agricultural soils.

5. Conclusions

Based on the results of the current study, it can be concluded that the
application of cattle slurry and cattle slurry digestate were considerable
sources of targeted ARGs, especially sul1, as well as class I and class II
integron-integrase genes. The application of fertilizers significantly af-
fected the whole bacterial community abundance in soil, as well as
ARGs and integron-integrase genes' possessing organisms' abundances
and proportions in the soil microbial community. As a result of mineral
fertilizer application, tetA abundance and proportion were significantly
increased in the soil microbial community. The application of organic
fertilizers, especially cattle slurry digestate, significantly increased
blaCTX-M abundance and proportion in grassland soil. The strongest ef-
fect of cattle slurry and cattle slurry digestate fertilization on sul1, intI1
and intI2 abundances was notable right after fertilizer application. The
initial increase was followed by a decline of the number of these
genes possessing bacteria, but their abundance did not reach a back-
ground level by the end of the study. The obtained relationships be-
tween soil chemical and genes parameters indicate that sul1, intI1 and
intI2 genes aremainly entrained to soil via cattle slurry and its digestate
fertilization.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.04.035.
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SILVER BIRCH (BETULA PENDULA ROTH) STANDS
KONKURENTSI- JA STRUKTUURIINDEKSITE ANALÜÜS ARUKASE  

(BETULA PENDULA ROTH) PUISTUTE MODELLEERIMISEKS
Professor Henn Korjus, professor Andres Kiviste,  

professor Klaus von Gadow (Georg-August-University, Germany)
9. detsember 2016

URMAS SANNIK
MODEL SYSTEM FOR MONITORING THE RESOURCES OF ANIMAL  

BY-PRODUCTS IN ESTONIAN MEAT INDUSTRY AND ELABORATION OF  
AN INTEGRATED METHOD FOR PROTEIN EXTRACTION

MUDELSÜSTEEM LOOMSE PÄRITOLUGA KÕRVALSAADUSTE  
RESSURSSIDE SEIREKS EESTI LIHATÖÖSTUSES JA VALGU  

EKSTRAKTSIOONMEETODI VÄLJATÖÖTAMINE
Professor Andres Valdmann, vanemteadur Väino Poikalainen, dotsent Lembit Lepasalu

15. detsember 2016

TERJE TÄHTJÄRV
CULTIVAR RESISTANCE AND POPULATION STUDIES OF LATE BLIGHT PATHOGEN 
IN POTATO BREEDING IN ESTONIA KARTULI SORDIRESISTENTSUSE JA KARTULI-
LEHEMÄDANIKUTEKITAJA POPULATSIOONI UURINGUD EESTI SORDIARETUSES 

Professor Marika Mänd, dotsent Eve Runno-Paurson, vanemteadur Aide Tsahkna (ETKI) 
16. detsember 2016

LEILA PAZOUKI
EMISSION, GENE REGULATION AND FUNCTION OF TERPENOIDS IN  

TOMATO (SOLANUM LYCOPERSICUM) AND YARROW (ACHILLEA MILLEFOLIUM) 
TERPENOIDIDE EMISSOONI FÜSIOLOOGILISED JA MOLEKULAARSED 

KONTROLLMEHHANISMID TOMATI (SOLANUM LYCOPERSICUM) JA  
H. RAUDROHU (ACHILLEA MILLEFOLIUM) NÄIDETEL 

Professor Ülo Niinemets
17. jaanuar 2017




