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SUMMARY 

Sufficient safe drinking water is vital for human health, public welfare and an important driver of a 

healthy economy. This drinking water is extracted from groundwater (aquifers) or surface waters, 

and in many countries purified before consumption. About 2 billion people in the world lack 

sufficient safe drinking water, mostly in Africa and Asia. In the European Union about 65 million 

people are exposed to drinking water resources which quality cannot be guaranteed. Further, 

many drinking water resources run the risks of pollution by nitrates and pesticides, resulting from 

the intensification of agricultural production. In response, drinking water authorities have taken a 

range of measures around their drinking water resources to reduce the pressures from pollution, 

and have invested in various purification steps, or in the closure of wells when contamination was 

unacceptably high. In addition, various policy measures have been implemented as a blanket in 

the European Union from the early 1990s onwards to decrease the pollution of drinking water 

resources with nitrates and pesticides. The current view is that not all measures are equally 

effective, and that the protection of drinking water resources has to be improved.  

The overall objective of the EU-project FAIRWAY is óto review current approaches and measures 

for protection of drinking water resources against pollution caused by pesticides and nitrate from 

agriculture in the EU and elsewhere, and to identify and further develop innovative measures and 

governance approaches, together with relevant local, regional and national actorsô.  

The project runs for four years, from June 2017 to June 2021, and combines literature reviews, 

stakeholder interviews and engagement, 13 study sites across the EU-28 where measures are 

tested, analyses of governance approaches and upscaling activities.   

The current report deals with a review and assessment of measures to decrease nitrate pollution of 

drinking water resources. The work builds on insights and results gathered in EU-wide and global 

projects and studies. It provides an overview and assessment of the effectiveness and efficiency of 

measures aimed at decreasing nitrate pollution of drinking water reservoirs. This report is 

deliverable D4.1 of FAIRWAY (Review of measures to decrease nitrate leaching). It complements 

the related deliverable D4.2 (Review of measures to decrease pesticides leaching).  

Chapter 1 describes the background and objectives of the review. Various reviews on measures 

aimed at decreasing nitrate leaching have been published already, but either these reviews 

focussed on single measures or were rather qualitative and descriptive in nature. The novel aspect 

of this review is that the accessible literature has been screened for experimental data related to 

the effectiveness of most measures to reduce nitrate pollution of groundwater and surface waters, 

in a coherent and quantitative manner, using statistical analyses. 

Chapter 2 presents the review methodology. Two surveys were conducted. Firstly, a survey of 

practical guidelines and measures, also at the case study sites, and earlier inventory reports yield 

gross lists of some 40 measures. All these measures were uniformly and concisely described and 

are to be found in Annexes 1 and 2 of this report. Secondly, a survey of published literature was 

conducted to identify papers that reported experimental results on the effectiveness of measures to 

decrease nitrate leaching, using the ISI-Web of Science and Google Scholar from 1980 to 2017. 

The reviews were conducted by different review teams covering different geographical regions 

using an approved protocol. Results were stored in a database and analysed statistically.  

Chapter 3 provides background information about the sources of nitrate nitrogen in agriculture and 

about the processes and factors that contribute to the pollution of groundwater and surface waters 

with nitrates. The nitrogen cycling has been characterised as a leaky cycle and at the same time is 

complex. Main sources are animal manures and synthetic fertilizers, but also residues and wastes, 

and the mineralization of soil organic matter following land use change can be sources regionally. 

Estimates suggest that some 60% of the amounts of nitrogen entering the aquatic system 
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originates from diffuse agricultural sources in EU-28, which is about 6 Tg (1 Tg is 1 million ton is 

1012 g), and equivalent to 60% of the N fertilizer  use in EU-28.  

Chapter 4 presents background information about agricultural systems and land use in EU-28 and 

about management factors that influence nitrogen use in agriculture. The nitrogen input-output 

balance is a synthetic manner for summarizing N use at farm level but also at regional and national 

levels. The chapters also discusses the difficulties of optimizing N fertilization due to site and 

temporal variations in N demands by growing crops.  

Chapter 5 presents information about the hydrological cycle and about the pathways of N transfers 

from land to groundwater and surface waters. The potential risks of runoff and leaching of nitrate 

and nitrogen to surface waters is determined by a combination of pedo-climatic factors and the 

amounts of nitrate and nitrogen in the top soil. Important pedo-climatic factors are: (i) rainfall 

amount and distribution, especially heavy rainfall events, and (ii) water infiltration rate into the soil. 

The latter is determined by slope, soil texture, soil structure, soil depth to underlying rock, 

vegetation cover, snow and frost and freeze-thaw cycles, and the presence of terraces, tree-lines, 

buffer zones, riparian zones, which all contribute to intercepting overland flows. Soils with a high 

nitrate leaching vulnerability have a high infiltration rate and a high hydrological conductivity, such 

as coarse-sandy soils and shallow soils overlying karst formations. 

Chapter 6 provides an overview of measures aimed at decreasing nitrate losses from agriculture to 

groundwater and surface waters. The mean cost-effectiveness of most measures roughly ranged 

from 1 to 5 euro per kg N, but the uncertainty in the cost-effectiveness is large, and some measure 

had higher costs. At farm level, the cost of the measures ranged from a net gain to a cost of more 

than a few thousands euro per year. The rational and effectiveness of 11 key measures have been 

discussed in some further detail, also as basis for a further quantitative analysis in Chapter 7.  

Chapter 7 presents results of the quantitative analyses of the effectiveness of measures that have 

been tested in the field experimentally, using statistical analyses. A total of 84 papers with 228 

experimental comparisons have been examined and utilized for statistical analyses; these papers 

report experimental data related to measures aimed at decreasing nitrate leaching losses. Most 

measures were on average effective, but some measures turn out to be not effective than others. 

Effective measures were (i) N input control, (ii) adjustment of crop type and/or crop rotation, (iii) 

growth of cover crops, (iv) minimum tillage and surface mulching, and (v) nitrification inhibitors. 

Somewhat surprising, fertilizer type and time and method of application turned out to be not 

effective. These initial results need further underpinning. Moreover, the effective measures do 

show a wide variation; the 95% confidence interval of the mean response ratio was often very 

large, which is probably related to site-specific variations in socio-economic and environmental 

conditions.  

Chapter 8 discusses briefly the implications of the findings, also in relation to recent meta-analyses 

studies. Our findings largely confirm the observations of most earlier reports, but some meta-

analysis studies provide also additional and different results. The differences will be examined 

further and reported together with an analysis of ómost promising measuresô.   

Chapter 9 list the most important conclusions of this review. The variability in the effectiveness of 

measures to decrease nitrate leaching losses across site is possibly one of the reasons for the 

widespread existence of groundwater and surface water monitoring stations with nitrate 

concentrations that exceed 50 mg/L, despite the implementation of series of measures during the 

last 2 to 3 decades. It demands for farm-specific packages of measures. This report and the 

forthcoming report on most promising measures will be an important scientific building block for the 

further development of innovative measures and governance approaches for a more effective 

drinking water protection, together with local, regional and national actors. 
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1. INTRODUCTION 

Water is a fundamental human need. Humans require at least 20 to 50 liters of clean, safe water a 

day for drinking, cooking, and simply keeping themselves clean. Sufficient safe drinking water is 

vital for public welfare and an important driver of a healthy economy. According to the World 

Health Organization, safe drinking-water is water that "does not represent any significant risk to 

healthò (WHO, 2017). About 2 billion people in the world lack sufficient safe drinking water. About 1 

million people are estimated to die annually as a result of unsafe drinking-water (WHO, 2018). 

Both, access to and the quality of drinking water are important. Protecting human health from 

adverse effects of unsafe drinking water is a top global priority of the United Nations Sustainable 

Development Goals (UN, 2018).  

The search for pure drinking water began in prehistoric times. Ancient civilizations established 

themselves around water sources. Farming and the development of settlements lead to the 

beginning of the problemï how to get drinkable water for humans and cattle and how to manage 

the waste they produce. The availability of water in large quantities has been considered an 

essential part of human civilizations. The importance of good quality drinking water has been 

known for years, but the importance of proper sanitation was not understood until the 19th century, 

while standards for water quality appeared only in the early 1900s. Only gradually, people 

recognized that their senses alone were not accurate judges of water quality (Baker, 2012; Juuti et 

al., 2007). 

The health effects of nitrate (NO3
-) and nitrite (NO2

-) in drinking water have long been debated 

(LôHirondel, 2001; Bryan and Van Grinsven, 2013). The 1958 WHO International Standards for 

Drinking-water stated that the ingestion of water containing nitrates in excess of 50ï100 mg/l (as 

nitrate) may give rise to methaemoglobinaemia in infants under 1 year of age (Schullehner et al. 

2018). In the 1963 International Standards, this value was lowered to 45 mg/l (as nitrate), which 

was retained in the 1971 International Standards. The current guideline values are 50 mg/l for 

nitrate ion and 3 mg/l for nitrite; they are meant to protect against methaemoglobinaemia in bottle-

fed infants (WHO, 2017). 

Nitrate in groundwater and surface waters originates primarily from nitrogen fertilizers and manure 

storage and spreading operations, and from sewage waste and septic systems, The global 

amounts of nitrate-nitrogen lost from sewage and septic systems to groundwater and rivers greatly 

differ between countries; averages range from 1 to 6 kg of nitrogen per person per year (Van 

Drecht et al., 2009). Global losses from fertilizers and manures are a factor 2 to 4 larger (Beusen 

et al., 2016). Nitrogen that is not taken up from soil by plants may be lost to surface waters and 

groundwater as nitrate via surface runoff and leaching (Burt et al., 1993). This makes the nitrogen 

unavailable to crops and increases the nitrate concentration in groundwater and surface waters 

(Sutton et al., 2011). 

The pollution of groundwater and surface waters with nitrate has shifted in scale from local in the 

past to regional and continental dimensions currently (Burt et al., 1993). Mean nitrate 

concentrations in groundwater have remained relatively stable in Member States of the European 

Union (EU) since 1992, although there is wide variation at the scale of individual groundwater 

bodies. Approximately 13 % of the stations across EU in 2009, exceeded the 50 mg/l limit (EC, 

2014). Pristine lakes and rivers have a nitrate concentration of about 0.1 mg NO3
- N per liter. The 

mean nitrate concentration in European rivers ranged between 0.5 and 5.0 mg N per liter in 2012, 

suggesting a 5 to 50 times increase relative to background concentration levels (EEA, 2015). 

However, the average nitrate concentration in European rivers reduced 0.5 mg NO3-N per liter 

during the period 1992 to 2012, as a result of various measures.  
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The European Union (EU) has developed a series of directives, guidelines and policies over the 

last decades to decrease the pollution of drinking water sources by nitrates from agriculture, 

industry and households. The requirements of the EU Drinking Water Directive set an overall 

minimum quality for drinking water within the EU. The EU Water Framework Directive, the 

Groundwater Directive, and the Nitrates Directive require Member States to protect drinking water 

resources against nitrate pollution in order to ensure production of safe drinking water.  

The aforementioned directives have as yet not achieved a consistent level of implementation and 

effectiveness across all Member States. As a consequence, limits for nitrate (50 mg/l) are still 

exceeded in some areas with vulnerable water resources. Diffuse pollution of nitrogen from 

agriculture is the main obstacle to meeting the Drinking Water Directive targets for nitrate and 

nitrite.  

Various measures and good agricultural practices have been developed and implemented in 

practice at farm level in the EU. These measures and practices have been successful in some 

regions but not in all (Dalgaard et al., 2014). There is a huge diversity within the EU in farming 

systems, climate, geomorphology, hydrology, soils, education level of farmers, quality of extension 

services, and type of water supplies, which means that site-specific measures and good practices 

are required to decrease nitrate pollution of drinking water resources. Coherent site-specific 

packages of measures are needed. However, the critical success factors that determine the 

effectiveness of these measures on a site by site basis are not well-known. It has been recognized 

in several studies and working groups that environmental directives and the Common Agricultural 

Policy should be better integrated when focusing on the protection of drinking water resources. 

The possibility of an integrated risk assessment and risk management by using Water Safety 

Plans, which was recently included in the Drinking Water Directive, is generally welcomed as a 

vehicle to become more flexible and proactive. In general, there is a growing consensus that good 

water governance is an essential prerequisite for water management since multiple actors may 

contribute to pollution. 

There are several excellent reviews about nitrates from agriculture in groundwater and surface 

waters and about measures to reduce the loss of nitrate from agriculture (e.g., Addiscott et al., 

1991; Burt et al., 1993; Goulding, 2000; Kirchmann et al. 2002; Mosier et al., 2004; Osterburg et 

al., 2007; Hatfield and Follett, 2008; Sutton et al., 2011; Cost869, 2011). Most of our current 

understanding of the mechanisms of nitrate losses from agriculture and of the measures to reduce 

these losses has been established in 1950s to 2000s, and much of the experimental testing of 

measures to reduce losses has been conducted in that period. Thereafter, simulation took over 

much to the scientific studies on nitrate losses from agriculture (e.g., Thomassen et al., 1991). This 

does not mean that no testing has been done during the last 2 or 3 decades, but that the 

experimental testing was often done in function of model calibration and validation. As a result, 

there are a large number of simulation models that are able to estimate the effects of measures to 

reduce nitrate leaching, as function of climate, soil, hydrology, and agricultural management 

conditions (Table 1).  

Most of these models have only been applied to the region for which they were developed. The 

models differ from each other with respect to: 

- The aim for which they were developed (academic research, water management tool, policy 

advise) 

- The spatial scale on which they are applied 

- The type of output they can produce (nitrate fluxes and/or concentrations; groundwater and/or 

surface waters) 

- The type of process descriptions that are implemented and the temporal simulation scale 
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Table 1 lists a number of simulation models for the field scale and the regional scale estimation of 

nitrate losses. All the models listed are able to calculated nitrogen losses from the root zone, but 

not all the field scale models consider transport routes to groundwater and / or surface waters. 

Most of the field scale models have a strong focus on the organic matter and nitrogen cycle in the 

root zone and how these are influenced by agricultural management.   

Table 1 Overview of simulation models used to estimate nitrate leaching at the field scale and/or 

the regional scale. 

Models Country 

of origin 

Model ability to calculate output References 
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Field scale, detailed process descriptions 

ANIMO NL + + +  Groenendijk et al, 2005 

ARMOSA IT +    Perego et al, 2012 

CANDY GE +    Franko et al, 1995 

CoupModel 

(successor of SOILN) 

SE + +   Jansson & Karlberg 

DAISY DK +    Abrahamsen & Hansen, 2002 

DNDC USA +  +  Li et al, 2006 

Daycent USA + + +  https://www2.nrel.colostate.ed

u/projects/daycent/ 

DRAINMOD-N USA + + +  Brevé, et al, 1997 

EPIC USA +    Williams et al, 1989 

HERMES GE +  +  Kersebaum, 2007 

HYDRUS-1D USA + +   ĠimŢnek et al, 2008 

LEACHM-N USA +    Wagenet & Hutson, 1989 

NLES DK +  +  Kristensen, et al 2008. 

PASTIS FR +    Garnier et al 2001 

SIMWASER-

/STOTRASIM 

AT +    Feichtinger, 1998 

WAVE BE +    Vanclooster et al., 1996 

Catchment scale, distributed models 

GEPIC (EPIC based) Int +    Liu et al, 2007 

HYPE SE +  +  Strömqvist, J.,2012 

INCA-N GB +  + + Wade et al, 2002 

Danish National NȤ

model (DAISY linked) 

DK + + +  Højberg et al., 2017 

GROWA-

DENUZ/WEKU 

GE + + +  Wendland et al, 2009 

MITERRA-Europe NL +  +  Velthof et al., 2009 

STONE (ANIMO-link) NL + + +  Wolf et al, 2003 

SWAT Int +  + + Arnold et al, 2012 

 

Despite the implementation of a range of policy measures since the early 1990s, the nitrate 

problems still persist across EU-28, although less severe than in the 1990s-2000s (EEA, 2015). 

There are various reasons for explaining why policy measures have been less effective than 

initially thought (e.g. Sutton et al., 2011). A main reason is that nitrogen is a key input in agriculture 

for crop and animal productivity, and that the nitrogen cycle is a leaky cycle. Another possible 

reason is that measure to reduce nitrate losses from agriculture to water bodies are perhaps less 

effective (quantitatively) than initially thought, and/or less effective in practice than in experimental 

conditions.  
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The overall objective of the FAIRWAY project is to review current approaches and measures for 

protection of drinking water resources against pollution caused by nitrate and pesticides from 

agriculture in the EU, and to identify and further develop innovative measures and governance 

approaches for a more effective drinking water protection (https://www.fairway-project.eu/). The 

project started in June 2017 and will last till June 2021. FAIRWAY has 8 work packages and 13 

case-study sites in 11 countries across the EU. Work package 4 has the objective to review and 

assess measures and practices aimed at preventing and decreasing nitrate and pesticides 

pollution of drinking water.  

The current report deals with a review and assessment of measures and practices to decrease 

nitrate pollution of drinking water. The work builds on insights and results gathered in EU-wide and 

global projects and studies. It provides an overview and assessment of the effectiveness and 

efficiency of measures and practices aimed at decreasing nitrate pollution of drinking water 

reservoirs. The first chapters provide a qualitative overview of sources and factors that contribute 

to nitrate pollution of groundwater and surface waters, as a basis for understanding the measures 

aimed at decreasing nitrate pollution. Chapters 6 and 7 then provide qualitative and quantitative 

analyses of the effectiveness of the measures that have been tested in the field experimentally, 

using statistical analyses. This report is deliverable D4.1 of FAIRWAY (Review report on effective 

nitrate leaching mitigation measures and practices). It complements the related deliverable D4.2 

(Review report on effective pesticides leaching mitigation measures and practices).  

The novel aspect of this study is that the accessible literature has been screened for experimental 

data related to the effectiveness and efficiency of basically all measures to reduce nitrate pollution 

of groundwater and surface waters, in a coherent and quantitative manner, using statistical 

analyses. The current report provides an overview of the measures and practices and overall 

statistical results, while the forthcoming report ñMost promising measures to decrease nitrate 

pollutionò (FAIRWAY deliverable 4.3) and accompanying scientific papers will present the results of 

an in-depth meta-analysis.  

  

https://www.fairway-project.eu/
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2. REVIEW METHODOLOGY 

This chapter presents a brief overview of the process and procedures related to the execution of 

the review. A total of 16 institutions across EU-28 have been involved in the review process, 

including, Aarhus University, ADAS, Agri-Food & Biosciences Institute, Aristotle University of 

Thessaloniki, BGRM,  CLM, Coimbra Polytechnic Agri. School,  GEUS, ICPA, Kmetijsko gozdarski 

zavod Maribor, LWK (Chamber of Agriculture), SEGES, Thünen Institute, University of Ljubljani, 

University of Lincoln, Wageningen Research, and Wageningen University. 

2.1 LITERATURE REVIEW PROCEDURES 

Measures to prevent and reduce the risk of surface runoff and leaching can be categorized 

according to the source-pathway-receptor concept, i.e. there are (i) source-based measures, (ii) 

pathway-based measures, and (iii) receptor or effects-based measures. Examples of source-based 

measures are appropriated storage of animal manures and fertilizers, balanced fertilization, and 

prohibition periods for and restrictions on the application of manures and fertilizers. Examples of 

pathway-based measures are irrigation measures, drainage, buffer strips, green covers, terracing. 

Examples of receptor or effects-based measures are dredging and, creation of riparian zones, etc.  

The review presented in this report focusses mainly on source-based measures and pathway-

based measures. At the start, a protocol was written and discussed by all partners involved in the 

review. The purpose of the protocol was óto provide guidance for a uniform, effective and efficient 

literature review and assessment of measures aimed at decreasing pollution of drinking water 

resources by nitratesô. Two types of reviews were made (i) a qualitative review of measures, 

practices and factors that affect nitrate pollution of groundwater and surface waters, and (ii) a 

quantitative review of the effectiveness and efficiency of measures, based on experimental studies 

in the field.   

The qualitative review focussed on the processes and factors that control the pollution of 

groundwater and surface waters with nitrates from agricultural sources. The results of this review 

are presented in Chapters 3 to 6. This review yielded also a so called ólonglistô of possible 

measures to reduce nitrate pollution of groundwater and surface waters. The measures of the 

longlist were characterized using a common format (Table 2). The longlist of measures are derived 

from literature review and are presented in Annexes 1 and 2 of this report.  

Next, a systematic search was performed through online databases, and a local/expert based 

search was done throughout Europe. The aim of the local search was to find high quality studies 

which are not easily accessible through online databases, but which contain valuable data. The 

criteria used for this search were; (1) well documented (peer reviewed or reports), (2) the 

article/report should provide the results of one or more experiments to decrease nitrate leaching to 

groundwater/surface waters, (3) the article/report should present quantitative data of results and 

statistics to enable a meta-analysis. For the online systematic search online databases were used; 

CAB-Abstract/Ovid and Web of Science. Query criteria used: 

(nitrate and (leaching or drain* or "surface water" or groundwater or "ground 

water" or runof*) and (mitigat* or measure)  and (effect* or reduct* or 

decreas*) and(treatment or "field trial" or experiment))  

 

Other options involved excluding of the key ñmodel*ò and including the key word ñagricult*ò. The 

final search yielded 496 results 

(nitrate and (leaching or drain* or "surface water" or groundwater or 

"ground water" or runof*) and (mitigat* or measure) and (agricult* or 
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farm* or crop* or field*) and (effect* or reduct* or decreas*) 

and(treatment or "field trial" or experiment) not (model*))  

CAB-Abstract/Ovid 121 records 

Web of Science 496 records 

  

In addition, University and Institute libraries were examined in Member States of the European 

Union, also because a significant fraction of the research on measures to reduce nitrate leaching 

and surface runoff has been conducted before the 1990s and 2000s when it was still common to 

publish the results in reports and documents. These reports and documents quite often have not 

been digitalized and made available to the international scientific audience and as such are not 

traced by the search machines of Google Scholar and Scopus.  

Data and results of reviewed reports and articles were collected in Excel spreadsheets in a uniform 

manner. The Excel spreadsheets were subsequently transferred to a database for statistical 

analyses (see section 2.1). Annex 3 presents the list of references of the studies that have been 

examined. 

Table 2. Format for the description of measures of the so-called longlist of measures presented in the 

Annexes 1 and 2.  

Name of the 

measure 

Explain the measure in one sentence 

Description Brief characterization of the measure in maximal three sentences; what is 

(are) the action(s) of the land manager/farmer/citizen 

Mode of action Brief description of the mechanism(s) of the measure in maximal three 

sentences, addressing the following possible mechanisms: 

¶ Reduction / substitution of contaminant input   

¶ Modification of pollution pathway  

¶ Re-design of the system 

Expected 

effectiveness 

Decrease of pollution (concentration or load); select one answer out of five 

options: 

¶ High: >25% decrease in concentration/load 

¶ Moderate: 10-25% decrease in concentration/load 

¶ Low: 5-10% decrease in concentration/load 

¶ Insignificant: <5% decrease in concentration/load 

¶ Unknown 

Expected 

implementation cost 

Economic cost, in euro per ha of utilized agricultural land; select one 

answer out of five options: 

¶ Low: < 10 euro per ha 

¶ Moderate: 10-50 euro per ha 

¶ High: 50-100 euro per ha 

¶ Very high: >100 euro per ha 

¶ Unknown 

Underpinning of the 

measure 

Is the measure well examined, as shown by various reports; 

select one answer out of four options: 

¶ Yes (> 5 reports) 

¶ Partly (1-5 reports) 

¶ No (Ò 1 report) 

¶ Unknown 

Applicability of the 

measure 

Is the measure widely applicable; select one answer out of four options: 

¶ Yes (on more than 75% of the agricultural land) 

¶ Partly (on 25-75% of the agricultural land) 

¶ No (on <25% of the agricultural land) 

¶ Unknown 
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Name of the 

measure 

Explain the measure in one sentence 

Adoptability of the 

measure 

Do the land managers/farmers/citizen adopt the measure easily; select one 

answer out of four options: 

¶ Yes (more than 75% of the addressees) 

¶ Partly (on 25-75% of the addressees) 

¶ No (on <25% of the addressees) 

¶ Unknown 

Other benefits Does the measure contribute to beneficial side-effects; select one or more 

answers out of four options: 

¶ Yes, decreases energy costs 

¶ Yes, decreases greenhouse gas emissions 

¶ Yes, decreases ammonia emissions 

¶ Yes, contributes to landscape diversity 

¶ No 

¶ Unknown 

¶ Other: please specify 

Disadvantages (other 

than implementation 

costs and labour) 

Does the measure contribute to negative side-effects: 

select one or more answers out of four options: 

¶ Yes, decreases crop yield 

¶ Yes, decreases crop quality 

¶ Yes, decreases soil quality and biodiversity 

¶ Yes, contributes to (more) pest and diseases 

¶ No 

¶ Unknown 

References Provide up to three key literature references 

 

 

 The flowchart below shows the general lay-out of the protocol of the review. Each block 

represents a set of questions, as described in the Excel spreadsheet and here further below: 

(i) Contributor: information on person(s) who did the data collection 

(ii) Reference: Two option available, 1) peer reviewed articles, and 2) book or report. This 

last category includes so-called ógrey literatureô.  

(iii) Number of measures: the number of measures described in the literature source. 

(iv) Pollution type: Nitrate or pesticides or both. 

(v) General information: Data about the location, land use, soil type etc. This information is 

used to categorize and specify the results (and effectiveness of the measure). 

(vi) Control treatment: Describe the characteristics of the reference or control situation. This 

information is essential for estimating the effectiveness and efficiency of the 

measure(s). 

(vii) Measure: Describe briefly the characteristics of the tested measure. 

(viii) Effectiveness: Describe the test results, in terms of reduced leaching and/or loading of 

the pollutant. 

(ix) Economic cost: Describe the operational (running) economic cost of the tested 

measure, in euro per ha per year, compared to the control (reference) treatment.   

 

In the review, common definitions were used, as follows:  

Measure: an agro-management technique, or a change in an agro-management technique, 

applied at field, farm, landscape and/or water basin levels. A measure often involves a plan or 

action to achieve a particular purpose. Measures may relate to (changes in) crop types, rotations, 
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cover crops, soil tillage and cultivation, fertilization, irrigation, drainage, pest and disease 

management, weed management, harvesting, machines and trafficking, landscape management, 

etc.  

Effectiveness: The extent to which the objectives have been achieved, i.e., the extent to which the 

pollution of drinking water resources by nitrates and pesticides have decreased. The effectiveness 

can be expressed in different units; here we propose to use the decrease in pollutant concentration 

(mg/l, or µg/l) or pollutant load (kg/ha/year or g/ha/yr), depending on the results available in the 

literature source.1 

Efficiency: The extent to which the desired effects are achieved per unit of cost. The term refers 

also to ñcost effectivenessò, which is expressed as ratio of the effect achieved  and the costs 

required (e.g. mg nitrate per litre per euro or µg pesticides per litre per euro).     

Applicability: Applicability is the extent to which a measure can be implemented in practice 

(without the special provisions that can be made during a research or experiment). Applicability is 

expressed in the percentage of the area where the measure can be implemented in practice 

without much difficulty.  

Willingness (or adaptability): the extent to which stakeholders implement the measures without 

additional incentives and, if necessary, maintain the extra facilities that have to be taken. 

Willingness is expressed in the percentage of stakeholders who implemented the measure(s) 

without external incentives. 

The literature review was divided among the FAIRWAY partners involved, according to regions.  

Five regions have been distinguished, as follows:  

Central EU: Czech, Slovakia, Hungary, Romania, Bulgaria, Slovenia, Croatia, Bosnia, Serbia 

Central ï northern EU: Poland, Germany, Austria, Switzerland, Baltic States 

Mediterranean: Andorra, Portugal, Spain, Italy, Greece,  

Scandinavia: Denmark, Norway, Sweden, Finland, Iceland 

Western Europe: Ireland, United Kingdom, Netherlands, Belgium, France 

The world outside EU: America, Australia, Asia 

 

 

2.1. Quantitative analysis of the effect size of measures 

The results discussed in this report are based on literature study and statistical analyses. There 

are roughly three approaches to express the effects of measures.  

The first approach applied in this report through simple response ratios, which is the nitrate 

leaching loss from a treatment measure divided by the nitrate leaching loss of the reference 

treatment (control treatment), according to 

RR = YT/YC 

where RR is the response ratio (dimensionless; or percentage), YT is the measured result 

(expressed in terms of nitrate concentration in groundwater or surface waters, or in terms of soil 

mineral N, or N surplus) of the treatment measure, and YC is the measured result of the reference 

treatment or control treatment. The latter is usually current practice or conventional practice. The 

ratio may vary from 0 to more than 1; a value smaller than 1 indicates that the treatment measure 

decreases the nitrate leaching loss relative to the reference treatment. A ratio of 1 means no effect. 

                                                
1 Effectiveness is also interpreted in terms of bridging the gap between actual concentration (or load) and target 

concentration (or load). However, here we prefer the first mentioned notation and units, also to allow a uniform 

statistical analysis 
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Instead of a relative comparison of nitrate leaching loss, the response ratio was sometimes derived 

from a comparison of nitrate concentration in waterbodies or from the amounts of soil mineral N in 

the soil between treatments, depending on the availability of the data in the reviewed publications.  

A second approach is to express the effectiveness in terms of relative effects, i.e., the ratio of the 

treatment measures, corrected for the reference treatment, and the reference treatment according 

to 

 

T C T

C C

1
Y Y Y

ES
Y Y

-
= = -

  

where ES is the effect size (dimensionless; or percentage). In case a treatment measure does not 

result in a (significant) different outcome than the reference treatment, then ES = 0. For YT > YC 

this results in ES > 0, and vice-versa. 

A third approach is the one used in most meta-analyses studies; the means and standard 

deviations of the effects are determined based on ln-transformed ratioôs (following the protocol of 

Hedges et al (1999) as given by  
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Once the ln-transformed average ratio (and standard deviation) are known, it can be back-

transformed to obtain the average effect size according to 

 
avg avgexp 1ES Lè ø= -

ê ú   

Similarly the confidence interval for ES can be determined by back-transforming the confidence 

interval limits for L. The reported average ES is significant when the available confidence interval 

(based on standard deviation) does not include the value zero. Formal meta-analysis studies often 

are based on the ln-transformed approach, whereas single studies and some reviews mostly 

consider the effect size or the response ratio RR=YT/YC. 

In this report, we estimated and used RR (see chapter 7), because it is the most straightforward 

expression of the response of a measure. The data as collected through the structured data review 

from the Excel sheets was processed in the statistical software programme R, following a careful 

check of all data manually, so as to obtain a good quality and uniform database. Main focus during 

the processing was on homogenizing units of measurement and setting the right reference 

treatment. This was done to optimize the calculation of the response ratio for each treatment in 

each study.  

The collected data was divided in categories based on the already identified measures in the 

shortlist. For each category of measures the reference was defined and this was applied to all 

individual treatments, in this way the uniformity between studies was optimized. 

As general analysis the response ratios for each study within a category were combined and a 
summery effect ratio was calculated for each measure. In the case of input control there was a 
clear relation between effectiveness and amount of reduction, so a linear regression was applied to 
study the relation. However further analysis of co variables and the fitting of a random effect model 
will be done as next step in this research to identify the most promising measure included in the 
database. 
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Figure 1. Flowchart of the quantitative literature review of measures to reduce nitrate leaching (this report) 
and measures to review pesticide leaching (reported in the related report by Commelin et al., 2018). 
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3. THE NITROGEN CYCLE AND NITROGEN TRANSFORMATION 

PROCESSES 

 
This chapter presents a brief overview of the global nitrogen cycle and of the nitrogen 

transformation processes. Nitrogen cycling and transformations are influenced by a range of 

processes and factors, which in the end influence both the production and transport of nitrate and 

thereby the pollution of groundwater and surface waters by nitrates. Nitrogen cycling is strongly 

associated with carbon cycling and with the cycling of water and other nutrients. Figure 2 presents 

an illustration of the nitrogen cycle of soil-plant systems. It shows how nitrate (NO3
-) leaching is 

connected to a range of nitrogen pools and transformation processes, which ultimately affect the 

magnitude of nitrate leaching. In addition, N leaching losses may occur via dissolved organic N 

(DON), and also as ammonium (NH4
+) in sandy and volcanic soils (Addiscott et al., 1991; Burt et 

al., 1993; Hatfield and Follett, 2008). 

Understanding the sources, pools and transformation processes, as well as the factors that 

influence the sources, pools and transformation processes is needed for evaluating the 

effectiveness of measures to decrease nitrate leaching.  

 

Figure 2. Nitrogen cycle in soil-plant systems. Circles indicate pools, boxes with dashed lines are processes, 

light-grey boxes with solid lines are inputs, and dark-grey boxes with bold lines represent outputs (Source: 

Bouwman et al., 2009). 

3.1 NITROGEN CYCLING AND TRANSFORMATION PROCESSES 

Nitrogen (N) occurs in different forms and transforms from one form into the other almost endlessly 

(Figure 3). Molecular nitrogen (N2) is the dominant constituent of the atmosphere and the most 

abundant N form on earth (Galloway et al., 2003; 2004. Only a few microorganisms have the 

capability to utilize (fix) N2, converting it to organically bound N. The Haber-Bosch process 

converts N2 into ammonia/ammonium (NH3/NH4
+) in a physical-chemical manner (Smil, 2001). The 

NH3/NH4
+ can be taken up by plants (assimilation). Following the senescence of plants and 

organisms, the organic-N is transformed again into NH3/NH4
+ (through mineralization). Autotrophic 

bacteria can utilize the energy contained in NH3/NH4
+  through nitrification. Thereby, the oxidation 
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status increases from -3 in NH3/NH4
+  to +5 in nitrate (NO3

-). The  NO3
- can be taken up by plants 

(assimilation) or it is denitrified to nitrous oxide (N2O) and to di-nitrogen (N2) in anaerobic 

environments through heterotrophic bacteria or it can be leached to water bodies. Molecular N (N2) 

may be formed also through anaerobic ammonium oxidation (anammox; NH4
+ + NO2

- Ÿ N2 + 

2H2O), by chemoautotrophic bacteria (Galloway et al., 2008). 

 

Figure 3. Processes of the N cycle and the related changes in the oxidation status of the N forms. The 

oxidation status (vertical axis) ranges from +5 in nitrate (NO3
-) to +3 in nitrite (NO2

-), to +2 in nitrogen oxide 

(NO), to +1 in nitrous oxide (N2O), to 0 in di-nitrogen (N2), and -3 in ammonia (NH3), ammonium (NH4
+) and 

amines (C-NH2). The N forms NH3, N2, N2O, NO, NOX are gaseous at temperature at the earth surface; the 

N forms NO3
- and NH4

+ and some organic N forms (DON) are readily soluble in water. This makes N ódouble 

mobileô (Smil, 2001). 

A distinction is often made between reactive and non-reactive N. Reactive N (Nr) includes all forms 

of nitrogen that are biologically, photochemically, and radiatively active. Forms of nitrogen that are 

reactive include ammonia (NH3), ammonium (NH4 +), amines (and other metabolizable organically 

bound N), nitrous oxide (N2O), nitrogen oxide (NO), nitrite (NO2
-), and nitrate (NO3

-).These forms 

are all involved in short-term cycling in the biosphere. Reactive forms of nitrogen support plant 

growth directly or indirectly and are capable of cascading through the environment and have 

impact through smog, acid rain, eutrophication, biodiversity loss, etc. Dominant forms of non-

reactive N is N2, which makes up about 80% of the atmosphere, and the N locked-up in deep 

sediments and rock. These N forms do not contribute directly to environmental impacts (Galloway 

et al., 2008; Sutton et al., 2011; Fowler et al., 2013). 

Figure 4 presents a quantitative picture of the global N cycle. The atmosphere, sediments and 

terrestrial rock have the largest pools of N, but this N is largely ónon-reactiveô. Large amounts of N 

cycle between atmosphere, terrestrial biosphere (agriculture and the urban and natural 

environments) and the marine biospheres (oceans, lakes). The cycling of N is related to the 

reactivity and mobility of the different N forms (Figure 3) and the presence of energy sources for 

transport. Sunlight fuels photosynthesis, the hydrological cycle (evapotranspiration) and wind and 

water currents (in combination with gravitational energy and internal particle energy). Natural 

gravity and the internal energy of particles govern the earth motion (seasonal and diurnal cycles), 

the physical interaction between elementary particles, including diffusion, and the physical 

transport of particles. The heat (energy) in the core of the earth governs tectonic uplift and volcanic 

activity (Smil, 2017). Humans have strongly influence the N cycle during the last few centuries, 
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especially from the 1950s, with the help of fossil energy sources and technological developments 

(Smil, 2000).  

*  

Figure 4. Global nitrogen cycle, showing the dominant flows of N between atmosphere and the natural 

terrestrial area, the anthropogenic area (agricultural + industrial + urban), and the marine area. Arrows 

indicate the approximate size of the N flows, in Tg N per yr. Numbers in boxes refer to the size of the N pool 

of that compartment, in Tg N. Note that the transport of N from anthropogenic sources to the natural 

terrestrial and marine areas occurs mainly via the atmosphere and rivers. The magnitude of some flows are 

rather uncertain. Compilation of data from Smil (2001), Fowler et al (2013), Schlesinger and  Bernhardt 

(2013).    

The global N cycle is strongly influenced by anthropogenic activities. The changes in human diets 

towards more animal-derived protein have increased the total amount of N needed (to deliver the 

food of one person) to more than 100 kg per person per year in Europe (Smil 2013; Westhoek et al 

2014). More than half of the food eaten by humans is produced now using N fertilizer from the 

Haber-Bosch process (Smil 2001; Erisman et al 2008). The industrial N2 fixation is now as large as 

or larger than the biological N2 fixation in the terrestrial system. In addition, large-scale 

deforestation and soil cultivation have increasingly mobilized N from the soil organic N pools, 

which have subsequently contributed to the increased N losses from the terrestrial system to the 

aquatic/marine system and to the atmosphere (Galloway et al 2008).  

3.2 NITROGEN USE AND LOSSES IN AGRICULTURE 

Nitrogen is needed in food and feed production in relatively large quantities for the production of 

amino acids (protein), nucleic acids and chlorophyll in plants. That is why farmers apply manures, 

composts and N fertilizers, to boost crop production. Synthetic N fertilizers became available and 

affordable in affluent countries from the 1950s and more recently in almost all countries (Smil, 

2000). The availability of N in agriculture increased during the last 100 years also through the 

increased production of leguminous crops (beans, pulses, clover and alfalfa) that fix N2 biologically, 

through energy combustion that increases in NOx emissions and N deposition, and through the 
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increased production of animal manures, and residues and wastes from industries and households 

(Herridge et al., 2008; Davidson, 2009; Sutton et al., 2013). 

The N cycle in agriculture has been characterized as a leaky N cycle, because of the many 

opportunities of N molecules to escape (Figure 5). Nitrogen enters agriculture either via synthetic 

fertilizers, biological N2 fixation or atmospheric deposition. In addition, there is recycled N within the 

agricultural system, in the form of animal manure, compost, crop residues and mineralization of 

soil organic matter. Nitrogen leaves the system via harvested crop and animal products and via 

losses of various N forms to air and water (Figure 5). 

 

Figure 5. The leaky N cycle in agriculture, illustrated through the óhole-in-the-pipeô concept. ñNewò N enters 

agriculture via N fertilizers, biological N2 fixation and atmospheric deposition. In addition, there is internal 

recycling of N via animal manures and crop residues. Nitrogen leaves agriculture in harvested crop and 

animal products, and via gaseous N losses to the atmosphere and dissolved and particulate N forms to 

groundwater and surface waters via leaching, overland flow and erosion (Oenema et al., 2009).   

The increased availability of N in agriculture has increased the losses of N to air and water bodies 

(Figure 5). Emissions of N to the wider environment occur via various N forms (NH4
+, NH3, N2, 

N2O, NO, NO2
-, NO3

-), which can lead to problems related to human health and ecosystem 

degradation. The volatilization of ammonia (NH3), leaching of nitrate (NO3
-), and the emissions of 

di-nitrogen (N2), nitrous oxide (N2O) and nitrogen oxide (NO) following nitrification-denitrification 

reactions are the main N loss pathways from agricultural systems and food systems. Possible 

human health and environmental effects of this reactive N include a decrease of human health, 

due to NH3 and NOx induced formation of particle matter (PM2.5) and smog, plant damage through 

NH3 and through NOx induced tropospheric ozone formation; a decrease of species diversity in 

natural areas due to deposition of NH3 and NOx; acidification of soils because of deposition of NH3 

and NOx; pollution of groundwater and drinking water due to nitrate leaching; eutrophication of 

surface waters, leading to algal blooms and a decrease in species diversity; global warming  

because of emission of N2O; and stratospheric ozone destruction due to N2O (Sutton et al., 2011).  
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3.3 NITROGEN USE AND LOSSES IN EU-AGRICULTURE 

Fertilizer N use in Europe increased rapidly between 1950 and 1990, but stabilized thereafter at a 

level of about 10-11 Tg per year (Figure 6; Erisman et al., 2008; Sutton et al., 2011; Sutton et al., 

2013). For comparison, the use of phosphorus (P) and potassium (K) fertilizer use are also shown 

in Figure 6; these are the most important nutrients next to N. Global N fertilizer use has increased 

from about 10 Tg in 1961 to almost 110 Tg in 2012, but there are large differences between 

continents. Fertilizer N use in Africa is staggering at a level of about 1-2 Tg per year during the last 

decade, while fertilizer N use in Asia has rapidly increased during last three decades by on 

average 2 Tg per year (not shown). The rapid decrease in European N use around 1990 is mainly 

related to the political restructuring of Eastern and Central Europe at this time. The slow decrease 

in fertilizer use in Europe between 1990-2010 is mainly related to EU agri-environmental policy. 

The rapid increase in N fertilizer use between 1950s and mid-1980s, concomitant with the rapid 

intensification of livestock production in EU in this period are at the base of the nitrate problems in 

groundwater and surface waters in EU. The total amounts of N in manure produced (~10 Tg/yr) 

were roughly similar to the annual use of fertilizer N (~11 Tg/yr) in the EU during the last 10 years 

or so. In addition, there were inputs via biological N2 fixation (about 1 Tg/yr ) and atmospheric 

deposition (2 to 3 Tg/yr) (De Vries et al., 2011). 

About 50 to 60% of the total N input to crop land via animal manure, fertilizer, biological N2 fixation 

and atmospheric deposition is recovered in harvest crop in the EU. The remainder is lost from the 

crop land to the wider environment via ammonia volatilization, denitrification, leaching, overland 

flow and erosion. The losses to the environment in the EU are not well-known; the estimated total 

leaching losses, denitrification, and surface run-off differ by a factor of two between studies. 

Estimated N inputs to groundwater and surface waters range from 2.7 to 6.1 Tg in 2000 (De Vries 

et al., 2011).  

  

Figure 6 Consumption of nitrogen (N), phosphorus (P), and potassium (K) fertilizers in Europe (left panel) 

and the world (right panel) between 1961-2012. Note the differences in Y-axis. Data source: FAOSTAT. (1 

Tg = 1 million ton = 1012 gram) 

Figure 7 shows the spatial distribution of N losses from terrestrial systems to the aquatic system 

(groundwater, rivers, lakes and seas) in the EU-27 for the year 2002. The pie diagram at the right 

side shows the split of the various N sources for the aquatic system. The contribution from 

agriculture is nearly 60%. Sewage systems contribute 22%. Minor inputs are from atmospheric 

deposition (mainly from agriculture and industry) and natural systems. The bar diagram at the right 

side shows which countries contribute most N into the aquatic system. Clearly, the loss of N 

(nitrate, NO3
-) originates from many different sources, which are diffusely spread across EU-27, 

with the exception of the sparsely populated northern parts of Scandinavia and Scotland. Within 

this huge spatial variability various hot spots can be found, notably in Western Europe. The 
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estimations shown in Figure 7 have not been checked and corrected by estimations at national 

scales by experts from Member States.  

 

Figure 7. Spatial distribution of N losses from terrestrial systems to the aquatic system (groundwater, rivers, 

lakes and seas) in the EU-27 for the year 2002. The pie diagram at the right side shows the N sources and 

the bar diagram shows the contributions of the member states in 2002. The map, pie and bar diagrams are 

based on various data sources and model calculations (Leip et al., 2011). 

  












































































































































































