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Abstract 21 

Water resources protection co-occurring with intensive agriculture brings major challenges in 22 

Europe including groundwater contamination with nitrate (NO3
-). Due to non-compliance with 23 

the EU Nitrates Directive, some intensive agricultural member states have been penalized by 24 

European jurisdiction, putting them under great pressure to reduce groundwater NO3
- 25 

concentrations. This review summarizes the situation of groundwater NO3
- pollution in 26 

Germany, Denmark and Ireland, critically compares the measures taken to improve it, and 27 

identifies potentials for improvement and mutual learning. Denmark is often considered a 28 

leader in the field with the NO3
- countermeasures program being continuously developed since 29 

1985. However, impacts on agriculture productivity and crop quality are evident. Also Ireland 30 

considers NO3
- one of the decisive water quality problems, but differs in hydrogeological setting 31 

and drinking water management. Climate change is expected to massively aggravate 32 
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challenges to all affected countries by causing scarcity of water resources and increasing the 33 

pressure on water quality.  34 

 35 

Kurzfassung 36 

Der Schutz der Wasserressourcen in Verbindung mit intensiver Landwirtschaft und daraus 37 

folgenden Nitratbelastungen bringt in Europa große Herausforderungen mit sich. Aufgrund der 38 

Nichteinhaltung der EU-Nitratrichtlinie wurden einige Mitgliedstaaten mit intensiver 39 

Landwirtschaft von der europäischen Rechtsprechung bestraft, was sie unter großen Druck 40 

setzt, die Nitratkonzentrationen im Grundwasser zu reduzieren. Diese Übersichtsarbeit fasst 41 

die Situation der Nitratverschmutzung des Grundwassers in Deutschland, Dänemark und 42 

Irland zusammen, vergleicht kritisch die Maßnahmen, die zur Verbesserung ergriffen wurden, 43 

und zeigt Potenziale für Verbesserungen und gegenseitiges Lernen auf. Dänemark gilt als 44 

führend auf diesem Gebiet, da das Nitratmaßnahmenprogramm seit 1985 kontinuierlich 45 

weiterentwickelt wird. Auswirkungen auf die landwirtschaftliche Produktivität und Erntequalität 46 

sind jedoch offensichtlich. Auch Irland betrachtet NO3
- als ein entscheidendes 47 

Wasserqualitätsproblem, unterscheidet sich jedoch in hydrogeologischer Gegebenheit und 48 

Trinkwasserbewirtschaftung. Es wird erwartet, dass der Klimawandel die Herausforderungen 49 

für alle betroffenen Länder massiv verschärfen wird, da dieser zu einer Verknappung der 50 

Wasserressourcen führt und den Druck auf die Wasserqualität erhöht. 51 

 52 
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 57 

Introduction 58 

Nitrogen (N) is one of the most important nutrients for organisms, a crucial component of 59 

molecules, proteins and DNA. For plants, N is often a limiting factor for growth (Bernhard 60 
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2010). With the development of the Haber-Bosch process in the early 20th century, mankind 61 

found a way to produce N fertilizer synthetically by accessing the vast atmospheric N pool (The 62 

European Nitrogen Assessment 2011). Nitrogen fertilizers are used in agriculture to increase 63 

productivity and food yields (Hosono et al. 2013), but nearly half of the N applied to cropland 64 

worldwide is lost through leaching or ammonia emissions (Lassaletta et al. 2014; Sutton et al. 65 

2011). Humans contribute about three times more reactive N to terrestrial ecosystems than 66 

natural sources (Fowler et al. 2013). Excess N not used by plants, degraded in the unsaturated 67 

zone, or stored in soil, is then transported to groundwater as nitrate (NO3
-) (Sebilo et al. 2013; 68 

Baram et al. 2017), leading to NO3
- contamination and a global NO3

- problem (Almasri 2007). 69 

This has serious consequences as NO3
- has adverse effects on human health (Schullehner 70 

and Hansen 2014). The World Health Organization (WHO 2011) and the European Drinking 71 

Water Directive (98/83/EC 1998) set the limit for NO3
- in drinking water at 50 mg/L because 72 

high NO3
- consumption can cause methemoglobinemia in infants up to 6 months of age (Ward 73 

et al. 2018). Elevated cancer risk (thyroid, kidney, colorectal and rectal cancer) for adults is 74 

also discussed (Inoue-Choi et al. 2015; Jones et al. 2017; Espejo-Herrera et al. 2016; 75 

Schullehner et al. 2018). Nitrogen inputs can lead to eutrophication threatening aquatic life 76 

(Dodds and Smith 2016) as excessive plant and algal growth degrades water quality (Chislock 77 

et al. 2013). Elevated NO3
- concentrations are also major threats to biodiversity (Díaz-Alvarez 78 

et al. 2018; Payne et al. 2017). For example, growth (McGurk et al. 2006), activity levels and 79 

reproductive output of organisms may be reduced (Alonzo and Camargo 2013; Soucek and 80 

Dickinson 2016).  81 

In aquifers, NO3
- can be degraded by sulfide minerals and organic carbon (C) (Rivett et al. 82 

2008). This NO3
- degradation capacity varies from aquifer to aquifer. If NO3

- is degraded, the 83 

sulfide minerals and organic C are also consumed, so degradation capacities decrease and 84 

are finite (Knowles 1982). Denitrification occurs when denitrifying microorganisms (for 85 

catalysis) are present at low oxygen concentrations (Korom 1992). Denitrification can be 86 

divided into two predominant reactions: 87 

 88 
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Chemo-organotrophic NO3
- reduction (also referred to as heterotrophic denitrification): 89 

5 CH2O + 4 NO3
-  2 N2 +4 HCO3

- + CO2 + 3 H2O   (Eq.1) 90 

 91 

Chemo-lithotrophic NO3
- reduction (also referred to as autotrophic denitrification): 92 

5 FeS2 + 14 NO3
- + 4 H+        7 N2 +10 SO4

2- + 5 Fe2+ + 2 H2O (Eq.2) 93 

 94 

Moreover, NO3
- can be reduced by Fe2+, Mn2+ and methane. Further information on 95 

denitrification can be found in Rivett et al. (2008), Appelo and Postma (2005), Wisotzky et al. 96 

(2018), DWA (2015) and Wisotzky and Strobel (2009). 97 

Despite the NO3
- degradation capacity of some aquifers, NO3

- pollution is present in many 98 

countries and regions worldwide (European Commission 2018; Shukla and Saxena 2018; 99 

Zhou 2015; Cheong et al. 2012). With the Nitrates Directive (91/676/EEC), the European Union 100 

aims to protect waters from pollution by agricultural NO3
-. This directive includes detailed 101 

monitoring of NO3
- concentrations, designation of NO3

- vulnerable zones, establishment of 102 

good agricultural practice rules, and action programs to reduce NO3
- concentrations. A key 103 

regulation is the maximum input of 170 kg N/ha*a. Article 10 of the Nitrates Directive makes 104 

Member States report to the EU Commission on the progress in implementing the Directives 105 

every four years. Due to non-compliance and too unambitious measures, some Member 106 

States, including Germany, have been penalized by the European Court of Justice (European 107 

Court of Justice 2010; European Court of Justice 2018). An overview map of EU member 108 

states and their designated NO3
- vulnerable zones is presented in Figure 1. Member states 109 

can decide whether to designate NO3
- vulnerable zones or to apply the Directive to their entire 110 

territory. 111 

 112 

Figure 1: Nitrate Vulnerable Zones (NVZ) subdivided into designated areas (dark blue) and 113 
applied to the entire country (light blue)"; Germany, Denmark and Ireland highlighted 114 

(European Commission 2022) 115 

Abbildung 1: Nitratgefährdete Gebiete (NVZ) unterteilt in ausgewiesene Gebiete (dunkelblau) 116 
und angewandt auf das gesamte Land (hellblau); Deutschland, Dänemark und Irland 117 

hervorgehoben (European Commission 2022) 118 

 119 
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This review paper presents the current situation of NO3
- pollution of the strongly affected EU 120 

countries Germany, Denmark and Ireland, and the specific measures taken by the countries 121 

to manage the problem. A critical comparison of measures and impacts is made and provides 122 

potential for improvement and aspects of mutual learning. In an outlook, climate change and a 123 

probable shortage of water resources are also considered. These impacts pose further 124 

challenges for all countries concerned. 125 

 126 

Nitrate in Germany 127 

Geologically, Germany is very diverse and has many different geological units. Thus, the 128 

geology can be divided from N to S into the lowlands, among others the Rheinisches 129 

Schiefergebirge, the Erzgebirge, the Upper Rhine Graben, the Molasse Basin and at the 130 

southernmost edge a small part of the Alps belongs to Germany. The north is characterized 131 

by glacial and periglacial sediments due to the ice ages. In the center and in the south of 132 

Germany karst aquifers are common (Meschede and Warr 2019). 133 

High NO3
- pollution in Germany occurs in regions with intensive agriculture (Umweltbundesamt 134 

2022a). With a total of 357,581 km2, 50.6 % of the area were used for agriculture in 2020. The 135 

other land uses were 31.0 % forests and woods, 14.5 % urban areas and traffic, 2.3 % lakes, 136 

rivers, canals and near coastal waters, and 2.8 % "other areas" (Umweltbundesamt 2021). The 137 

European Environment Agency (EEA) groundwater monitoring network with 1215 monitoring 138 

wells was selected to record NO3
- pollution in Germany. This corresponds to a network density 139 

of 3.4 monitoring wells per 1000 km2 (Figure 2). Some member states (including Germany) 140 

apply the EU Nitrates Directive to their entire national territory (BMEL and BMU 2020, Figure 141 

2). Thus, the entire national territory is considered a NO3
- vulnerable area. Nitrate 142 

concentrations > 50 mg/L are detected at 17.3 % of the monitoring wells of the EEA monitoring 143 

network. 17.7 % have a concentration between 25 and 50 mg/L (Umweltbundesamt 2022a, 144 

Figure 2).  145 

 146 
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Figure 2: Distribution of groundwater NO3
- contamination in Germany; monitoring wells of the 147 

EEA groundwater monitoring network subdivided into < 25 mg/L, > 25 to 50 mg/L and > 50 148 
mg/L (modified according to Umweltbundesamt 2022a) 149 

Abbildung 2: Verteilung der Nitratbelastung des Grundwassers in Deutschland; Messstellen 150 
des Grundwassermessnetzes der EUA unterteilt in < 25 mg/L, > 25 bis 50 mg/L und > 50 151 

mg/L (modifiziert nach Umweltbundesamt 2022a) 152 
 153 

Monitoring wells influenced by agricultural land use exceed the limit value at 26.7 %. Compared 154 

to the previous NO3
- report, the NO3

- concentration decreased minimally in 1.3 % of the 155 

monitoring wells (BMEL and BMU 2020). In the assessment of groundwater status according 156 

to the EU Water Framework Directive, 27.1 % of German groundwater bodies showed NO3
- 157 

concentrations above 50 mg/L, corresponding to poor chemical status (Umweltbundesamt 158 

2022a). Especially in Lower Saxony, the near-surface aquifers are polluted with NO3
- due to 159 

intensive livestock farming (Kastens and Newig 2007). Nitrate pollution in North Rhine-160 

Westphalia and Bavaria also results from a large proportion of intensive livestock farming. In 161 

forest areas, only 2 % of the groundwater monitoring wells are polluted. Urban areas contain 162 

6.3 % and grassland (meadows and pastures) 8.6 % polluted groundwater monitoring wells. 163 

Thus, the greatest contamination is found in agricultural areas. However, not only the extent 164 

of arable land is decisive, also the crops cultivated. For example, the cultivation of maize or 165 

vegetables is very fertilizer-intensive (BUND 2019, Umweltbundesamt 2022a). A major 166 

problem is the high standards of food retailers (and customers) in terms of product size and 167 

flawlessness. Here is some potential to save fertilizer. Furthermore, not the amount of N 168 

fertilization is decisive, but the difference between N supply and N uptake by plants, 169 

consequently the N balance. In 1990, the N surplus was 141 kg/ha, which was reduced until 170 

today by 26 % on a 5-year average. Surpluses of the N balances of the federal states (average 171 

2015 to 2017) range from 51 kg N/ha for Brandenburg to 108 kg N/ha for Lower Saxony. The 172 

goal is to reduce the N surplus throughout Germany to 70 kg/ha on average between 2028 173 

and 2032 (Umweltbundesamt 2022b, Umweltbundesamt 2019, Eulenstein et al. 2018). 174 

Besides fertilization behavior, site conditions have an influence on NO3
- input to groundwater: 175 

N mineralization potential, soil NO3
- retention capacity, soil NO3

- denitrification capacity 176 

groundwater recharge rate, groundwater flow velocity and depth to groundwater table 177 
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(Umweltbundesamt 2022a). Nitrate leaching occurs primarily in regions with high precipitation 178 

on sandy soils with low retention potential (Köhler et al. 2006; Meissner et al. 1996). However, 179 

there are numerous studies that investigate the conditions of aquifers, identifying NO3
- 180 

degradation processes, degradation potential and subsequent reactions such as trace element 181 

mobilization or well clogging (Table 1). In the publications of the last few years, the effects of 182 

climate change are also increasingly being investigated. There are first projects that apply 183 

machine learning. In addition, a recent BMBF research call and a newly established FH-DGGV 184 

(German Association for Hydrogeology) work group underline the ongoing demand for 185 

groundwater NO3
- research in Germany. 186 

 187 

Table 1: Overview of selected NO3
- research and effects of climate change projects in 188 

Germany 189 

Tabelle 1: Übersicht über ausgewählte Nitratforschungsprojekte und Projekte der 190 
Auswirkungen des Klimawandels in Deutschland 191 

 192 

Countermeasures Germany 193 

The implementation of the Nitrates Directive in Germany is regulated by the Fertilizer 194 

Regulation (BMJ 2020). As specified by the Nitrates Directive, the maximum use of organic 195 

fertilizer is 170 kg/ha*a. Since the Fertilizer Regulation of 2017 became effective, this limit 196 

applies to all organic and organic-mineral fertilizers (Landwirtschaftskammer NRW 2021). 197 

Kuhn (2017) compares the changes in the Fertilizer Regulations of 2007 and 2017. It was 198 

amended again in 2020 due to the judgement of the European Court of Justice against 199 

Germany for insufficient and unambitious measures against NO3
- pollution (Umweltbundesamt 200 

2022a; BMEL and BMU 2020). The updated measures (valid since May 2020) of the German 201 

Fertilizer Regulation 2020 (BMJ 2020) are shown in Table 2.  202 

 203 

Table 2: Updated measures of the German Fertilizer Regulation 2020 (BMJ 2020; BMEL and 204 
BMU 2020; Landwirtschaftskammer NRW 2021) 205 

Tabelle 2: Aktualisierte Maßnahmen der Düngeverordnung 2020 (BMJ 2020; BMEL und 206 
BMU 2020; Landwirtschaftskammer NRW 2021) 207 

 208 
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Further measures are included for polluted areas to improve the water quality (Table 3). This 209 

is one of the fundamental innovations in the Fertilizer Regulation 2020. These measures are 210 

valid since January 2021 (BMJ 2020). 211 

 212 

Table 3: Measures of the German Fertilizer Regulation for NO3
- polluted areas (BMJ 2020; 213 

BMEL and BMU 2020; Landwirtschaftskammer NRW 2021) 214 

Tabelle 3: Maßnahmen der Düngeverordnung für NO3
- belastete Gebiete (BMJ 2020; BMEL 215 

und BMU 2020; Landwirtschaftskammer NRW 2021) 216 
 217 

Besides the legally required measures for agriculture, the water suppliers take further 218 

measures to comply with the limit value of 50 mg/L. There are cooperations with agriculture to 219 

reduce the application of fertilizers and liquid manure (with varying success), and advisory 220 

services for agricultural businesses. Other methods include buying agricultural land, infiltrating 221 

low NO3
- water, mixing NO3

- polluted water with low NO3
- water, or moving to deeper aquifers 222 

and less polluted regions (BUND 2019; Umweltbundesamt 2017b). These measures by water 223 

suppliers result in extra costs, increasing in drinking water prizes between 32 to 62 % 224 

depending on the pollution situation (BUND 2019). 225 

Examples of local solutions developed at individual waterworks include the Broichhof 226 

waterworks of the Neuss municipality which is operating the world's first treatment scheme for 227 

NO3
- polluted water since 1983. The groundwater contaminated with NO3

- is transferred to a 228 

biofiltration facility to which acetic acid and phosphate are added to trigger bacterial reduction 229 

of NO3
- to N2. After the denitrification, the treated water is infiltrated back into the subsurface 230 

and then extracted at the wells of the waterworks (Banning et al. 2017; Mohseni-Bandpi 2013). 231 

 232 

Nitrate in Denmark 233 

The upper geologic layers in Denmark containing aquifers consist of either 50-200 m thick 234 

Quaternary unconsolidated sands and gravels or fractured limestone and chalk. An exception 235 

is the island Bornholm south of Sweden, where the hydrogeology resembles the Swedish 236 

geology, due to the crystalline bedrock. The unconsolidated sediments are underlain by 237 

Paleogene and Neogene deposits or Cretaceous limestone and chalk (Kitterød, 2022). 238 
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Denmark is one of the most intensively farmed countries in the world. 59.9 % of the state's 239 

territory is used for agriculture (Statistics Denmark 2022). Thereby, food production is 240 

specialized, technology-oriented and focused on innovative thinking. Thus, food production is 241 

three times larger than the country's demand (Nygaard et al. 2022). Other land use is divided 242 

into 13.1 % forest, 12.8 % urban areas and traffic, 9 % nature, 2.7 % lakes and rivers, and 2.5 243 

% other (Statistics Denmark 2022). Monitoring of NO3
- pollution in Denmark is done with 244 

groundwater observation wells from three categories: GRUMO (widespread groundwater 245 

monitoring wells), LOOP (groundwater monitoring wells in top 5 meters in 5 small agricultural 246 

catchments), and water supply wells. Groundwater NO3
- concentrations have been measured 247 

at 1277 monitoring wells, 95 LOOP monitoring wells, and 6.111 water supply wells in the period 248 

from 2016 to 2020 (Thorling et al. 2021). With an area of 43,094 km² (excluding the Faroe 249 

Islands and Greenland), we calculate a GRUMO monitoring well density of 29.7 monitoring 250 

wells per 1000 km2 (Figure 3), over 8 times higher than in Germany. Also the monitoring well 251 

density in the Danish Nitrate report to the EU is 18.7 monitoring wells per 1000 km2. Figure 3 252 

shows the location of the GRUMO and water supply wells with NO3
- analyses in the period 253 

from 2016 to 2020. At 14.4 % of the GRUMO monitoring wells, 23.2 % of the LOOP wells, and 254 

only 0.4% of the water supply wells the limit value of 50 mg/L was exceeded in the period from 255 

2016 to 2020 (Thorling et al. 2021). The monitoring wells with > 50 mg/L are distributed all over 256 

Denmark, so no area with a particular NO3
- pollution can be identified (Thorling et al. 2021; 257 

Jung-Madsen et al. 2021). Like Germany, Denmark also applies the action program of the EU 258 

Nitrates Directive throughout their territory and therefore regards the whole territory as 259 

vulnerable (Ministry of Environment of Denmark 2021; Dalgaard et al. 2014). In addition, 260 

Denmark has a derogation from the Nitrate directive maximum level of 170 kg N/ha*a. Danish 261 

cattle holdings are allowed to apply livestock manure corresponding to up to 230 kg N/ha*a if 262 

more than 80 per cent of the area available for manure application was cultivated with beets, 263 

grass or grass catch crops. Furthermore, derogation holdings have to comply with several 264 

other conditions laid down in the decision. In 2020, the average NO3
- concentration in oxic 265 

groundwater in the GRUMO monitoring wells was about 42 mg/L (Thorling et al. 2021). In the 266 
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water supply wells, NO3
- concentration is mainly found in Northern Jutland, Thy, Himmerland 267 

and Djursland (Thorling et al. 2021). These areas are particularly vulnerable because of a poor 268 

natural protection from upper geologic layers and a relative deep NO3
- interface in the 269 

sediments. 270 

 271 

Figure 3: Groundwater NO3
- concentration in Denmark. Left: Average NO3

- concentrations in 272 
1.276 GRUMO monitoring wells; Right: Average NO3

- concentrations in 6.111 water supply 273 
wells from 2016 to 2020 (Thorling et al. 2021) 274 

Abbildung 3: Nitratkonzentration im Grundwasser in Dänemark. Links: Durchschnittliche 275 
Nitratkonzentrationen in 1.276 GRUMO-Messstellen; Rechts: Durchschnittliche 276 

Nitratkonzentrationen in 6.111 Wasserversorgungsbrunnen von 2016 bis 2020 (Thorling et 277 
al. 2021) 278 

 279 

Nitrate is present in the upper parts of aquifers almost everywhere in Denmark (Thorling et al. 280 

2021). In 2020, the shallow LOOP monitoring points showed that NO3
- concentrations are 281 

considerably higher in catchments with sandy soils than in catchments with clay soils (Thorling 282 

et al. 2021, Jung-Madsen et al. 2021). N surplus in Danish agriculture increased from 1946 to 283 

1985 from approx. 28-185 kg N/ha*a. Nevertheless, by 2012, the N surplus had decreased to 284 

about 100 kg N/ha*a (Hansen et al 2017). However, in addition to NO3
- pollution of 285 

groundwater, the main problem in Denmark is NO3
- pollution in rivers, lakes, and the sea 286 

(Petersen et al. 2021, Murray et al. 2019). Similar to Germany (too unambitious implementation 287 

of the Nitrates Directive), Denmark has been penalized by the European Court of Justice for 288 

poor implementation of the Water Framework Directive with respect to nutrient discharges to 289 

coastal waters (European Commission 2014). 290 

 291 

Countermeasures Denmark 292 

Despite some exceedances of the limit value for NO3
-, Denmark is considered a role model for 293 

measures against the NO3
- problem. Denmark consistently ranks high in comparisons 294 

evaluating the environmental policies of EU member states (Knill et al. 2012). In the mid-1980s, 295 

there was a turnaround in N use efficiency and surplus in agriculture, and a corresponding 296 

trend reversal in the NO3
- content of oxic groundwater (Hansen et al. 2017; Hansen et al. 2011; 297 
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Dalgaard et al. 2014). It was possible to reduce N surplus in agriculture by 40 % already by 298 

2011 (Hansen et al. 2011), however still not meeting the environmental demands of the Danish 299 

and EU legislation (Hansen et al. 2017). Therefore, there is a need for N management to be 300 

further strengthened, and changed, and the application of N in agriculture might have to be 301 

reduced (Bowles et al. 2018; Zhang et al. 2015). Unlike Germany with its Fertilizer Regulation 302 

(BMJ 2020), the Nitrates Directive and the EU Groundwater Directive in Denmark is 303 

implemented in several legislations as part of the different Danish Action Programmes. Further 304 

information on the legislations and the regulations in preparation can be found in the Danish 305 

Nitrates Report to the European Commission (Ministry of Environment of Denmark 2021). 306 

Overall, Denmark has one of the most developed environmental regulatory systems in the 307 

world (van Grinsven et al. 2012). An overview of the measures of the Danish Action Program 308 

and their development from 1985 until today are presented in Table 4. 309 

 310 

Table 4: Major N policy measures in Denmark (Hansen et al. 2017; Dalgaard et al. 2014) 311 

Tabelle 4: Bedeutende Maßnahmen der Stickstoffpolitik in Dänemark (Hansen et al. 2017; 312 
Dalgaard et al. 2014) 313 

 314 

It is important to emphasize that for a long time, regulations focused on the N-input side; 315 

output-based regulations have appeared since 2004 (Dalgaard et al. 2014). In addition, 316 

fertilizer accounting by individual farmers should be mentioned. Failure to comply with 317 

maximum fertilizer rates results in detentions, fines, or court notices (Ministry of Environment 318 

of Denmark 2021). Moreover, the cultivation of catch crops is monitored with satellite images 319 

(Ministry of Environment of Denmark 2021). The Danish groundwater monitoring program 320 

shows that measures reduce NO3
- pollution of groundwater with a decline in monitoring points 321 

with statistical significant upward trends, and an increase in monitoring points with statistical 322 

significant downward trends (Hansen et al., 2017). However, the concentration of NO3
- in 323 

Danish oxic groundwater still exceed 50 mg/l in app. 40% of the oxic monitoring points in 2015 324 

(Hansen e al. 2017). An evaluation by Hansen and Larsen (2016) and Hansen et al. (2017), 325 

also identify a link between NO3
- in groundwater and N surpluses in agriculture. Effective 326 
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mitigation measures for NO3
- are improved manure application techniques and thus a reduced 327 

need for mineral fertilizers. Cultivation of catch crops shows higher retention efficiency, 328 

especially in clayey soils. Changing the tillage timing from previously fall to spring is also a 329 

successful mitigation measure (Petersen et al. 2021). 330 

Despite the pioneering role and slightly decreasing NO3
- pollution, further reductions in NO3

- 331 

concentrations are required. Hansen et al. (2019a) even point to a worsening of the NO3
- 332 

situation in shallow groundwater below sandy soils. Further reductions in N supply to crops 333 

would be very expensive (Dalgaard et al. 2014). Therefore, a paradigm change is in progress 334 

in Danish agricultural policy, where the national N regulation is supplemented by more spatially 335 

differentiated N regulation. The idea is that mitigation measures can be relaxed in less 336 

vulnerable areas (Hansen et al. 2019a; Hansen et al. 2017; Dalgaard et al. 2014). This requires 337 

detailed knowledge of geological and geochemical conditions of aquifers, NO3
- flux pathways, 338 

and locations of reduction processes (Hansen et al. 2021). Overall, there are numerous 339 

research projects that investigate and further develop spatially differentiated N regulation. In 340 

these research projects, several universities and research institutions cooperate and thus 341 

combine the entire know-how for these important investigations. An overview of some of the 342 

most recent individual projects and their objectives is summarized in Table 55. 343 

 344 

Table 5: Overview of some of the most recent Danish research projects on N retention and 345 
mitigation measures (Hansen et al. 2019b) 346 

Tabelle 5: Überblick über einige der aktuellen dänischen Forschungsprojekte zur 347 
Stickstoffrückhaltung und Minderungsmaßnahmen (Hansen et al. 2019b) 348 

 349 

Altogether, Danish research on N regulation stands out for developing integrating modelling 350 

techniques using ground-based electromagnetic time-domain data (Bording et al. 2021) and 351 

3D hydrogeochemistry models of NO3
- transport (Kim et al. 2021). Despite extensive research 352 

on N regulation in Denmark, there are aspects that need further improvement. These include 353 

optimizing the dataflow, cost-effective mapping, sampling below 20 meters, integration of the 354 

riparian zone, mapping the riparian zone, integration of drains, mapping the upper 5 meters, 355 

likelihood for drains, methods for stakeholder involvement and demonstration (Hansen et al. 356 
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2019b). Furthermore, it is discussed that the classification of robust and non-robust soils may 357 

disadvantage some farmers, so that this approach is only practicable if no farmers are harmed 358 

(Nygaard et al. 2022). Moreover, the creation of a better understanding as well as the 359 

involvement of stakeholders is of utmost importance (Nygaard et al. 2022). Based on previous 360 

research, it can be shown that a more targeted approach can achieve an economic gain of 20 361 

to 26 % (Jacobsen and Hansen 2016). The key to a sustainable method is to consider all 362 

aspects of agricultural production (Gu et al. 2011). 363 

 364 

Nitrate in Ireland 365 

Ireland’s (hydro)geology is dominated by fractured and karstic aquifers. The central lowland 366 

part of the island is widely underlain by Carboniferous limestone, covered by glacial deposits 367 

and widespread bogs and wetlands. The coastal mountain ranges are more variable, with 368 

Devonian Old Red Sandstone in the south, metamorphic rocks and Paleogene basalts 369 

(including the famous Giant’s Causeway) in the north, and granites and Ordovician 370 

sedimentary rocks in the east (GSI 2014).  371 

Ireland has an even greater ratio of agricultural land, at 67.6 % of the total area. However, only 372 

4.5 % are arable land, while 55.1 % are used as pasture, reflecting the dominant role of the 373 

dairy and cattle industries in Irish agriculture. The remaining land use is divided into 14.9 % 374 

wetlands, 9.5 % forestry, 8 % others including urban regions (EPA 2022). The Irish NO3
- 375 

pollution monitoring program started in 2007. In the last report to the EU Commission, NO3
- 376 

concentrations were recorded in 200 groundwater stations (EPA 2020). With an area of 70,273 377 

km², we calculate a monitoring station density of 2.85 per 1000 km², the lowest value among 378 

the three countries compared. Ireland also applies the action program of the EU Nitrates 379 

Directive to their entire national territory, so the entire country is recorded as vulnerable zone. 380 

While only 2 % of the monitoring stations exceed the limit value of 50 mg/L, 21 % have a 381 

concentration > 25 mg/L (Figure 4; EPA 2021).  382 

 383 

Figure 4: Groundwater NO3
- concentration in Ireland. Circle chart: Monitoring wells 384 

subdivided into < 25 mg/L, > 25 to 50 mg/L and > 50 mg/L (modified according to EPA 2021) 385 
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Abbildung 4: Nitratkonzentration im Grundwasser in Irland. Kreisdiagramm: 386 
Beobachtungsbrunnen, unterteilt in < 25 mg/L, > 25 bis 50 mg/L und > 50 mg/L (modifiziert 387 

nach EPA 2021) 388 
 389 

The trend shows an increase, with 5.5 % additional monitoring stations exhibiting 390 

concentrations > 25 mg/L compared to the previous 4-year report (EPA 2020). In fact, nearly 391 

half (47 %) of all groundwater stations show increasing NO3
- concentrations from 2013 to 2020 392 

(DHLGH 2021). Most sites with NO3
- concentrations > 25 mg/L are located in the southeastern 393 

part of the country (EPA 2020), as the mostly sandy soils here are particularly susceptible to 394 

NO3
- leaching (DHLGH 2021). There is a strong correlation between the intensity of agriculture 395 

and NO3
- concentrations in water bodies. The main agricultural sources of N inputs are organic 396 

fertilizers, livestock excreta, and chemical fertilizers (DHLGH 2021). 397 

Considering the described distribution of groundwater concentrations in lights of European 398 

standards for NO3
-, the Irish situation appears to be comparatively less problematic. In terms 399 

of the gross N balance, Ireland’s values have decreased from over 60 kg/ha agricultural area 400 

in the early 2000s to below 40 kg/ha at the end of that decade (however, this value was back 401 

to >60 kg/ha in 2017 (European Commission 2022). The country is keen to preserve its “green 402 

image” including its good water quality while further expanding agriculture, making ‘no 403 

deterioration’ in the sense of the EU Water Framework Directive one of its major aims (Wiering 404 

et al. 2020, McAleer et al. 2022). Consequently, much of the nutrient-related research in Ireland 405 

addresses the monitoring of implemented measure efficiency and N input control (Table 6). 406 

 407 

Table 6: Selected current research projects on nutrient management measures in Ireland 408 

Tabelle 6: Ausgewählte aktuelle Forschungsprojekte zu Maßnahmen des 409 
Nährstoffmanagements in Irland 410 

 411 

Countermeasures Ireland 412 

The first Irish Nitrates Action Program (NAP) was implemented in 2006 and is applied through 413 

the Good Agricultural Practices Regulation (Irish statute book 2017). Ireland applies the NAP 414 
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nationwide, covering over 139,600 farms in the country (DHLGH 2021). Table 77 summarizes 415 

the current measures of the Irish Nitrates Action Program. 416 

 417 

Table 7: Measures of the Irish Nitrates Action Program (NAP) (Irish statute book 2017; 418 
DHLGH 2021) 419 

Tabelle 7: Maßnahmen des irischen Nitrat-Aktionsprogramms (NAP) (Irish statute book 420 
2017; DHLGH 2021) 421 

 422 

Similar to other EU member states including Denmark, Ireland has taken an exemption from 423 

the fixed N limit of 170 kg N/ha*a for manure application. This derogation (permitted fertilizer 424 

quantity: 250 kg N/ha*a (EPA, 2020)) was granted by the EU Commission in 2007 and renewed 425 

in 2010, 2014 and 2017. Over 4,500 farms export livestock manure to comply with the limit. 426 

Currently, the Nitrates Action Program is being reviewed and the measures revised to make 427 

the environmental targets much more ambitious (DHLGH 2021). Ireland's Draft Nitrates Action 428 

Program 2nd Stage Consultation discusses, among other things, the introduction of a register 429 

of chemical fertilizer sales for the whole of Ireland. Tracking fertilizer sales should provide 430 

information on where fertilizers are applied. Another approach is to reduce the threshold to 431 

below 170 kg N/ha*a on grazing land. A financial incentive is planned for the dairy industry to 432 

reduce the amount of fertilizer used, similar to what is done in other member states such as 433 

Germany. Some of the measures will be implemented locally and some at the national level 434 

(DHLGH 2021). 435 

Besides the revision of the NAP, there is the Agricultural Catchments Program (ACP) which 436 

examines the effectiveness of the Irish NAP. This program involves 300 farmers from six 437 

intensively managed catchments and is based on intensive counselling helping farmers make 438 

better decisions on fertilizer management to reduce nutrient losses and make better profits 439 

(DHLGH 2021). Ireland’s strategy broadly focusses on source-based and effect-based 440 

measures, with a strongly consensual governance approach relying on firm collaboration 441 

between the ministries and agencies involved in the agricultural sector, and a practiced co-442 

responsibility of farmers (Wiering et al. 2020). 443 

 444 
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Discussion 445 

The three investigated countries show a high agricultural land use of more than 50 % of the 446 

total area in all countries. Therefore, there is often a strong correlation between the intensity 447 

of agriculture and NO3
- pollution. All three countries apply the action program of the EU Nitrates 448 

Directive to their entire national territory. It is noticeable that the density of observation wells 449 

for NO3
- monitoring is very low in Germany (3.4 per 1000 km2) and Ireland (2.85 per 1000 km2) 450 

with the average value in all EU member states being 8 per 1000 km2 (QDR 2015). In 451 

comparison, Denmark has a very high density of monitoring points (18.7 per 1000 km2 (in the 452 

report to EU)) and is thus far above average. While NO3
- concentrations are not necessarily 453 

better recorded if average values of the monitoring well density are achieved, a density of < 4 454 

per 1000 km2 seems very low. For a better recording of the NO3
- pollution, the number of 455 

measuring points should be increased and in the best case, a minimum density should be 456 

specified for all EU countries for better comparison. 457 

A comparison of NO3
- pollution levels reveal a number of polluted areas in Germany, including 458 

Lower Saxony and Schleswig-Holstein in particular, but also parts of North Rhine-Westphalia, 459 

Bavaria, Saxony-Anhalt and Rhineland-Palatinate. In Ireland, the southeast is particularly 460 

affected by elevated NO3
- concentrations. In Denmark, contaminated groundwater monitoring 461 

wells are distributed throughout the entire national territory. However, these occur more 462 

frequently in Northern Jutland, Thy, Himmerland and Djursland. Germany has the highest 463 

proportion (17.3 %) of groundwater monitoring wells above 50 mg/L among these three 464 

countries. Limit value exceedances are found at 14.4 % of the GRUMO monitoring wells, 23.2 465 

% of the more shallow LOOP wells, and only 0.4% of the water supply wells in Denmark. In 466 

contrast, 50 mg/L is exceeded at only 1.5 % of observation wells in Ireland. Nevertheless, the 467 

different configuration of the groundwater monitoring networks must be pointed out again and 468 

thus a limited comparability must be emphasized. Moreover, major differences in 469 

(hydro)geological conditions are evident: almost half of the Republic of Ireland’s land territory 470 

is underlain by Carboniferous limestone, most of which is substantially karstified. Lowland 471 

limestones, especially in the center of the island, represent the principal source of groundwater 472 
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in Ireland. They coincide with the most intensively farmed areas, suggesting intimate relations 473 

to surface drainage systems and groundwater resources with a very high vulnerability to 474 

anthropogenic influences (Drew 2008). Intuitively, these karstified limestones as well as locally 475 

important terrestrial sandstone aquifers widely abundant in the southern parts of the country 476 

(mainly Devonian Old Red Sandstone) likely provide a very limited effective natural NO3
- 477 

degradation capacity. However, previous research in this direction suggests substantial but 478 

variable denitrification in several hydrogeological settings, both organotrophic and lithotrophic 479 

(Fenton et al. 2009; Baily et al. 2011; Jahangir et al. 2012; Jahangir et al. 2017). Additional 480 

research is required to address N dynamics and fate in the Irish subsurface. 481 

It is noticeable that Denmark's agriculture is technology-oriented and focused on innovative 482 

thinking. In Germany, research involving machine learning is still in its infancy. Thus, Germany 483 

(and also Ireland) can learn a lot from Denmark's technology-oriented agriculture. 484 

Comparing countermeasures, it can be concluded that some approaches are now included in 485 

all three action programs of the studied countries. These comprise limits on maximum N 486 

application, blocking periods for fertilization, buffer zones along surface waters and storage 487 

capacities for manure. Denmark is in line with its pioneering role and introduced some of these 488 

measures at a very early stage, whereas in the other countries a detailed program of measures 489 

was not introduced until later. A closer analysis of the adaptation of the German Fertilizer 490 

Regulation from 2007 to 2017 (Kuhn 2017) indicated that essentially a tightening of the already 491 

existing measures was accomplished, without any fundamentally new measures being 492 

implemented. Hence the need for the renewed adaptation in 2020. Kuhn (2017) already 493 

suggests after the 2017 Fertilizer Regulation that the impact of the change in regulations is 494 

highly dependent on enforcement. According to Kuhn (2017), however, empirical results 495 

suggest that enforcement of the German Fertilizer Regulation has been poor in the past. There 496 

is little research on the current implementation of the Fertilizer Regulation 2020 as well. 497 

Nevertheless, international comparison shows the control of measures by satellite monitoring 498 

in Denmark (Ministry of Environment of Denmark 2021) or the planned register for the sale of 499 

fertilizers in Ireland (DHLGH 2021). 500 
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All action programs further include a livestock density limit, which, however, differs in the 501 

structure of the individual countries. In the Danish Action Program, a limit on the number of 502 

animals per area was one of the first measures already in 1985 (Hansen et al. 2017; Dalgaard 503 

et al. 2014). In Ireland, a precise number is even specified for pigs and poultry in terms of 504 

storage of manure (Irish statute book 2017). According to large livestock units 505 

("Großvieheinheiten") per hectare, the limitation is calculated for livestock in Germany. One 506 

large livestock unit corresponds to 500 kg live weight. As a result, liquid manure is often 507 

transported from regions where the livestock units are exceeded, to areas in Germany where 508 

fewer livestock are kept than permitted. In addition to the large amount of manure, this also 509 

results in CO2 pollution due to long transport distances (BLE 2022). In contrast, European 510 

studies have shown the potential for lower NO3
- concentrations with organic farming with area-511 

based livestock densities (Benoit et al. 2015; Hansen et al., 2000). Therefore, there have been 512 

subsidies for more organic farming in the Danish Action Program since 1998 (Hansen et al. 513 

2017; Dalgaard et al. 2014). Consequently, organic farming should be considerably promoted 514 

based on resulting reductions in various environmental burdens, and subsidies should be 515 

increased. 516 

A successful measure of the Nitrate Action Programs is the close cooperation with farmers, 517 

with included trainings for farmers and advisors, so a general better understanding on nutrient 518 

application and nutrient losses is created. Through this collaboration, agriculture also benefits 519 

through enhanced productivity (DHLGH 2021). In Denmark, much of the regulation is also 520 

based on a consensus-based approach without blame (Nygaard et al. 2022). Thus, a common 521 

understanding for groundwater protection as well as for the importance of surplus N fertilizers 522 

is created. Cooperations of water suppliers with farmers should not only be entered into for 523 

economic interest to obtain less treatment-intensive drinking water but developed even further. 524 

Cooperations of public utilities with agriculture including joint training, improved understanding 525 

of groundwater protection, consideration of all stakeholders without assignment of guilt, offers 526 

great potential to jointly reduce NO3
- pollution. In this context, it is important that agriculture is 527 

not portrayed negatively, as a balanced approach must be found between successful 528 
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groundwater protection and agricultural productivity, consequently food production. Kuhn et al. 529 

(2020) point out that stricter measures in the Fertilizer Regulation will result in costs for farmers. 530 

These costs must not be covered by agriculture alone, otherwise the willingness to protect 531 

groundwater will dissolve. In the best case, organic farming per se is more attractive for both 532 

producers and consumers, also due to costs incurred in conventional farming.  533 

Unlike the action programs of the other two EU member states, the German Fertilizer 534 

Regulation has additional requirements for NO3
- polluted areas (BMU 2020). However, since 535 

these requirements have only been in force since the beginning of 2021, the effects can only 536 

be fully recorded in the future. Nevertheless, Ortmeyer et al. (2021b) show with a model 537 

approach that the additional measure of reducing fertilization by 20 % will reduce NO3
- 538 

concentrations in groundwater, but depending on NO3
- degradation capacities of aquifers and 539 

climate developments, these measures will likely not be sufficient to comply with the limit value 540 

of 50 mg/L. 541 

Probably the largest, but still most promising, adjustments to the measures programs is the 542 

planned paradigm shift in Danish agriculture towards applying measures at the local level 543 

(among others Hansen et al. 2017; Dalgaard et al. 2014). This will take the different 544 

characteristics of the catchments into account. Ortmeyer et al. (2021b) also point out that 545 

uniform measures for regions or countries will not be the strategy to solve NO3
- pollution. 546 

Implementing mitigation measures on catchments can improve management globally by 547 

focusing measures on sites, which can achieve the highest reduction in NO3
- pollution 548 

(Petersen et al. 2021). But again, it is important not to disadvantage farmers in polluted areas 549 

and low aquifer NO3
- degradation potentials, but to create a fair balance through the 550 

regulations. 551 

When looking at food production, it is clear that the limit value of the maximum fertilizer amount 552 

of 170 kg N/ha*a cannot be lowered further and further. In a long-term study from 1990 to 553 

2015, a considerable decrease in the crude protein content of Danish grain crops by 2.4 to 2.9 554 

% was observed. The change in N availability explains 53 to 70 % of the changed crude protein 555 

content (Styczen et al. 2020). Reducing N fertilizer by 10 to 20 % does not seem to involve 556 



 

20 
 

any disadvantages for cereals and maize, as no considerable decreases in crop yields and 557 

only minor reductions in protein content were observed (Kühling et al. 2021). However, a 558 

substantial yield reduction is reported below the economically optimal N rate of 144 kg N/ha*a, 559 

with only a minor reduction in N leaching observed (Goulding 2006). The German Federal 560 

Environmental Agency (Umweltbundesamt, 2022a) reports frequent late application of N after 561 

completion of vegetative growth to achieve an increase in protein content. Farmers are 562 

encouraged to prefer high-protein varieties by classifying wheat varieties according to protein 563 

content, which ultimately means increased fertilizer use. However, it has been demonstrated 564 

that good baking quality of wheat flour can be achieved even with low N application in the late 565 

season (Rossmann et al. 2020). Thus, there is a need for more research and evaluation of late 566 

season N application and its reduction on protein levels and crop yields. If the result confirms 567 

that a low N application in the late season is sufficient, a limitation of this is a good possibility 568 

to avoid excess N. In the best case, a limitation should be directly prescribed at EU level, 569 

otherwise farmers in countries producing cereals with lower protein content but good baking 570 

quality will be disadvantaged. 571 

The impossibility of indefinitely reducing the maximum fertilization rate further and further 572 

illustrates, however, that decreasing NO3
- concentrations can only be achieved by a 573 

combination of several measures. In addition to implementing programs at the local level 574 

considering the characteristics of the subsurface (e.g., NO3
- degradation potential), enhanced 575 

denitrification may be a powerful tool. Enhanced denitrification uses the addition of organic C 576 

as an electron donor for NO3
- degradation (Paradis et al. 2021; Carrey et al. 2018; Carrey et 577 

al. 2014; Vidal-Gavilan et al. 2014). This method is not yet widely used because more research 578 

is needed for effective application. A temperature effect was identified by Ortmeyer et al. 579 

(2021c): with the addition of ethanol as an electron donor, NO3
- degradation occurs more 580 

effectively at 10 °C than at room temperature. The temperature also has a crucial influence on 581 

the denitrifying microbiology (Ortmeyer et al. 2021c; Ortmeyer et al. 2022). These influences 582 

on enhanced denitrification highlight the need to investigate the impact of additional 583 

environmental factors. Since trace elements, such as uranium, could be mobilized from the 584 
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aquifer as a side-effect of biological treatment (Banning et al. 2017), secondary impacts on 585 

hydrogeochemical cycles must also be investigated (Ortmeyer et al. 2021d) to ensure that this 586 

method can be applied without negative consequences. 587 

 588 

Climate change 589 

Climate change will pose further future challenges for all countries. For example, it is expected 590 

to further increase groundwater NO3
- concentrations. Climate projections can be used to 591 

project future water resource quantity and quality including NO3
- concentrations. In a water 592 

catchment at the Lower Rhine (Germany), a modelling approach projects an increase of NO3
- 593 

concentrations with all climate scenarios used. This increase is due to a decreasing water 594 

resource and consequently reduced dilution (Ortmeyer et al. 2021b). Eulenstein et al. (2016) 595 

describe with their model a threefold increase of NO3
- concentrations in percolating water due 596 

to lower precipitation and higher evapotranspiration, consequently lower percolation rates and 597 

thus lower dilution potential. A considerable decrease in groundwater recharge was also 598 

modeled for forest areas in northern Germany (Fleck et al. 2017). Paradis et al. (2016) modeled 599 

changes in agricultural practices, triggered by future climatic conditions, resulting in higher 600 

NO3
- concentrations. Clearly, NO3

- concentrations in groundwater, as well as transport from 601 

the unsaturated zone, are strongly influenced by the dynamics of hydrogeological systems and 602 

consequently, by climate change (Mas-Pla and Menció 2019). Among other factors, 603 

precipitation is a critical factor for NO3
- leaching, as this is closely linked to precipitation (Kane 604 

et al. 2008). With the change to a warmer climate, there will be an increase in precipitation 605 

extremes with more intense but less frequent precipitation (Kirtman et al. 2013). The change 606 

in precipitation type and frequency will alter soil moisture and thus plant productivity (Fay et al. 607 

2011). Lower plant productivity means less N uptake by plants (Gonzalez-Dugo et al. 2010). 608 

Dry conditions can increase N retention or lack of onward transport, so N loads are all the 609 

greater during rain events (Goodridge and Melack 2012; Kaushal et al. 2008; Lamersdorf et 610 

al. 1998), and heavy rain events increase N leaching (Whitehead et al. 2009). Changes in the 611 

seasonality of precipitation will alter the timing of N leaching (Collins et al. 2013). Moreover, 612 
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drought diminishes microbial activity (Manzoni et al. 2012; Baron et al. 2013). This, in turn, 613 

leads to lower nitrification and denitrification rates (Larson et al. 2011; Schimel et al. 2007; 614 

Stark and Firestone 1995). 615 

These aspects illustrate how the complex N cycle is considerably influenced by climate 616 

change. Thus, it will be even more difficult to comply with water quality standards in the future. 617 

Current measures against NO3
- pollution will also be directly affected by climatic change. 618 

Petersen et al. (2021) highlight that the effects of implemented mitigation measures may be 619 

covered by climate change. Lower plant productivity and consequently lower N uptake will 620 

permanently change fertilizer requirements. And the blocking periods for fertilization must also 621 

be checked regularly if the seasonality of precipitation changes. Major challenges will be the 622 

increasingly frequent heavy rainfall events and its N leaching. Thus, it is recommended to 623 

increase farmers' knowledge of soil drainage properties to reduce storm-induced nutrient 624 

translocation (Shore et al. 2016). Different soil types react differently to water scarcity and 625 

heavy rainfall events and show different behavior in water storage and NO3
- retention. This 626 

behavior underlines the need to apply measures not at the country level but, if possible, on a 627 

regional scale as Denmark plans to implement. Ortmeyer et al. (2021b) also highlight that the 628 

characteristics of an aquifer (e.g., NO3
- degradation capacity) and the expected climate 629 

changes in the region should be decisive factors to be considered in management strategies. 630 

Among other things, innovative ecological-economic solutions are needed to make agriculture 631 

resilient to adverse weather conditions (Bowles et al. 2018). 632 

Beyond this, further measures are necessary, which combined can contribute to N reduction 633 

in groundwater. An ever further limitation of N fertilizers alone is not sufficient due to the 634 

necessary productivity. Among other things, improved N use efficiency of cultivated crops and 635 

adapted agronomic strategies and measures (e.g., variety, planting date) are being 636 

investigated (Eulenstein et al. 2017a; Eulenstein et al. 2017b; Lana et al. 2015). 637 

Another way to reduce NO3
- concentrations, as described in the previous chapter, is enhanced 638 

denitrification, in which organic C is added as an electron donor for NO3
- degradation (Paradis 639 

et al. 2021; Carrey et al. 2018; Carrey et al. 2014; Vidal-Gavilan et al. 2014, among others). In 640 
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particular, the identified temperature effect, with a higher denitrification rate of the ethanol 641 

addition substrate at 10 °C than at room temperature, highlights the importance of enhanced 642 

denitrification research in the context of climate change (Ortmeyer et al. 2021c). The changing 643 

microbiology (Ortmeyer et al. 2021c; Ortmeyer et al. 2022) using the two temperature 644 

approaches (room temperature and 10 °C) illustrates the influence of temperature and 645 

consequently climate change on this process. Ortmeyer et al. (2021c) expect climate change 646 

and rising groundwater temperatures to dynamically change the most suitable electron donors 647 

for biological denitrification. When treating groundwater by enhanced denitrification, it is 648 

important to research the conditions under which NO3
- is fully converted to climate neutral N2 649 

and as little N2O as possible is released, which acts as a greenhouse gas. Otherwise, climate 650 

change would be exacerbated by this treatment method. 651 

To prevent these consequences of climate change from being driven further in part by 652 

agriculture, making agriculture climate-neutral as soon as possible is a crucial contribution to 653 

ensuring that climate impacts on agriculture itself does not become even more serious. 654 

 655 

Conclusions 656 

To manage the NO3
- problem and reduce NO3

- concentrations, the Nitrate Directive was 657 

developed for Europe. In this review, the current situation of NO3
- pollution and measures to 658 

improve it were compared for three EU member states with intensive agricultures. The 659 

completely different monitoring networks and different monitoring well densities of the three 660 

countries are evident. For better comparability, the Nitrate Directive should specify uniform 661 

requirements for the monitoring networks. Comparing the NO3
- action programs shows that 662 

numerous and often similar measures are applied, but they are designed differently. Overall, 663 

Denmark leads the way in NO3
- countermeasures – many are applied from which the other 664 

countries can learn. In particular, the technology-oriented agriculture, the close collaboration 665 

with farmers with included trainings, and a consensus-based approach without blame 666 

(specifically towards agriculture), stick out. Also Germany and Ireland apply measures from 667 

which other countries can learn. However, several approaches make it clear that in the long 668 
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term the solution for NO3
- pollution will have to become multi-scale including EU, national, and 669 

especially measures at the more local level, as Denmark is currently implementing.  670 

A decisive factor for the future development is the NO3
- degradation potential of individual 671 

aquifers. Characterization and management of this finite resource will remain important 672 

research topics. However, innovative ideas and methods, such as enhanced denitrification, 673 

must be developed to provide clean drinking water even in catchments with exhausted NO3
- 674 

degradation capacity. Climate change will present a new type of challenge for complying with 675 

the NO3
- limit. Heavy rainfall events mean increased NO3

- leaching, rising temperatures affect 676 

NO3
- degradation and microbiology, and a smaller water resource entails lower dilution of NO3

- 677 

loads. Thus, sooner or later, measures to address NO3
- pollution can be undone by climate 678 

change. A constant adaptation of the NO3
- action programs to the changed seasonality of the 679 

precipitation events will be necessary and should be considered at an early stage. A multi-680 

measure approach of prevention and management combined with active treatment by 681 

enhanced NO3
- reduction could be a promising solution option. 682 

 683 

Acknowledgments 684 

The principal author would like to thank the RUB Research School for the postdoctoral 685 

fellowship (2021_01_GF17) received, as this publication was written during the period of its 686 

funding. 687 

 688 

References 689 

Almasri, M. N.: Nitrate contamination of groundwater: A conceptual management framework. 690 

Environmental Impact Assessment Review 27, 220–242 (2007). 691 

https://doi.org/10.1016/j.eiar.2006.11.002 692 

 693 

Alonzo, A., Camargo, J.A.: Nitrate causes deleterious effects on the behaviour and 694 

reproduction of the aquatic snail Potamopyrgus antipodarum (Hydrobiidae, Mollusca). 695 



 

25 
 

Environmental Science and Pollution Research 20, 5388-5396 (2013). 696 

https://doi.org/10.1007/s11356-013-1544-x 697 

 698 

Appelo, C.A.J., Postma, D.: Geochemistry, groundwater and pollution. 2. Edition. A.A. 699 

Balkema Publishers, Amsterdam, the Netherlands, 649 p. (2005) ISBN 04 1536 421 3 700 

Hardback 701 

 702 

Baily, A. Rock, L., Watson, C.J., Fenton, O.: Spatial and temporal variations in groundwater 703 

nitrate at an intensive dairy farm in south-east Ireland: Insights from stable isotope data. 704 

Agriculture, Ecosystems and Environment 144, 308-318 (2011). 705 

https://doi.org/10.1016/j.agee.2011.09.007 706 

 707 

Banning, A., Pawletko, N., Röder, J., Kübeck, C., Wisotzky, F.: Ex situ groundwater 708 

treatment triggering the mobilization of geogenic uranium from aquifer sediments. Science of 709 

the Total Environment 587-588, 371-380 (2017). 710 

http://dx.doi.org/10.1016/j.scitotenv.2017.02.162 711 

 712 

Baram, S., Couvreur, V., Harter, T., Read, M., Brown, P.H., Kandelous, M., Smart, D.R., 713 

Hopmans, J.W.: Estimating nitrate leaching to groundwater from orchards: comparing crop 714 

nitrogen excess, deep vadose zone data-driven estimates, and HYDRUS modeling. Vadose 715 

Zone Journal 15, 1-13. (2017). https://doi.org/10.2136/vzj2016.07.0061 716 

 717 

Baron, J.S., Hall, E.K., Nolan; B.T., Finlay, J.C., Bernhardt, E.S., Harrison, J.A., Chan, F., 718 

Boyer, E.W.: The interactive effects of excess reactive nitrogen and climate change on 719 

aquatic ecosystems and water resources of the United States. Biogeochemistry 114, 71-92 720 

(2013). http://www.jstor.org/stable/24715092 721 

 722 



 

26 
 

Benoit, M., Josette, G., Gilles, B., Julien, T., Eric, G., Bruno, M.: Nitrous oxide emissions and 723 

nitrate leaching in an organic and a conventional cropping system (Seine basin, France). 724 

Nutrient Cycling in Agroecosystems 213, 131-141 (2015). https://doi.org/10.1007/s10705-725 

014-9650-9 726 

 727 

Bernhard, A.: The Nitrogen Cycle: Processes, Players, and Human Impact. Nature Education 728 

Knowledge 3 (10), 25 (2010) 729 

 730 

BLE - Bundesanstalt Für Landwirtschaft und Ernährung: Viel Vieh, (zu) viel Gülle. [Federal 731 

Agency for Agriculture and Food: Lots of livestock, (too) much manure.] (2022) 732 

https://www.landwirtschaft.de/diskussion-und-dialog/umwelt/viel-vieh-zu-viel-guelle/ 733 

(Accessed 09 June 2022) 734 

 735 

BMEL - Bundesministerium für Ernährung und Landwirtschaft, BMU - Bundesministerium für 736 

Umwelt, Naturschutz und nukleare Sicherheit: Nitratbericht 2020. [BMEL - Federal Ministry of 737 

Food and Agriculture, BMU - Federal Ministry for the Environment, Nature Protection and 738 

Nuclear Safety: Nitrate report 2020] (2020) https://www.bmuv.de/download/nitratberichte 739 

(Accessed 19 April 2022) 740 

 741 

BMJ – Bundesministerium der Justiz: Verordnung über die Anwendung von Düngemitteln, 742 

Bodenhilfsstoffen, Kultursubstraten und Pflanzenhilfsmitteln nach den Grundsätzen der 743 

guten fachlichen Praxis beim Düngen (Düngeverordnung - DüV). [BMJ - Federal Ministry of 744 

Justice: Ordinance on the Application of Fertilizers, Soil Additives, Cultivation Substrates and 745 

Plant Auxiliaries in Accordance with the Principles of Good Fertilizing Practice2 (Fertilizer 746 

Ordinance - DüV)] (2020) https://www.gesetze-im-747 

internet.de/d_v_2017/BJNR130510017.html (Accessed 20 April 2022) 748 

 749 



 

27 
 

Bowles, T.M., Atallah, S.S., Campbell, E.E., Gaudin, A.C., Wieder, W.R., Grandy, A.S.: 750 

Addressing agricultural nitrogen losses in a changing climate. Nature Sustainability 1 (8), 751 

399–408 (2018). https://doi.org/10.1038/s41893-018-0106-0 752 

 753 

BUND - Bund für Umwelt und Naturschutz Deutschland e.V.: Nitrat im Trinkwasser 754 

Problemlage, aktuelle Forschungsergebnisse und Analyse bisher eingeschlagener 755 

Lösungswege. [BUND - Association for the Environment and Nature Protection Germany 756 

e.V.: Nitrate in Drinking Water Problem Situation, Current Research Results and Analysis of 757 

Previously Taken Solutions] p. 19. (2019) 758 

https://www.bund.net/fileadmin/user_upload_bund/publikationen/fluesse/fluesse_trinkwasser759 

_nitrat_studie.pdf (Accessed 20 April 2022) 760 

 761 

Carrey, R., Rodríguez-Escales, P., Soler, A., Otero, N.: Tracing the role of endogenous 762 

carbon in denitrification using wine industry by-product as an external electron donor: 763 

coupling isotopic tools with mathematical modeling. Journal of Environmental Management 764 

207, 105-115 (2018). https://doi.org/10.1016/j.jenvman.2017.10.063 765 

 766 

Carrey, R., Otero, N., Vidal-Gavilan, G., Ayora, C., Soler, A., Gómez-Alday, J.J.: Induced 767 

nitrate attenuation by glucose in groundwater: flow-through experiment. Chemical Geology 768 

370, 19-28 (2014). https://doi.org/10.1016/j.chemgeo.2014.01.016. 769 

 770 

Cheong, J.-Y., Hamm, S.-Y., Lee, J.-H., Lee, K.-S., Woo, N.-C.: Groundwater nitrate 771 

contamination and risk assessment in an agricultural area, South Korea. Environmental 772 

Earth Sciences 66, 1127-1136 (2012). https://doi.org/10.1007/s12665-011-1320-5 773 

 774 

Chislock, M.F., Doster, E., Zitomer, R.A., Wilson, A. E.: Eutrophication: Causes, 775 

Consequences, and Controls in Aquatic Ecosystems. Nature Education Knowledge 4(4):10 776 

(2013) 777 



 

28 
 

 778 

Collins, M. et al. in Climate Change 2013: The Physical Science Basis (eds Stocker, T.F. et 779 

al.) IPCC, Cambridge University Press Ch. 12 (2013).  780 

 781 

Cremer, N.: Nitrat im Grundwasser - Konzentrationsniveau, Abbauprozesse und 782 

Abbaupotenzial im Tätigkeitsbereich des Erftverbands [Nitrate in groundwater - concentration 783 

level, degradation processes and depletion potential in the area of activity of the 784 

Erftverband]. Erftverband. (2015) 785 

 786 

Dalgaard, T., Hansen, B., Hasler, B., Hertel, O., Hutchings, N.J., Jacobsen, B.H.,  787 

Schjørring, J.K.: Policies for agricultural nitrogen management – trends, challenges and 788 

prospects for improved efficiency in Denmark. Environmental Research Letters 9 (11), 789 

115002 (2014). https://doi.org/10.1088/1748-9326/9/11/115002 790 

 791 

DHLGH - Department of Housing, Local Government and Heritage, Government Ireland: 792 

Ireland’s Draft Nitrates Action Programme 2nd Stage Consultation (2021) 793 

 794 

Díaz-Alvarez, E.A., Lindig-Cisneros, R., de la Barrera, E.: Biomonitors of atmospheric 795 

nitrogen deposition: potential uses and limitations. Conservation Physiology 6, coy011 796 

(2018). https://doi.org/10.1093/conphys/coy011 797 

 798 

Dodds, W.K., Smith, V.H.: Nitrogen, phosphorus, and eutrophication in streams. Inland 799 

Waters 6, 155-164 (2016). http://dx.doi.org/10.5268/IW-6.2.909 800 

 801 

Drew, D.P.: Hydrogeology of lowland karst in Ireland. Quarterly Journal of Engineering 802 

Geology and Hydrogeology 41, 61–72 (2008). https://doi.org/10.1144/1470-9236/07-027 803 

 804 



 

29 
 

Drinking Water Directive 98/83/EC, Council Directive 98/83/EC: On the quality of water 805 

intended for human consumption. Official Journal of the European Communities (1998). 806 

http://ec.europa.eu/environment/index_en.htm, Accessed 06 May 2022 807 

 808 

DWA – Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall [ed.]: DWA-809 

Themen: Stickstoffumsatz im Grundwasser [DWA topics: Nitrogen transformation in 810 

groundwater] 87, (2015) Hennef 811 

 812 

EPA - Environmental Protection Agency: Land use and land cover. (2022) 813 

https://www.epa.ie/our-services/monitoring--assessment/assessment/irelands-814 

environment/land--soil/current-trends-land-and-soil/ (Accessed 06 May 2022) 815 

 816 

EPA - Environmental Protection Agency: Water quality in 2020. An indicators report. (2021) 817 

 818 

EPA - Environmental Protection Agency: Council Directive of 12 December 1991 concerning 819 

the protection of waters against pollution caused by nitrates from agricultural sources 820 

(91/676/EEC) - Article 10 Report for Ireland for the Period 2016-2019. (2020) 821 

 822 

Espejo-Herrera, N., Gracia-Lavedan, E., Boldo, E., et al.: Colorectal cancer risk and nitrate 823 

exposure through drinking water and diet. International Journal of Cancer 139, 334-46 824 

(2016). https://doi.org/10.1002/ijc.30083 825 

 826 

Eulenstein, F., Cremer, N., Schindler, R., Pickert, J. (2018) Stickstoffeintrag in 827 

Oberflächengewässer und Grundwasser in Deutschland auf Basis bundesweiter 828 

Auswertungen. DWA Korrespondenz Wasserwirtschaft 11, 6. 829 

 830 



 

30 
 

Eulenstein, F., Lana, M.A., Schlindwein, S.L., Sheudzhen, A.K., Tauscke, M., Behrendt, A., 831 

Guevara, E., Meira, S.: Trends of Soybean Yields under Climate Change Scenarios. 832 

Horticulturae 3, 10 (2017a). https://doi.org/10.3390/horticulturae3010010 833 

 834 

Eulenstein, F., Lana, M.A., Schlindwein, S.L., Sheudzhen, A.K., Tauscke, M., Behrendt, A., 835 

Guevara, E., Meira, S.: Regionalization of maize responses to climate change scenarios, N 836 

use efficiency and adaptation strategies. Horticulturae 3, 9 (2017b). 837 

https://doi.org/10.3390/horticulturae3010009 838 

 839 

Eulenstein, F., Schindler, U., Müller, L., Willms, M., Sheudzhen, AK, Schlindwein, SL, 840 

Tauschke, M., Behrendt, A., Lana, M.: Climate change affects nitrogen and sulfur load in 841 

percolated water from agricultural landscapes. Agriculture and Agricultural Science Procedia 842 

11, 59-64 (2016). https://doi.org/10.1016/j.aaspro.2016.12.010 843 

 844 

European commission: Report from the commission to the council and the European 845 

parliament on the implementation of Council Directive 91/676/EEC concerning the protection 846 

of waters against pollution caused by nitrates from agricultural sources based on Member 847 

State reports for the period 2012-2015, Brussels (2018)  848 

 849 

European Commission. Environment: Commission Takes Denmark to Court over Water 850 

Management Problems; European Commission: Brussels (2014) 851 

 852 

European Commission: Gross nutrient balance on agricultural land by nutrient (2022). 853 

https://ec.europa.eu/eurostat/databrowser/view/sdg_02_50  854 

 855 

Fay, P.A., Blair, J.M., Smith, M.D., Nippert, J.B., Carlisle, J.D., Knapp, A.K.: Relative effects 856 

of precipitation variability and warming on tallgrass prairie ecosystem function, 857 

Biogeosciences 8, 3053-3068 (2011). https://doi.org/10.5194/bg-8-3053-2011 858 



 

31 
 

 859 

Fenton, O., Richards, K.G., Kirwan, L., Khalil, M.I., Healy, M.G.: Factors affecting nitrate 860 

distribution in shallow groundwater under a beef farm in South Eastern Ireland. Journal of 861 

Environmental Management 90, 3135-3146 (2009). 862 

https://doi.org/10.1016/j.jenvman.2009.05.024 863 

 864 

Fleck, S., Ahrends, B., Sutmöller, J., Albert, M., Jan Evers, J., Meesenburg, H.: Is Biomass 865 

Accumulation in Forests an Option to Prevent Climate Change Induced Increases in Nitrate 866 

Concentrations in the North German Lowland?, Forests 8, 219 (2017). 867 

https://doi.org/10.3390/f8060219 868 

 869 

Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J., Jenkins, 870 

A., Grizzetti, B., Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F., Butterbach-Bahl, 871 

K., Dentener, F., Stevenson, D., Amann, M., Voss, M.: The global nitrogen cycle in the 872 

twenty-frst century. Philosophical Transactions of the Royal Society B 368, 20130164 (2013). 873 

https://doi.org/10.1098/rstb.2013.0164 874 

 875 

Gonzalez-Dugo, V., Durand, JL., Gastal, F.: Water deficit and nitrogen nutrition of crops. A 876 

review. Agronomy for Sustainable Development 30, 529-544 (2010). 877 

https://doi.org/10.1051/agro/2009059 878 

 879 

Goodridge, B.M., Melack, J.M.: Land use control of stream nitrate concentrations in 880 

mountainous coastal California watersheds. Journal of Geophysical Research 117 (2012). 881 

https://doi.org/10.1029/2011JG001833 882 

 883 

Goulding, K.: Nitrate leaching from arable and horticultural land. Soil Use and Management 884 

16, 145-151 (2006). https://doi.org/10.1111/j.1475-2743.2000.tb00218.x 885 

 886 



 

32 
 

GSI (Geological Survey of Ireland), Bedrock Geology of Ireland, 1:1,000,000 Scale map 887 

(2014).  888 

 889 

Gu, B., Zhu, Y., Chang, J., Peng, C., Liu, D., Min, Y., Luo, W., Howarth, R.W., Ge, Y.: The 890 

role of technology and policy in mitigating regional nitrogen pollution. Environmental 891 

Research Letters. 6 014011 (2011). https://doi.org/10.1088/1748-9326/6/1/014011 892 

 893 

Hannappel, S., Köpp, C., Bach, T.: Characterization of the denitrification potential of aquifers 894 

in Saxony-Anhalt [Characterization of the denitrification potential of aquifers in Saxony-895 

Anhalt]. Grundwasser 23, 311-321 (2018). https://doi.org/10.1007/s00767-018-0402-7 896 

 897 

Hansen, B., Voutchkova, D.D, Sandersen, P.B.E., Kallesøe, A., Thorling, L., Møller, I., 898 

Madsen, R.B., Jakobsen, R., Aamand, J., Maurya, P., Kim, H.: Assessment of complex 899 

subsurface redox structures for sustainable development of agriculture and the environment. 900 

Environmental Research Letters 16, 025007 (2021). https://doi.org/10.1088/1748-901 

9326/abda6d 902 

 903 

Hansen, B., Thorling, L., Kim, H., Blicher-Mathiesen, G.: Long-term nitrate response in 904 

shallow groundwater to agricultural N regulations in Denmark. Journal of Environmental 905 

Management 240, 66–74 (2019a). https://doi.org/10.1016/j.jenvman.2019.03.075 906 

 907 

Hansen, B., Christiansen, A.V., Dalgaard, T., Jørgensen, F., Iversen, B.V., Larsen, J.J., 908 

Kjærgaard, C., Jacobsen, B.H., Auken, E., Højberg, A.L., Schaper, S.: Danish review on 909 

advances in assessing: N retention in the subsurface in relation to future targeted N-910 

regulation of agriculture. Geological Survey of Denmark and Greenland Rapport (2019b) 911 

 912 



 

33 
 

Hansen, B., Thorling, L., Schullehner, J., Termansen, M., Dalgaard, T.: Groundwater nitrate 913 

response to sustainable nitrogen management. Scientific Reports 7, 8566 (2017). 914 

https://doi.org/10.1038/s41598-017-07147-2 915 

 916 

Hansen, B., Larsen, F.: Faglig vurdering af nitratpåvirkningen af iltet grundvand ved 917 

udfasning af normreduktionen for kvælstof i 2016-18 [Technical assessment of nitrate impact 918 

on oxygenated groundwater by phasing out nitrogen standard reduction in 2016-18]. 919 

Geological Survey of Denmark and Greenland Rapport (2016) 920 

 921 

Hansen. B., Thorling, L., Dalgaard, T., Erlandsen, M.: Trend reversal of nitrate in Danish 922 

groundwater—a refection of agricultural practices and nitrogen surpluses since 1950. 923 

Environmental Science & Technology 45:228–234 (2011). https://doi.org/10.1021/es102334u 924 

 925 

Hansen, B., Steen, E., Grant, R., Høgh-Jensen, H., Erik, S., Olesen, J.E., Kristensen, E.S., 926 

Grant, R., Høgh-Jensen, H., Simmelsgaard, S.E., Olesen, J.E.: Nitrogen leaching from 927 

conventional versus organic farming systems - A systems modelling approach. European 928 

Journal of Agronomy 13, 65–82 (2000). https://doi.org/10.1016/S1161-0301(00)00060-5 929 

 930 

Hosono, T., Tokunaga, T., Kagabu, M., Nakata, H., Orishikida, T., Lin, I-T., Shimadab, J.: 931 

The use of δ15N and δ18O tracers with an understanding of groundwater flow dynamics for 932 

evaluating the origins and attenuation mechanisms of nitrate pollution. Water Research 47, 933 

2661-2675 (2013). https://doi.org/10.1016/j.watres.2013.02.020 934 

 935 

Inoue-Choi, M., Jones, R.R., Anderson, K.E., Cantor, K.P., Cerhan, J.R., Krasner, S., 936 

Robien, K., Weyer, P.J., Ward, M.H.: Nitrate and nitrite ingestion and risk of ovarian cancer 937 

among postmenopausal women in Iowa. International Journal of Cancer 137, 173 182 938 

(2015). https://doi.org/10.1002/ijc.29365 939 

 940 



 

34 
 

Irish statute book: Good Agricultural Practice Regulations. S.I. 605/2017 with amendments SI 941 

40 2020, SI 225 2020, SI 529 2020 (2017).  942 

http://www.irishstatutebook.ie/eli/2017/si/605/made/en/print; 943 

http://www.irishstatutebook.ie/eli/2020/si/40/made/en/print, 944 

http://www.irishstatutebook.ie/eli/2020/si/225/made/en/print, 945 

http://www.irishstatutebook.ie/eli/2020/si/529/made/en/print (Accessed 18 May 2022) 946 

 947 

Jahangir, M.M.R., Johnston, P., Khalil, M.I., Richards, K.G.: Linking hydrogeochemistry to 948 

nitrate abundance in groundwater in agricultural settings in Ireland. Journal of Hydrology 949 

448-449, 212-222 (2012). http://dx.doi.org/10.1016/j.jhydrol.2012.04.054 950 

 951 

Jahangir, M.M.R., Fenton, O., Müller, C., Harrington, R., Johnston, P., Richards, K.G.: In situ 952 

denitrification and DNRA rates in groundwater beneath an integrated constructed wetland. 953 

Water Research 111, 254-264 (2017). http://dx.doi.org/10.1016/j.watres.2017.01.015 954 

 955 

Jones, R.R., Weyer, P.J., DellaValle, C.T., Robien, K., Cantor, K.P., Krasner, S., Freeman, 956 

L.E.B., Ward, M.H.: Ingested nitrate, disinfection by-products, and kidney cancer risk in older 957 

women. Epidemiology 28, 703-711 (2017). https://doi.org/10.1097/ede.0000000000000647 958 

 959 

Jung-Madsen, S., Boutrup, S., Nielsen, V.V., Hansen, A.S., Svendsen, L.M., Fredshavn, J.,  960 

Blicher-Mathiesen, G., Thodsen, H., Hansen, J.W., Høgslund, S., Johansson, Nygaard, B.,  961 

Kjær, C., Ellermann, T., Thorling, L., Frank-Gopolos, T.: Vandmiljø og Natur 2020, NOVANA. 962 

Tilstand og udvikling - faglig sammenfatning. [Aquatic Environment and Nature 2020, 963 

NOVANA. Status and trends - technical summary] 70 p. - Scientific Report No. 478 (2021) 964 

http://dce2.au.dk/pub/SR478.pdf  965 

 966 

Kane, E.S., Betts, E.F., Burgin, A.J., Clilverd, H.M., Crenshaw, C.L., Fellman, J.B., Myers-967 

Smith, I.H., O'Donnell, J.A., Sobota, D.J., van Verseveld, W.J., Jones, J.B.: Precipitation 968 



 

35 
 

control over inorganic nitrogen import-export budgets across watersheds: a synthesis of 969 

long-term ecological research. Ecohydrology 1, 105-117 (2008). 970 

https://doi.org/10.1002/eco.10 971 

 972 

Kastens, B., Newig, J.: The water framework directive and agricultural nitrate pollution: Will 973 

great expectations in Brussels be dashed in Lower Saxony? European Environment 17, 231-974 

246 (2007). https://doi.org/10.1002/eet.446 975 

 976 

Kaushal, S.S., Groffman, P.M., Band, L.E., Shields, C.A., Morgan, R.P., Palmer, M.A., Belt, 977 

K.T., Swan, C.M., Findlay, S.E., Fisher, G.: Interaction between urbanization and climate 978 

variability amplifies watershed nitrate export in Maryland. Environmental science & 979 

technology 42 16, 5872-8 (2008). https://doi.org/10.1021/ES800264F 980 

 981 

Kim, H., Sandersen, P., Jakobsen, R., Kallesøe, A.J., Claes, N., Blicher-Mathiesen, G., 982 

Foged, N., Aamand, J., Hansen, B.: A 3D hydrogeochemistry model of nitrate transport and 983 

fate in a glacial sediment catchment: a first step toward a numerical model. Science of the 984 

Total Environment 776, 146041 (2021). https://doi.org/10.1016/j.scitotenv.2021.146041 985 

 986 

Kirtman, B. et al. in Climate Change 2013: The Physical Science Basis (eds  987 

Stocker, T.F. et al.) IPCC, Cambridge University Press 953-1028 (2013) 988 

 989 

Kitterød, N-O., Kværner, J., Aagaard, P.; Arustienė, J., Bikše, J., Dagestad, A., Gundersen, 990 

P., Hansen, B., Hjartarson, Á., Karro, E., Klavins, M., Marandi, A., Radienė, R., Retike, I., 991 

Rossi, P.M., Thorling, L.: Hydrogeology and groundwater quality in the Nordic and Baltic 992 

countries. Hydrology Research 53, (7) 958–982. https://doi.org/10.2166/nh.2022.018 993 

 994 

Kludt, C., Weber, F.A., Bergmann, A., Knöller, K., Berthold, G., Schüth, C.: Identifizierung der 995 

Nitratabbauprozesse und Prognose des Nitratabbaupotenzials in den Sedimenten des 996 



 

36 
 

Hessischen Rieds [Identification of denitrification processes and prognoses of denitrification 997 

potential in the sediments of the Hessian Ried]. Grundwasser 21, 227–241 (2016). 998 

https://doi.org/10.1007/s00767-015-0317-5 999 

 1000 

Knill, C., Heichel, S., Arndt, D.: Really a front-runner, really a Straggler? Of environmental 1001 

leaders and laggards in the European Union and beyond: A quantitative policy perspective. 1002 

Energy Policy 48, 36–45 (2012). https://doi.org/10.1016/j.enpol.2012.04.043 1003 

 1004 

Köhler, K., Duynisveld, W.H.M., Böttcher, J.: Nitrogen fertilization and nitrate leaching into 1005 

groundwater on arable sandy soils. Journal of Plant Nutrition and Soil Science 169, 185-195. 1006 

(2006). https://doi.org/10.1002/JPLN.200521765 1007 

 1008 

Knowles, R.: Denitrification. Microbiological Review 46, 43-70. (1982) No.10146-1009 

0749/82/010043-28$02.00/0 1010 

 1011 

Kübeck, C., Bergmann, A., Herzberg, A.: Modellierung und Prognose der durch den 1012 

Klimawandel verursachten Änderungen der Wasserquantität und -qualität [Modeling and 1013 

prediction of changes in water quantity and quality caused by climate change]. dynaklim-1014 

Publikation 45 (2013) 1015 

 1016 

Kübeck, C., Hansen, C., König, C., van Berk, W., Zervas, A., Bergmann, A.: Ableitung der 1017 

Reaktivität von organisch gebundenem Kohlenstoff in redoxzonierten Grundwasserleitern – 1018 

Hydrogeochemische Modellierung kinetisch angetriebener Reaktionssysteme [Derivation of 1019 

organic carbon reactivity in a redox-stratified aquifer—hydrogeochemical modelling of 1020 

kinetically driven reaction systems]. Grundwasser 15, 103-112 (2010). 1021 

https://doi.org/10.1007/s00767-009-0136-7 1022 

 1023 



 

37 
 

Kühling, I., Beiküfner, M., Vergara, M., Trautz, D.: Effects of Adapted N-Fertilisation 1024 

Strategies on Nitrate Leaching and Yield Performance of Arable Crops in North-Western 1025 

Germany. Agronomy 11(1):64 (2021). https://doi.org/10.3390/agronomy11010064 1026 

 1027 

Lamersdorf, N.P., Beier, C., Blanck, K., Bredemeier, M., Cummins, T., Farrell, E.P., Kreutzer, 1028 

K., Rasmussen, L., Ryan, M., Weis, W., Xu, Y.J.: Effect of drought experiments using roof 1029 

installations on acidification/nitrification of soils. Forest Ecology and Management 101, 95-1030 

109 (1998). https://doi.org/10.1016/S0378-1127(97)00128-X 1031 

 1032 

Lana, M.A., Eulenstein, F., Schlindwein, S., Guevara, E., Meira, S., Wurbs, A., Sieber, S., 1033 

Svoboda, N., Bonatti, M.: Regionalization of climate scenarios impacts on maize production 1034 

and the role of cultivar and planting date as an adaptation strategy. Regional Environmental 1035 

Change 16, 1319-1331. https://doi.org/10.1007/s10113-015-0860-8. 1036 

 1037 

Lassaletta, L., Billen, G., Grizzetti, B., Anglade, J., Garnier, J.: 50 year trends in nitrogen use 1038 

efficiency of world cropping systems: the relationship between yield and nitrogen input to 1039 

cropland. Environmental Research Letters 9 (10), 105011 (2014). 1040 

https://doi.org/10.1088/1748-9326/9/10/105011 1041 

 1042 

Lenhart, S., Ortmeyer, F., Banning, A.: Denitrification in the Vadose Zone: 1043 

Modelling with Percolating Water Prognosis and Denitrification Potential. Journal of 1044 

Contaminant Hydrology 242, 103843 (2021). https://doi.org/10.1016/j.jconhyd.2021.103843 1045 

 1046 

LfU - Landesamt für Umwelt, Wasserwirtschaft und Gewerbeaufsicht Rheinland-Pfalz: Nitrat 1047 

im Grundwasser. [LfU - Federal State Office for the Environment, Water Management and 1048 

Trade Control Rhineland-Palatinate: Nitrate in Groundwater] (2005) 1049 

 1050 



 

38 
 

Landwirtschaftskammer NRW: Die neue Düngeverordnung 2020 - was ändert sich? 1051 

[Chamber of Agriculture NRW: The new Fertilizer Ordinance 2020 - what will change?] 1052 

(2021) 1053 

https://www.landwirtschaftskammer.de/landwirtschaft/ackerbau/duengung/duengeverordnun1054 

g/duev-2020.htm (Accessed 21 April 2022) 1055 

 1056 

Larsen, K. S. et al.: Reduced N cycling in response to elevated CO2, warming, and drought 1057 

in a Danish heathland: synthesizing results of the CLIMAITE project afer two years of 1058 

treatments. Global Change Biology 17, 1884-1899 (2011). https://doi.org/10.1111/j.1365-1059 

2486.2010.02351.x 1060 

 1061 

Manzoni, S., Schimel, J.P., Porporato, A.: Responses of soil microbial communities to water 1062 

stress: results from a meta-analysis. Ecology 93(4):930-8 (2012). https://doi.org/10.1890/11-1063 

0026.1  1064 

 1065 

Mas-Pla, J., Menció, A.: Groundwater nitrate pollution and climate change: learnings from a 1066 

water balance-based analysis of several aquifers in a western Mediterranean region 1067 

(Catalonia). Environmental Science and Pollution Research 26, 2184-2202 (2019). 1068 

https://doi.org/10.1007/s11356-018-1859-8 1069 

 1070 

McAleer, E., Coxon, C., Mellander, P.-E., Grant, J., Richards, K.: Patterns and Drivers of 1071 

Groundwater and Stream Nitrate Concentrations in Intensively Managed Agricultural 1072 

Catchments. Water 14, 1388 (2022). https://doi.org/10.3390/w14091388 1073 

 1074 

McGurk, M.D., Landry, F., Tang, A., Hanks, C.C.: Acute and chronic toxicity of nitrate to early 1075 

life stages of lake trout (Salvelinus namaycush) and lake whitefish (Coregonus clupeaformis). 1076 

Environmental Toxicology and Chemistry 25, 2187-2196 (2006). https://doi.org/10.1897/05-1077 

270r.1 1078 



 

39 
 

 1079 

Meissner, R., Rupp, H., Seeger, J., Schonert, P.: Influence of mineral fertilizers and different 1080 

soil types on nutrient leaching: Results of lysimeter studies in East Germany. Land 1081 

Degradation and Rehabilitation 6, 163-170 (1996). https://doi.org/10.1002/ldr.3400060304 1082 

 1083 

Meschede, M., Warr, L.N.: The Geology of Germany, A Process-Oriented Approach. p. 304; 1084 

Springer, Cham, Switzerland (2019) https://doi.org/10.1007/978-3-319-76102-2 1085 

 1086 

Ministry of Environment of Denmark: Status and trends of the aquatic environment and  1087 

agricultural practice in Denmark Report to the European Commission for the period 2016-1088 

2019 in accordance with article 10 of the Nitrates Directive (1991/676/EEC). (2021) 1089 

 1090 

Mohseni-Bandpi, A., Elliott, D. J., Zazouli, M.A.: Biological nitrate removal processes from 1091 

drinking water supply - a review. Journal of Environmental Health Sciences & Engineering 1092 

11:35 (2013) https://doi.org/10.1186/2052-336X-11-35 1093 

 1094 

Murray, C.J., Müller-Karulis, B., Carstensen, J., Conley, D.J., Gustafsson, B.G., 1095 

Andersen, J.H.: Past, present and future eutrophication status of the Baltic 1096 

Sea. Frontiers in Marine Science 6 (2019). https://doi.org/10.3389/fmars.2019.00002 1097 

 1098 

Nitrate Directive - European Commission (Publisher): Directive 91/676/EEC of 12 December 1099 

1991 concerning the protection of waters against pollution caused by nitrates from 1100 

agricultural sources (1991) 1101 

 1102 

Nygaard, K., Schaper, S., Jacobsen, B.H., Hansen, B.: Sustainable value propositions of a 1103 

new technology for targeted nitrogen regulation. Journal of Cleaner Production 337 (2022). 1104 

https://doi.org/10.1016/j.jclepro.2022.130496 1105 

 1106 



 

40 
 

Ortmeyer, F., Guerreiro, M., Begerow, D., Banning, A.: Modified microbiology through 1107 

enhanced denitrification by addition of various organic substances – temperature effect. 1108 

Under review in Biodegradation (2022) 1109 

 1110 

Ortmeyer, F., Volkova, K., Wisotzky, F., Wohnlich, S., Banning, A.: Monitoring nitrate 1111 

reduction: hydrogeochemistry and clogging potential in raw water wells. Environmental 1112 

Monitoring and Assessment 193:112 (2021a). https://doi.org/10.1007/s10661-021-08880-y 1113 

 1114 

Ortmeyer, F., Mas-Pla, J., Wohnlich, S., Banning, A.: Forecasting nitrate evolution in an 1115 

alluvial aquifer under distinct environmental and climate change scenarios (Lower Rhine 1116 

Embayment, Germany). Science of the Total Environment 768, 144463 (2021b). 1117 

https://doi.org/10.1016/j.scitotenv.2020.144463 1118 

 1119 

Ortmeyer, F., Begerow, D., Guerreiro, M.A., Wohnlich, S., Banning, A.: Comparison of 1120 

denitrification induced by various organic substances – reaction rates, microbiology and 1121 

temperature effect. Water Resources Research 57, e2021WR029793 (2021c). 1122 

https://doi.org/10.1029/2021WR029793 1123 

 1124 

Ortmeyer, F., Wohnlich, S., Banning, A.: Trace element mobility during Corg enhanced 1125 

denitrification in two different aquifers. Water 13:1589 (2021d). 1126 

https://doi.org/10.3390/w13111589 1127 

 1128 

Paradis, C.J., Miller, J.I., Moon, J.W., Spencer, S.J., Lui, L.M., Van Nostrand, J.D., Ning, D., 1129 

Steen, A.D., McKay, L.D., Arkin, A.P., Zhou, J., Alm, E.J., Hazen, T.C.: Sustained ability of a 1130 

natural microbial community to remove nitrate from groundwater. Groundwater (2021). 1131 

https://doi.org/10.1111/gwat.13132 1132 

 1133 



 

41 
 

Paradis, D., Vigneault, H., Lefebvre, R., Savard, M.M., Ballard, J.M., Qian, B.: Groundwater 1134 

nitrate concentration evolution under climate change and agricultural adaptation scenarios: 1135 

Prince Edward Island. Canada, Earth System Dynamics 7, 183-202 (2016). 1136 

https://doi.org/10.5194/esd-7-183-2016 1137 

 1138 

Payne, R.J., Dise, N.B., Field, C.D., Dore, A.J., Carpon, S.J., Stevens, C.J.: Nitrogen 1139 

deposition and plant biodiversity: past, present, and future. Frontiers in Ecology and the 1140 

Environment 15, 431-436 (2017). https://doi.org/10.1093/conphys/coy011 1141 

 1142 

Petersen, R.J., Blicher-Mathiesen, G., Rolighed, J., Andersen, H.E., Brian Kronvang, B.: 1143 

Three decades of regulation of agricultural nitrogen losses: Experiences from the Danish 1144 

Agricultural Monitoring Program. Science of The Total Environment 787, 147619 (2021) 1145 

https://doi.org/10.1016/j.scitotenv.2021.147619 1146 

 1147 

QDR - Qualitätsgemeinschaft für nachhaltige Düngung und Ressourcenschutz e.V.: Das 1148 

deutsche Nitratmessnetz. (2015) 1149 

https://qdr-1150 

ev.de/aktuelles_detail.html?&L=0%27%27%27A%3D0%27&tx_ttnews%5Btt_news%5D=20&1151 

cHash=ceae5048fa140f2823a8aceb1073fdb6 (Accessed 07 June 2022) 1152 

 1153 

Riedel, T., Kübeck, C., Quirin, M.: Legacy nitrate and trace metal (Mn, Ni, As, Cd, U) 1154 

pollution in anaerobic groundwater: Quantifying potential health risk from “the other nitrate 1155 

problem”. Applied Geochemistry 139, 105254 (2022). 1156 

https://doi.org/10.1016/j.apgeochem.2022.105254 1157 

 1158 

Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W.N., Bemment, C.D.: Nitrate attenuation in 1159 

groundwater: a review of biogeochemical controlling processes. Water Research 42, 4215-1160 

4232 (2008). https://doi.org/10.1016/j.watres.2008.07.020 1161 



 

42 
 

 1162 

Rossmann, A., Scherf; K.A., Rühl, G., Greef, J.M., Mühling, K.H.: Effects of a late N fertiliser 1163 

dose on storage protein composition and bread volume of two wheat varieties differing in 1164 

quality. Journal of Cereal Science 93,102944 (2020). 1165 

https://doi.org/10.1016/j.jcs.2020.102944. 1166 

 1167 

Schimel, J., Balser, T.C., Wallenstein, M.: Microbial stress-response physiology and its 1168 

implications for ecosystem function. Ecology 88, 1386-1394 (2007). 1169 

http://dx.doi.org/10.1890/06-0219 1170 

 1171 

Schullehner, J., Hansen, B., Thygesen, M., Pedersen, C.B., Sigsgaard, T.: Nitrate in drinking 1172 

water and colorectal cancer risk: A nationwide population‐based cohort study, Cancer 1173 

Epidemiology. International Journal of Cancer 143, 73 79 (2018). 1174 

https://doi.org/10.1002/ijc.31306 1175 

 1176 

Schullehner, J., Hansen, B.: Nitrate exposure from drinking water in Denmark over  1177 

the last 35 years. Environmental Research Letters 9 (9), 095001 (2014). 1178 

https://doi.org/10.1088/1748-9326/9/9/095001 1179 

 1180 

Sebilo, M., Mayer, B., Nicolardot, B., Pinay, G., Mariotti, A.: Long-term fate of nitrate fertilizer 1181 

in agricultural soils. Proceedings of the National Academy of Sciences of the United States of 1182 

America, 18185–18189 (2013). https://doi.org/10.1073/pnas.1305372110 1183 

 1184 

Shore, M., Jordan, P., Melland, A.R., Mellander, P.E., McDonald, N., Ger Shortle, G.: 1185 

Incidental nutrient transfers: Assessing critical times in agricultural catchments using high-1186 

resolution data. Science of the Total Environment 553, 404-415 (2016). 1187 

http://dx.doi.org/10.1016/j.scitotenv.2016.02.085 1188 

 1189 



 

43 
 

Shukla, S., Saxena, A.: Global Status of Nitrate Contamination in Groundwater: Its 1190 

Occurrence, Health Impacts, and Mitigation Measures, Handbook of Environmental Materials 1191 

Management. Springer (2018). https://doi.org/10.1007/978-3-319-58538-3_20-1 1192 

 1193 

Soucek, D.J., Dickinson, A.: Influence of chloride on the chronic toxicity of sodium nitrate to 1194 

Ceriodaphnia dubia and Hyalella Azteca. Ecotoxicology 25, 1406-1416 (2016). 1195 

https://doi.org/10.1007/s10646-016-1691-1 1196 

 1197 

Stark, J.M., Firestone, M.K.: Mechanisms for soil moisture efects on activity of nitrifying 1198 

bacteria. Applied and Environmental Microbiology 61, 218-221 (1995). 1199 

 1200 

Statistics Denmark: Land use accounts (2022) https://www.dst.dk/en/Statistik/emner/miljoe-1201 

og-energi/areal/arealopgoerelser?msclkid=13ca56dfd05c11ecbafd70cbc0531783 (Accessed 1202 

10 May 2022) 1203 

 1204 

Styczen, M. E., Abrahamsen, P., Hansen, S., Knudsen, L.: Model analysis of the significant 1205 

drop in protein content in Danish grain crops from 1990-2015. European Journal of 1206 

Agronomy 118, 126068 (2020). https://doi.org/10.1016/j.eja.2020.126068 1207 

 1208 

Sutton, M.A., Howard, C.M., Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P.,  1209 

Grinsven, H.v., Grizzeti, B. (Eds.): The European Nitrogen Assessment.  1210 

Cambridge University Press, Cambridge (2011) 1211 

 1212 

The European Nitrogen Assessment: sources, effects, and policy perspectives. Edited by 1213 

Sutton, M.A., Howard, C.M., Erisman, J.W., Billen, G., Bleeke, A., Grennfelt, P., van 1214 

Grinsven, H., Grizzetti, B. Cambridge University Press, ISBN 978-1-107-00612-6 (2011) 1215 

 1216 



 

44 
 

Thorling, L., Albers, C.N., Ditlefsen, C. Hansen, B., Johnsen, A.R., Mortensen, M.H. 1217 

Troldborg, L.: Grundvand. Status og udvikling 1989–2020. [Groundwater. Status and 1218 

development 1989-2020] Technical Report, GEUS (2021) 1219 

 1220 

Umweltbundesamt: Nitrat im Grund- und Trinkwasser. [Federal Environment Agency: Nitrate 1221 

in groundwater and drinking water] (2022a) 1222 

https://www.umweltbundesamt.de/themen/wasser/grundwasser/nutzung-belastungen/faqs-1223 

zu-nitrat-im-grund-trinkwasser#was-ist-der-unterschied-zwischen-trinkwasser-rohwasser-1224 

und-grundwasser (Accessed 19 April 2022) 1225 

 1226 

Umweltbundesamt: Indikator: Stickstoffüberschuss der Landwirtschaft [Federal Environment 1227 

Agency: Indicator: Nitrogen surplus of agriculture] (2022b) 1228 

Indikator: Stickstoffüberschuss der Landwirtschaft | Umweltbundesamt (Accessed 01 1229 

September 2022) 1230 

 1231 

Umweltbundesamt: Struktur der Flächennutzung. [Federal Environment Agency: Structure of 1232 

land use] (2021) https://www.umweltbundesamt.de/daten/flaeche-boden-land-1233 

oekosysteme/flaeche/struktur-der-flaechennutzung#die-wichtigsten-flachennutzungen 1234 

(Accessed 20 April 2022) 1235 

 1236 

Umweltbundesamt: Stickstoff-Flächenbilanzen für Deutschland mit Regionalgliederung 1237 

Bundesländer und Kreise – Jahre 1995 bis 2017 Methodik, Ergebnisse und Minderungsmaß 1238 

[Federal Environment Agency: Nitrogen area balances for Germany with regional breakdown 1239 

Federal states and districts - years 1995 to 2017 Methodology, results and mitigation 1240 

measure] (2019) Publications as pdf: http://www.umweltbundesamt.de/publikationen 1241 

 1242 

Umweltbundesamt: Quantifizierung der landwirtschaftlich verursachten Kosten zur Sicherung 1243 

der Trinkwasserbereitstellung. Publikationen als pdf, [Federal Environment Agency: 1244 



 

45 
 

Quantifying agriculturally induced costs to secure drinking water supplies. Publications as 1245 

pdf] http://www.umweltbundesamt.de/publikationen, Dessau-Roßlau. ISSN 1862-4359 (2017) 1246 

 1247 

Umweltbundesamt: DynAKlim – Dynamische Anpassung regionaler Planungs- und 1248 

Entwicklungsprozesse an die Auswirkungen des Klimawandels in der Emscher-Lippe-Region 1249 

(Nördliches Ruhrgebiet) [Federal Environment Agency: DynAKlim – Dynamic Adaptation to 1250 

the Effects of Climate Change in the Emscher-Lippe Region (Ruhr Basin)]. (2016). 1251 

https://www.umweltbundesamt.de/en/topics/climate-energy/climate-change-1252 

adaptation/adaptation-tools/project-catalog/dynaklim-dynamic-adaptation-to-the-effects-of 1253 

(Accessed 15 June 2022) 1254 

 1255 

van Grinsven, H.J.M., ten Berge, H.F.M., Dalgaard, T., Fraters, B., Durand, P., Hart, A., 1256 

Hofman, G., Jacobsen, B.H., Lalor, S.T.J., Lesschen, J.P., Osterburg, B., Richards, K.G., 1257 

Techen, A.K., Vertes, F., Webb, J., Willems, W.J.: Management, regulation and 1258 

environmental impacts of nitrogen fertilization in northwestern Europe under the Nitrates 1259 

Directive; a benchmark study. Biogeosciences 9, 5143–5160 (2012). 1260 

https://doi.org/10.5194/bg-9-5143-2012 1261 

 1262 

Vidal-Gavilan, G., Carrey, R., Solanas, A., Soler, A.: Feeding strategies for groundwater 1263 

enhanced biodenitrification in an alluvial aquifer: chemical, microbial and isotope assessment 1264 

of a 1D flow-through experiment. Science of the Total Environment 494-495, 241-251 (2014). 1265 

https://doi.org/10.1016/j.scitotenv.2014.06.100 1266 

 1267 

Ward, M.H., Jones, R.R., Brender, J.D., de Kok, T.M., Weyer, P.J., Nolan, B.T., Villanueva, 1268 

C.M., van Breda, S.G.: Drinking Water Nitrate and Human Health: An Updated Review. 1269 

International Journal of Environmental Research and Public Health 15, 1557 (2018). 1270 

https://doi.org/10.3390/ijerph15071557 1271 

 1272 



 

46 
 

Whitehead, P.G., Wilby, R.L., Battarbee, R.W., Kernan, M., Wade, A.J.A.: Review of the 1273 

potential impacts of climate change on surface water quality. Journal of Hydrology 54, 101-1274 

123 (2009). https://doi.org/10.1623/hysj.54.1.101 1275 

 1276 

Wiering, M., Liefferink, D., Boezeman, D. Kaufmann, M., Crabbé, A., Kurstjens, N.: The 1277 

Wicked Problem the Water Framework Directive Cannot Solve. The Governance Approach 1278 

in Dealing with Pollution of Nutrients in Surface Water in the Netherlands, Flanders, Lower 1279 

Saxony, Denmark and Ireland. Water 12, 1240 (2020). https://doi.org/10.3390/w12041240 1280 

 1281 

Wilde, S., Hansen, C., Bergmann, A.: Nachlassender Nitratabbau im Grundwasser und 1282 

deren Folgen – abgestufte modellgestützte Bewertungsansätze [Decreasing denitrification 1283 

capacity in aquifers: scaled model-based evaluation]. Grundwasser 22, 293-308 (2017). 1284 

https://doi.org/10.1007/s00767-017-0373-0 1285 

 1286 

Wisotzky, F., Cremer, N., Lenk, S.: Angewandte Grundwasserchemie, Hydrogeologie und 1287 

hydrogeochemische Modellierung [Applied groundwater chemistry, hydrogeology and 1288 

hydrogeochemical modeling]. XXXV +449 p.; Berlin Heidelberg, Springer (2018) 1289 

https://doi.org/10.1007/978-3-662-55558-3 1290 

 1291 

Wisotzky, F., Strobel, M.: Einfluss von Methaneinträgen auf die Hydrochemie des 1292 

Münsterländer Kiessandzuges [Influence of methane inputs on the hydrochemistry of the 1293 

Münsterland gravel sand]. Grundwasser. 14, 33-45 (2009). https://doi.org/10.1007/s00767-1294 

008-0097-2. 1295 

 1296 

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., Shen, Y.: 1297 

Managing nitrogen for sustainable development. Nature 528 (7580), 51–59 (2015). 1298 

 1299 



 

47 
 

Zhou, Z.: A Global Assessment of Nitrate Contamination in Groundwater. (2015) 1300 

https://www.un-1301 

igrac.org/sites/default/files/resources/files/A%20Global%20Assessment%20of%20Nitrate%21302 

0Contamination%20in%20Groundwater.pdf (Accessed 06 May 2022) 1303 

  1304 



 

48 
 

 1305 

Figure 1: Nitrate Vulnerable Zones (NVZ) subdivided into designated areas (dark blue) and 1306 
applied to the entire country (light blue)"; Germany, Denmark and Ireland highlighted 1307 

(European Commission 2022) 1308 
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 1309 

Figure 2: Distribution of groundwater NO3
- contamination in Germany; monitoring wells of the 1310 

EEA groundwater monitoring network subdivided into < 25 mg/L, > 25 to 50 mg/L and > 50 1311 
mg/L (modified according to Umweltbundesamt 2022a) 1312 

 1313 
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 1314 

Figure 3: Groundwater NO3
- concentration in Denmark. Left: Average NO3

- concentrations in 1315 
1.276 GRUMO monitoring wells; Right: Average NO3

- concentrations in 6.111 water supply 1316 
wells from 2016 to 2020 (Thorling et al. 2021) 1317 

 1318 
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 1319 

Figure 4: Groundwater NO3
- concentration in Ireland. Circle chart: Monitoring wells 1320 

subdivided into < 25 mg/L, > 25 to 50 mg/L and > 50 mg/L (modified according to EPA 2021) 1321 
  1322 
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Table 1: Overview of selected NO3
- research and effects of climate change projects in 1323 

Germany 1324 

Tabelle 1: Übersicht über ausgewählte Nitratforschungsprojekte und Projekte der 1325 

Auswirkungen des Klimawandels in Deutschland 1326 

 1327 

  1328 

Project Short description 

Nitrate in groundwater - concentration level, 
degradation processes  
and depletion potential in the area of activity 
of the Erftverband (Cremer, 2015) 

Overview of numerous water supplies, their 
trends in NO3

- concentrations and NO3
- 

degradation 

Denitrification in the sediments of the 
Hessian Ried (Kludt et al., 2016) 

Identification of denitrification processes and  
prognoses of denitrification potential 

Decreasing denitrification capacity in 
aquifers (Wilde et al., 2017) 

Determination of NO3
- degradation potential 

and four-stage adaptation to area-specific 
conditions 

Characterization of the denitrification 
potential of aquifers in Saxony-Anhalt 
(Hannappel et al., 2018) 

Estimation of site-specific NO3
- reduction 

potential 

Nitrate reduction: hydrogeochemistry 
and clogging potential (Ortmeyer et al., 
2021a) 

Influence of denitrification on numerous 
saturation indices, calculation until NO3

- 
breakthrough to wells 

Reactivity of organically bound C (Kübeck et 
al., 2010) 

Reactive mass transport model considering 
the reaction kinetics of organically bound C 

DynAKlim (Umweltbundesamt, 2016) 
Dynamic Adaptation to the Effects of Climate 
Change in the Emscher-Lippe Region (Ruhr 
Basin) 

Modeling of water quality and quantity 
influenced by climate change; DynAKlim 
(Kübeck et al., 2014) 

Effects of climate change on the water 
balance 

Denitrification in the vadose zone (Lenhart et 
al., 2021) 

Reactive transport modelling of 
denitrification potential in the vadose zone 

Nitrate and trace elements (Riedel et al., 
2022) 

Quantification of potential health risk 

Nation-wide estimation of groundwater redox 
conditions and NO3

- concentrations (Knoll et 
al., 2020) 

Estimation of groundwater quality based on 
spatial environmental predictors with 
machine learning 
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Table 2: Updated measures of the German Fertilizer Regulation 2020 (BMJ, 2020; BMEL 1329 
and BMU, 2020; Landwirtschaftskammer NRW, 2021) 1330 

Tabelle 2: Aktualisierte Maßnahmen der Düngeverordnung 2020 (BMJ 2020; BMEL und 1331 

BMU 2020; Landwirtschaftskammer NRW 2021) 1332 

Measures Description 

Determination of fertilizer demand Yield level of the cultivated crop of the last 3 
years is raised to 5 years 

Nutrient comparison abolished Recording of each fertilization action no later 
than 2 days after application 

Minimum N efficiency 10 % increase in minimum N efficiency of cattle 
manure, pig manure and liquid digestate 

Frozen ground No application of N and P fertilizers 

Shortened time until tilling After 4 hours, from February 2025 after 1 hour 

Blocking period No application of solid manure as well as P 
fertilizer from 01.12. to 15.01.; N fertilizer 
depending on main crop and intercropping 
(partly from harvest, often October to January) 

Permitted maximum manure quantities application of fertilizer must be below the 
maximum value based on the average on 
agriculturally used areas of the farm 

Distances to water bodies Larger distances with increasing slope gradient 

Further measures in polluted areas Table 3 

 1333 

Table 3: Measures of the German Fertilizer Regulation for NO3
- polluted areas (BMJ, 2020; 1334 

BMEL and BMU, 2020, Landwirtschaftskammer NRW, 2021) 1335 

Tabelle 3: Maßnahmen der Düngeverordnung für NO3
- belastete Gebiete (BMJ 2020; BMEL 1336 

und BMU 2020; Landwirtschaftskammer NRW 2021) 1337 

Measures Description 

N fertilization under demand Nitrogen fertilization 20 % below calculated 
fertilizer requirement 

Upper limit management unit Compliance with the 170 kg/ha*a N cap per 
management unit 

Extension of the blocking periods Extension for four weeks 

Prohibition of autumn fertilization Exceptions:  

• Intercrops with feeding use 

• Winter rape: Proof soil below 45 kg N/ha 

Limitation of liquid organic fertilizers on 
permanent grassland in autumn 

On green land to 60 kg Ntotal/ha 

Intercropping Mandatory 

 1338 

  1339 
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Table 4: Major N policy measures in Denmark (Hansen et al., 2017; Dalgaard et al., 2014) 1340 

Tabelle 4: Bedeutende Maßnahmen der Stickstoffpolitik in Dänemark (Hansen et al. 2017; 1341 
Dalgaard et al. 2014) 1342 

Year Measures 

1985 Max. livestock stock density. Mandatory slurry tank floating barriers. No runoff from 
silage clamps and manure heaps. Min. slurry capacity and ban on winter spreading 
of slurry for spring crops 

1987 Mandatory fertilizer and crop rotation plans. Min. proportion of area with winter 
crops. Mandatory manure application within 12 h 

1991 Statutory norms for fertilizer N application for specific crops. Max. N applied to crops 
equaling economic optimum. Subsidies to low-N grasslands in environmentally 
sensitive areas 

1998 Max. N applied 10 % below economic optimum. 6 % obligatory catch crops. 
Subsidies to more organic farming, wetlands, extensification and afforestation. 
Sites-specific groundwater protection zones 

2001 Promotion of low excretion livestock feeding 

2004 More catch crops. Tightened ammonia restriction (e.g., broadcasting banned), and 
special restrictions near sensitive nature areas. Subsidies to promote better manure 
handling and animal housing 

2009 10 m buffer zones around streams, lakes, and sensitive habitats. Max. N applied 
≈ 15 % below the economically optimal production. Optimized feed practice 
promotion 

2016 Less national N regulation, but more spatial differentiated N regulation with locally 
targeted measures as e.g., constructed wetlands and additional catch crops. 
 
Measures abandoned: 10 m buffer zones (back to 2 m). Max. N applied ≈ 15 % 
below the production economic optimum  
(back to production at economic optimum). 

 1343 

  1344 
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Table 5: Overview of some of the most recent Danish research projects on N retention and 1345 
mitigation (Hansen et al., 2019b) 1346 

Tabelle 5: Überblick über einige der aktuellen dänischen Forschungsprojekte zur 1347 

Stickstoffrückhaltung und Minderungsmaßnahmen (Hansen et al. 2019b) 1348 

 1349 

  1350 

Project Short description 

MapField (Field-scale mapping for targeted 
N-regulation and management) (2018-2022) 
www.mapfield.dk 

Innovative environmental technologies for 
intelligent environmental regulation of N 
management 

rOPEN - Open Landscape Nitrate Retention 
Mapping (2017-2019) 
http://hgg.au.dk/projects/rOPEN/ 

Innovative geophysical mapping combined 
with hydrogeological and geochemical 
modeling 

DNMARK research alliance - Innovative 
solutions for a sustainable management of 
N in agriculture (2013-2019) 
http://dnmark.org/ 

List of targeted initiatives for consumers, 
farmers, agricultural extension agents, 
policymakers, and other decision-makers in 
the private and public sectors 

TopSoil (2015-2021) 
https://northsearegion.eu/topsoil/ 
 

Investigates ways to solve current and future 
water problems and management of the top 
30 m of the subsurface 

Future Cropping (2015-2020)  
https://futurecropping.dk/ 

Integration of big data from agricultural and 
environmental technologies with land and 
climate data 

T-REX - Near surface redox and retention 
mapping for a targeted differentiated 
mitigation within ID15 sub-catchments 
(2019-2022) 
https://gudp.lbst.dk/projekter/gudp-
projekter/bedre-kortlaegning-af-
kvaelstofretention-kan-styrke-landmaends-
miljoeindsats/ 

Development of new technologies, mapping, 
and modeling tools 

http://dnmark.org/
https://northsearegion.eu/topsoil/
https://futurecropping.dk/
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Table 8: Selected current research projects on nutrient management measures in Ireland 1351 

Tabelle 6: Ausgewählte aktuelle Forschungsprojekte zu Maßnahmen des 1352 
Nährstoffmanagements in Irland 1353 

 1354 

  1355 

Project Short description 

Agricultural Catchments Program (ACP) 

Monitoring the effectiveness of Ireland’s 
measures since 2008. Delivered by Teagasc 
(the Agricultural and Food Development 
Authority) and funded by the Department of 
Food, Agriculture and the Marine  

Teagasc Walsh program 
Funding PhD projects for supporting and 
strengthening the ACP 

Harmony 

Catchment based project integrating 
research on soils and hydrology with socio-
economic factors to derive locally relevant 
measures for agriculture in sensitive 
catchments 

Several European Innovation Partnership 
(EIP) projects (e.g., Mulkear EIP, 
Duncannon EIP) 

Supporting local farmers to work 
collaboratively with other stakeholders to 
develop catchment-sensitive farming 
practices to improve local water quality 

COSAINT (funded by Ireland’s 
Environmental Protection Agency EPA) 

Cattle Exclusion from Watercourses: 
Environmental and Socio-economic 
Implications 

AgriBenchmark (funded by EPA)  
Benchmarking Sustainable Nutrient 
Management on Irish Farms 

AgImpact Project (funded by EPA) 
Systematic and Participatory Review of 
Research on the Impact of Agriculture on 
Aquatic Ecosystems in Ireland 
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Table 7: Measures of the Irish Nitrates Action Program (NAP) (Irish statute book, 2017; 1356 
DHLGH, 2021) 1357 

Tabelle 7: Maßnahmen des irischen Nitrat-Aktionsprogramms (NAP) (Irish statute book 1358 
2017; DHLGH 2021) 1359 

Measures Description 

Maximum legal values for application rates of 
N 

170 kg N/ha*a 

Limit values for livestock due to the amount 
of produced and storable manure 

100 Pigs, 2000 poultry places 

Application periods Subdivided according to the type of fertilizer, 
as well as division of counties into three 
classes: Total period from October 15 to 
January 15 

Minimum requirements for storage of 
livestock manure 

Manure from pigs or poultry must be able to 
be stored for up to 26 weeks, manure from 
deer, goats and sheep 6 weeks, manure 
from cattle 16 to 22 weeks depending on 
counties 

Detailed distance subdivision for fertilization Depending on surface water; springs, 
boreholes, wells 

Terrain slope Fertilization prohibited on steeply sloping 
terrain and when there is a risk of water 
pollution 

Fertilizing prohibited on waterlogged soil Ground is waterlogged; land is flooded or at 
risk of flooding; land is snow-covered or 
frozen 

Fertilizing prohibited during heavy rain Heavy rain predicted within 48 hours 
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