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Abstract: The hot summer of 2018 posed many challenges with regard to water shortages and yield 
losses, especially for agricultural production. These agricultural impacts might further pose 
consequent threats for the environment. In this paper, we deduce the impact of droughts on 
agricultural land management and on water quality owing to nitrate pollution. Using national 
statistics, we calculate a Germany-wide soil surface nitrogen budget for 2018 and deduce the 
additional N surplus owing to the dry weather conditions. Using a model farm approach, we 
compare fertilization practices and legal restrictions for arable and pig breeding farms. The results 
show that, nationwide, at least 464 kt of nitrogen were not transferred to plant biomass in 2018, 
which equals an additional average nitrogen surplus of 30 kg/ha. The surplus would even have 
amounted to 43 kg/ha, if farmers had continued their fertilization practice from preceding years, but 
German farmers applied 161 kt less nitrogen in 2018 than in the year before, presumably as a result 
of the new implications of the Nitrates Directive, and, especially on grassland, owing to the drought. 
As nitrogen surplus is regarded as an “agri-drinking water indicator” (ADWI), an increase of the 
surplus entails water pollution with nitrates. The examples of the model farms show that 
fertilization regimes with high shares of organic fertilizers produce higher nitrogen surpluses. 
Owing to the elevated concentrations on residual nitrogen in soils, the fertilization needs of crops 
in spring 2019 were less pronounced than in preceding years. Thus, the quantity of the continuously 
produced manure in livestock farms puts additional pressure on existing storage capacities. This 
may particularly be the case in the hot-spot regions of animal breeding in the north-west of 
Germany, where manure production, biogas plants, and manure imports are accumulating. The 
paper concludes that water shortages under climate change not only impact agricultural production 
and yields, but also place further challenges and threats to nutrient management and the 
environment. The paper discusses preventive and emergency management options for agriculture 
to support farmers in extremely dry and hot conditions. 

Keywords: climate change; nitrogen budget; nitrogen balance; water quality; land management; 
extreme weather events 

 

1. Introduction 

The summer of 2018 was one of the hottest and driest in Europe [1]. Like in other European 
countries, precipitation in 2018 fell far below the long-term mean (Figure 1a). This refers to all months 
between February and November 2018 [2]. 

In comparison with the long-term mean, extended sunny periods between April and November 
2018 dominated [1] (Figure 1b). These dry and sunny weather conditions led to a drastic reduction in 
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soil moisture in autumn 2018 [3]. In September and October 2018, the usable field capacity dropped 
to around 30%, with the exception of south-east Bavaria in southern Germany, where values above 
100% were attained. In November 2018, usable field capacity still remained at levels between 35% 
and 55% [3]. In some areas in the eastern German federal states, the values were remarkably low, at 
0%–25% [3]. 

 

(a) 

 
(b) 

Figure 1. Conditions in Germany in 2018: (a) average monthly precipitation compared with long-term 
means (in L/m2) [2] (source: [2], translated); (b) average monthly sunshine in 2018 in Germany 
compared with long-term means (in hours/month) [4] (source: [4], translated). 

This had an enormous impact on the agriculture of European Union (EU) Member States in 
northern Europe, like Germany, especially owing to decreasing crop yields. In comparison with the 
long-term level, yield reductions in 2018 nationwide were significant for all arable crops and for 
grassland (Figure 2). 
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Figure 2. Yield reduction in Germany in 2018 in % of long-term yield (2012–2017) [5] (source: [5], 
translated). 

The year 2018 can thus be regarded as an example of the impact of extreme weather on 
agriculture, and serves as a basis for discussion on how extreme events also influence land use and 
water quality issues. Globally, anthropogenic climate forcing has doubled the probability of years 
that are both warm and dry in the same location relative to their baseline data [6]. Further, they find 
an increased joint probability that key crop and pasture regions simultaneously experience unusually 
warm conditions in conjunction with dry years. That extreme events severely impact agricultural 
production has been analyzed, for example, by Rosenzweig et al. [7]. Research has also been 
conducted to analyze the impact on extreme events on nutrient concentrations in groundwater using 
modelling approaches or statistical regression analysis [6,7]. 

According to the Organisation for Economic Co-Operation and Development (OECD) [8,9], the 
gross nitrogen budget (GNB) is an appropriate method to calculate comparable indicators on the 
regional and national scale. The GNB, as national farm gate budget, is the only European agri-
environmental indicator (AEI) for nitrogen efficiency, whereby low efficiency goes along with high 
nitrogen surplus [10]. Budgets are used in numerous studies as a tool to monitor changes in nitrogen 
and phosphorus leaching to groundwater and surface water [11–23]. As investigated in the Horizon 
2020 European Union-funded project FAIRWAY (farm systems management and governance for 
producing good water quality for drinking water supplies), running from 2017 to 2021, nitrogen 
surplus can be regarded as an “agri-drinking water indicator” (ADWI) [24], which is applied on 
different scales, from national to farm scale, within the European Union; an increase in N surplus 
entails an increase in water pollution with nitrates [25]. Different budget types were categorized and 
visualized by means of diagrams, and their implementation at different scales in Europe has been 
investigated [25]. 

Gu et al. [26] analyzed the impact of climate change on nutrient surpluses in China on an average 
perspective until 2050. Bouwman et al. [27] calculated global nitrogen budgets and included global 
change analysis for the future. The direct relationship between an extreme weather event like a 
drought and its impact on the nitrogen surplus as indicator for water pollution has so far not been 
investigated. 

This article further discusses the impact on agriculture regarding weather and growing 
conditions in 2018, the impact on yield and nitrogen uptake, as well as economic aspects. 
Furthermore, we analyze the potential water quality impact by agriculture according to farm type 
and discuss possible measures for reducing losses in autumn/winter, for reducing risk of crop failure, 
and for increasing the overall N-efficiency. We thus discuss nitrogen flows and surpluses that could 
potentially influence the water quality. The specific impact of agricultural production on nitrogen 
concentrations in ground water and surface water is not directly analyzed in this paper. 
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The effects of extreme weather conditions on nitrogen supply due to climate change can be 
summarized as follows [28]: 

• Relative/absolute lack of water and of the resulting lack of nutrients owing to missing 
precipitation and increased evaporation, especially in spring and early summer. This can result 
in reduced nitrogen efficiency. 

• Depending on the individual level of the infiltration capacity of soils, excess water due to high 
precipitation may lead to a reduction of air-filled pores, which will affect root growth. Moreover, 
nitrogen losses are likely to occur as a result of leaching and/or aerial emission. This would also 
lead to low nitrogen efficiency. 

• Owing to an increase in temperature, the vegetation period is prolonged. This has an effect on 
the nitrogen dynamics in soil, stimulating microbial mineralization of soil biomass. This affects 
soil nitrogen dynamics. 

Climate change, therefore, indicates a need for the implementation of adapted nitrogen 
fertilization strategies and optimized land use systems. 

2. Materials and Methods  

We calculated a simplified nationwide nitrogen soil surface budget in order to estimate changes 
in the average nitrogen surplus and the total value of nitrogen surplus as a result of the dry weather 
in 2018. In addition, we calculated nitrogen budgets for two model farms in order to highlight the 
effects of fertilization practices in certain farm types. 

2.1. Simplified Nationwide Nitrogen Soil Surface Budget 

A simplified nationwide nitrogen soil surface budget for Germany for the average of the 
preceding years (2012–2017), as well as with the data specifically available for the dry year 2018, was 
established. As our focus is on the impact of the drought on agricultural plant production, we used a 
simplified soil surface budget as the budgeting method. We estimated the nitrogen inflow by the 
quantities of all relevant types of fertilizers used and deduced the nitrogen removal by crop according 
to average yields in the preceding years (2012–2017) and the dry year 2018. For this nationwide 
estimation, we did not consider N-deposition, as this was assumed not to change much between 
succeeding years. As there is no precise method available for the quantification of legume N-fixation 
in order to estimate differences between years [18,29], we did not include nitrogen inflows from this 
source. The N-uptake by grazing animals was assumed to be negligible; as most farm animals are 
now kept indoors, methods for quantification are not precise and statistics are not available. 

2.1.1. Estimation of Nitrogen Fertilization  

Nitrogen fertilization was calculated separately for the different fertilizer types: 

• Manure: The number of farm animals, grouped in animal categories, was taken from the last 
national Farm Structural Survey in 2016 [30]. Animal counts were multiplied with nitrogen 
excretion data for each animal category as listed in the annex of the Fertilization Ordinance [31], 
the national legal basis for implementing Nitrates Directive [32]. For each animal category, the 
percentage of nitrogen incorporated in liquid and solid manure was estimated. For each manure 
type, gaseous losses of nitrogen in the stable and in storage, respectively, during application of 
the animal manure on the field were calculated according to standard values of the Fertilization 
Ordinance [31], and not in accordance with the German emission inventory [33]. The plant 
availability of nitrogen in organic fertilizers like manure applied to soil was calculated in the 
year of application and the following year as percentage of the applied nitrogen, in accordance 
with the standards of the German Fertilization Ordinance [31]. 

• Imports of manure: Total amounts of imported manure from the Netherlands were taken from 
an agricultural news platform [34]. The corresponding nitrogen amount was calculated by 
multiplication with standard data of the Fertilization Ordinance [31]. 
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• Compost: The total amount of nitrogen in compost used in agriculture was estimated by the 
national Scientific Advisory Board on Fertilizer Issues (Wissenschaftlicher Beirat für 
Düngungsfragen—WBD) [35]. 

• Sewage sludge: The total amount of nitrogen in agriculturally used sewage sludge was 
estimated by WBD [35]. 

• Digestate of plant origin: Total nitrogen from digestates of plant origin from biogas plants was 
estimated using information from the website of the German Biogas Association [36]. The overall 
installed electrical output is currently 4,200 MW, produced with circa 1/3 manure and 2/3 plant 
material, for example, maize (on 1 ha 50 t biomass with 3.8 kg N/t and an electrical yield of 21,000 
kWh can be produced). This results in a nitrogen inflow from digestates of 233,016 t N, rounded 
off to 250,000 t N. 

• Mineral fertilizer consumption: According to the Federal Ministry of Food and Agriculture 
(Bundesministerium für Ernährung und Landwirtschaft—BMEL) [37], mineral fertilizer 
consumption in Germany dropped from 1,658,800 t in the season 2016/2017 to 1,496,600 t in the 
season 2017/2018. 

2.1.2. Estimation of Nitrogen Removal 

Nitrogen removal by crop was calculated as an average of the years 2012–2017 and for the dry 
year 2018, using data on yields of main crops and utilized agricultural area (UAA) per crop according 
to Destatis [7]. Not considered were pulses for grain production (132,000 ha), field vegetables (118,000 
ha), vinyards (100,000 ha), forests and short rotation coppices (1,142,600 ha). Specifications on the 
average concentration of nitrogen in harvested crops were taken from the annex of the current, 
recently adapted German Fertilization Ordinance of 2020 [38]. 

2.1.3. Estimation of Nitrogen Surplus 

The nitrogen surplus of a soil surface budget can be derived by subtracting the nitrogen 
fertilization from the nitrogen removal by plants. We calculated the mean nitrogen surplus from the 
data of the years 2012–2017. Owing to the climatic conditions in 2018, a certain amount of nitrogen 
was not transferred into plant biomass. Thus, the difference between the mean surplus in the years 
2012–2017 and the year 2018 reveals this amount of nitrogen. 

2.2. Water Quality Impact by Agriculture for Different Farm Types 

In order to more clearly demonstrate the impact on water quality by agricultural activities 
during the course of the year 2018 on the farm level, we set up two basic model farms, taking into 
account the guidelines of the Nitrates Directive [32] and its interpretation for Germany in the 
Fertilization Ordinance which came into effect in 2017 [31]. On this basis, we compared the results of 
the nitrogen soil surface budgets of the following two virtual 100 ha model farms and assumed 
fertilization and budgeting according to the German Fertilization Ordinance [31]: 

1. Arable farm (25 ha winter-quality wheat, 15 ha winter-barley, 15 ha summer-barley, 15 ha oats, 
15 ha grain maize, 15 ha winter-oilseed rape); 

2. Arable farm with pig production, producing the same crops as (1), but using the harvested crops 
as feedstuff for 3500 pigs per year (1250 places for fattening pigs from 28 kg to 118 kg). 

3. Results 

3.1. Nitrogen Supply from Manure and Other Organic Sources 

The pie chart of Figure 3 shows the nitrogen supply to German agriculture by most organics—
manure, compost, biogas digestate, and sewage sludge—applied to soil as organic fertilizer, organic 
mineral fertilizer, or soil conditioner. Approximately 75% of all organic nitrogen applied to the soil 
is of animal origin, deriving from solid or liquid manure from German farms and amounting to 
867,463 t N per year. This net-amount does not include nitrogen emissions from stables and storage. 
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These emissions are estimated to be 267,305 t N annually, according to calculation figures from 
German Fertilization Ordinance [31], on the basis of the gross nitrogen excretion of all farm animals. 
The gross nitrogen excretion sums up to 1,134,768 t N per year. However, this is quite particular for 
the German case, and almost one quarter of the N inflow is of plant origin and was processed in 
biogas plants. This can be explained by the support of biogas produced from energy crops through 
the German Renewable Energy Law (EEG). The other types of organics—sewage sludge and 
compost, as well as manure imports from the neighboring Netherlands—are, on the national level, 
of minor importance. 

 

Figure 3. Nitrogen from organic fertilizers in Germany applied to soil in 2018 (source: own 
calculation). 

3.2. Nitrogen Removals by Crops 

For main crop groups, Table 1 summarizes the average yields of the years 2012 to 2017 and the 
yields achieved in 2018. The nitrogen demand as basis of the fertilization demand refers to the 
average yields in the previous years and is listed in the annex of the Fertilization Ordinance [31]. 
According to this ordinance, Nmin-values in spring, N mineralized from certain crops in previous 
years, and N delivered from last year’s organic fertilization also have to be taken into consideration 
for the calculation of the current fertilization need. From the organic fertilizers applied to soil, only a 
share is accounted for as plant available in the year of application (this figure was calculated 
separately for the different types of organic fertilizer). The listed level of mineral fertilization results 
from the nitrogen demand minus the plant available nitrogen from the different sources mentioned 
above. 
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Table 1. Calculated nitrogen supply for different crops from available organic and mineral 
fertilization, according to average yields (2012–2017) and rough estimates on N mineralization based 
on regulations of the German Fertilization Ordinance [31]. 
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 t/ha t/ha 
kg 

N/ha 

kg 

N/ha 

kg 

N/ha 

kg 

N/ha 

kg 

N/ha 

kg 

N/ha 

kg 

N/ha 

kg 

N/ha 

W-Wheat 7.94 6.78 230 42 10 6 172 (77) 35 137 
S-Wheat 5.79 4.69 180 42  6 132 (77) 35 97 
Durum 5.55 4.59 165 42  6 117 (77) 35 82 

Rye 5.65 4.22 148 42  6 100 (77) 35 65 
W-Barley 7.21 6.07 180 42  6 132 (77) 35 97 
S-Barley 6.82 4.95 140 42  6 92 (77) 35 57 

Oats 4.78 4.12 115 42  6 67 (77) 35 32 
S-mixed Grains 4.42 3.77 119 42  6 71 (77) 35 36 

Triticale 6.39 5.42 140 42  6 92 (77) 35 57 
Corn Maize/Corn Cob 

Mix 
9.88 7.53 210 42 10 6 152 (77) 35 117 

Potatoes 
44.5

0 
34.9

6 
180 42  6 132 (77) 35 97 

Sugar beet 
74.2

0 
63 
.10 

180 42  6 132 (77) 35 97 

W-Rape 3.80 3.00 195 42  6 147 (77) 35 112 
Plants for green 

Harvest 
26.2

9 
23.0

4 
200 42 10 6 142 (77) 35 107 

Silage Maize 
44.1

1 
34.2

7 
200 42 10 6 142 (77) 35 107 

Permanent rassland 6.74 4.91 145 30  6 109 (77) 35 74 

In Table 2, total figures on production as an average for 2012 to 2017 and for the year 2018, 
nitrogen inflow by fertilization, and removal by harvested crops are listed with reference to the same 
crop groups as in Table 1. As there was less nitrogen uptake by the crops in 2018 compared with the 
mean of the six preceding years owing to lack of water, 464,000 t of nitrogen could not be transferred 
into crop biomass. Figure 4 gives a summary of the situation in 2018. 

The total nitrogen excreted in livestock production and applied with other organic fertilizers in 
German agriculture amounts, with 1,438 kt, to the same level as the nitrogen in mineral fertilizers 
(1,496 kt/year). Figure 4 illustrates that, in 2018, the mineral nitrogen fertilizer applied in Germany 
was, with 1,496 kt, reduced by 11.5% (194 kt) in comparison with the preceding year 2017 [37]. In 
both cases, 267 kt nitrogen/year (18.6% of the N of organic origin) is calculated as gaseous losses in 
the stable or during manure storage, and 161 kt nitrogen/year (11.2% of the N of organic origin) after 
fertilizer application. In addition, another 464 kt of nitrogen could not be transferred to biomass in 
2018. 
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Table 2. Calculated nitrogen supply for different crops from available organic and mineral 
fertilization, according to average yields (2012–2017) and rough estimates on nitrogen mineralization 
based on regulations of German Fertilization Ordinance [31]. 
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 1000 t 1000 t N 

W-Wheat 
24,6
01 

19,6
13 

42
5 

20
5 

63
0 

44
5 

35
5 

90 37 54 33 

S-Wheat 381 526 6 4 11 6 9 −2 1 1 1 
Durum 98 139 1 1 3 1 2 −1 0 0 0 

Rye 3621 2206 41 42 84 55 33 21 7 11 7 

W-Barley 8743 7397 
11
8 

80 
19
8 

14
4 

12
2 

22 16 21 13 

S-Barley 2660 2216 22 26 48 37 31 6 6 7 4 
Oats 613 577 4 8 13 9 9 1 2 2 1 

S-mixed Grains 73 43 1 1 2 1 1 0 0 0 0 
Triticale 2527 1950 23 26 49 42 32 10 5 7 4 

Corn Maize/Corn 

Cob Mix 
4622 3331 55 31 86 64 46 18 6 8 5 

Potatoes 
10,7
97 

8740 24 16 40 38 31 7 3 4 3 

Sugar Beet 
27,0
38 

24,6
28 

35 24 59 49 44 4 5 6 4 

W-Rape 5107 3665 
15
1 

89 
24
0 

17
1 

12
3 

48 16 24 14 

Plants for green 

Harvest 
9359 8525 38 24 62 54 49 5 5 6 4 

Silage Maize 
91,6
61 

74,2
29 

22
3 

13
7 

36
0 

34
8 

28
2 

66 28 36 22 

Permanent 

Grassland 
30,1
08 

22,1
60 

33
1 

29
5 

62
6 

63
5 

46
8 

168 58 78 47 

Sum   
149

9 

101

0 

250

8 

210

0 

163

6 
464 194 267 161 

3.3. Surplus of Nitrogen due to Dry Weather Conditions 

From an environmental perspective, with decreasing yields due to the drought, less nitrogen 
was harvested from the fields. This left 464 kt of nitrogen in the soils that was not transferred to 
biomass. With reference to the UAA of 15,200,000 ha cultivated in Germany with arable crops and 
grassland, this equals an additional amount of 30 kg N/ha to the nitrogen surplus owing solely to the 
drought. This amount would have been even higher (up to 43 kg N/ha) if farmers had not reduced 
their mineral fertilizer input in 2018 by 11.5% in comparison with the preceding year 2017 [37]. As 
the impacts of the drought in 2018 became visible by June, most of fertilizers for arable crops had 
already been applied, with the exemption of late top dressing with nitrogen, especially in baking 



Water 2020, 12, 1519 9 of 23 

 

wheat. Intensive grassland receives several fertilizer inputs between spring and early autumn, 
allowing for adaptations during the whole vegetation period. Thus, it can be assumed that mineral 
N inputs have been reduced especially on wheat and on grassland. 

The official national soil surface budget for 2018 has not yet been calculated. N surplus as an 
average of the preceding years (2015 to 2017) is reported to be 1178 kt N/year or 71 kg N/ha × year, 
respectively [39,40]. Thus we can estimate that the N-surplus for the dry year 2018 could amount to 
up to 100 kg N per ha, depending on the developments of further elements such as N-deposition, N 
fixation of legumes, and so on. In the past, the national soil surface budgets already indicated an 
increase in N surplus for dry years. In 2003, the N surplus amounted to 92 kg N/ha × year, in 
comparison with 74 N/ha × year as the mean value of the two preceding years, and in 2006, the 
surplus was 76 kg N/ha × year, compared with 66 N/ha × year as the mean of the years 2004 and 2005. 
As the drought 2018 was the most severe incident of this type up to now, an induced increase of the 
national N surplus of 30 or even 40 kg/ha × year is highly probable. 

 

Figure 4. N-budget in 2018 (without N-deposition, legume N-fixation, and N-uptake by grazing 
animals in kt N/year): N-supply from organic fertilizers (left), N-removal by crop, gaseous losses in 
stable, storage and during fertilizer application, fertilizer not transferred into biomass (right) (source: 
own calculation). 

3.4. Impact of the Dry Summer 2018 on Nitrogen Flows on the Farm Level 

With a soil surface budget, we show the influence of the weather conditions in 2018 on the 
pollution potential of nitrates inputs from agriculture for two fictive model farms according to the 
rules of the German Fertilization Ordinance as affective in 2018 [31]. In Table 3, N-fertilization 
planning and N-budgeting is outlined for an arable model-farm; the crops grown are winter quality 
wheat, winter barley, summer barley, oats, grain maize, and winter oilseed rape. In 2018, target yields 
and target qualities were calculated as three-year averages, and the corresponding nitrogen demand 
of the crops was drawn from the annex of the Fertilization Ordinance [31]. Plant available nitrogen 
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in soil was determined as Nmin per soil analysis. Elevated nitrogen delivery was expected from the 
catch crops preceding barley and maize. No nitrogen delivery had to be accounted for owing to high 
organic matter content in the soils or in connection with former organic fertilization [31]. Nitrogen 
fertilization need is calculated as nitrogen demand minus the share of plant available nitrogen. 
Nitrogen fertilization is completely realized with mineral fertilizers. Owing to the drought, realized 
yields were reduced, in this example, according to the average reduction as shown in Figure 2. As a 
consequence, less nitrogen was withdrawn from the field, resulting in a total farm-wide nitrogen 
surplus of 2,528 kg N/100 ha and 25 kg/ha, respectively. 
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Table 3. Soil surface budget of a fictive arable 100 ha model farm in the dry year 2018 and the year 
2019, set up according to [31]. 

Crop 
W-Quality 

Wheat 
W-Barley S-Barley Oats 

Grain 

Maize 

W-Oilseed 

Rape 

Year ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 

area cultivated (ha) 25 15 15 15 15 15 
target yield(tons/ha) 8 7 7 5 5,5 9 4 

target quality  
(% raw protein) 

16 13 13 11 11 10 232 

N demand  
(kg N/ha) 

260 215 180 180 140 140 130 130 200 200 200 200 

 plant available N in soil (kg N/ha) 
N plant available in 

spring (kg N/ha) 
−40 −70 −40 −90 −40 −80 −40 −65 −40 −80 −40 −90 

N mineralized from 
soil organic matter 

(kg N/ha) 
0 0 0 0 0 0 0 0 0 0 0 0 

N mineralized from 
former manure 

application 
(kg N/ha)  

0 0 0 0 0 0 0 0 0 0 0 0 

N mineralized from 
preceding crop  

(kg N/ha) 
−10 −10 0 0 −40 −10 0 0 −30 −10 0 0 

N fertilization need 
during vegetation 
period (kg N/ha) 

210 135 140 90 60 50 90 65 130 110 160 110 

mineral N 
fertilization 

(maximum, kg 
N/ha) 

210 135 140 90 60 50 90 65 130 110 160 110 

 N soil surface budget 
 N inflow  

mineral fertilizer 
(kg N/ha)  

210 135 140 90 60 50 90 65 130 110 160 110 

organic fertilizer  
(kg N/ha)  

0 0 0 0 0 0 0 0 0 0 0 0 

manure of own 
farm  

(kg N/ha) 
0 0 0 0 0 0 0 0 0 0 0 0 

biological N-
fixation/mineralizati
on from preceding 

crop  
(kg N/ha) 

0 0 0 0 40 10 0 0 30 10 0 0 

sum (kg N/ha) 210 135 140 90 100 60 90 65 160 120 160 110 
 N removal (kg N/ha) 

yield realized 
(tons/ha) 

7.5 7 6.2 6.2 6 6 5 5 9 9 3.5 3.5 

N concentration in 
main product  

24 18.1 18 18 15 15 15 15 15 15 34 34 
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(kg N/tons fresh 
matter) 

N removal with 
main product  

(kg N/ha) 
181 127 111 111 91 91 76 76 136 136 117 117 

total N removal 
 (kg N/ha) 

181 127 111 111 91 91 76 76 136 136 117 117 

N surplus (kg N/ha) 29 8 29 −21 9 −31 15 −11 24 −16 43 −7 
N surplus per crop 

 (kg N/crop) 1 
731 208 435 −315 141 −288 218 −158 362 −239 641 −109 

1 2018: N surplus on farm level 2,528 kg N/100 ha; on average, 25 kg N/ha; 2019: N surplus on farm 
level −900 kg N/100 ha; on average, −9 kg N/ha; 2 in dry matter (dm). 

In the following year, the farmer adapted to changed climate conditions and decided to cultivate 
winter wheat with a minor raw protein concentration, needing less nitrogen in the late growth phase. 
He also reduced the target yield to 7 tons instead of 8 tons in 2018. Target yields of the other crops 
remained unchanged. Owing to high Nmin-values in spring, fertilization needs were less pronounced 
than in 2018. Mineralization from catch crop was much lower than in 2018, as growing conditions for 
catch crops were not favorable and there was less plant biomass. Owing to less nitrogen input in this 
year, the total farm-wide nitrogen surplus was negative, with −900 kg and −9 kg/ha, respectively.  

In Table 4, N-fertilization planning and N-budgeting for a pig rearing farm are outlined. The 
main difference to the arable model farm is that, in this farm, the produced pig manure needs to be 
utilized owing to limited storage capacities for liquid manure. With 1,250 pig fattening places on the 
farm, circa 14,250 kg nitrogen is generated per year, as calculated by standard figures from the annex 
of the Fertilization Ordinance [31]. The ordinance also allows the deduction of emissions from stables 
and storages from the excreted nitrogen (for pigs, 20% of the N-excretions). In liquid pig manure 
applied to soil, at least 60% of the nitrogen content is available in the first year. Further, a subsequent 
nitrogen delivery of 10% of the nitrogen applied in the preceding year has to be accounted for [31].  
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Table 4. Soil surface budget of a fictive 100 ha pig rearing model farm in the dry year 2018 and the 
year 2019, set up according to [31]. 

Crop 
W-Quality 

Wheat 
W-Barley S-Barley Oats  

Grain 

Maize  

W-

Oilseed 

Rape  

Year  ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 ‘18 ‘19 

area cultivated (ha) 25 15 15 15 15 15 
target yield (tons/ha) 8 7 7 5 5,5 9 4 
target quality (% raw 

protein) 
16 13 13 11 11 10 232 

N demand (kg N/ha) 260 215 180 180 140 140 130 130 200 200 200 200 
 plant available N in soil (kg N/ha) 

N plant available in spring 
(kg N/ha) 

−40 −70 −40 −90 −40 −80 −40 −65 −40 −80 −40 −90 

N mineralized from soil 
organic matter (kg N/ha) 

0 0 0 0 0 0 0 0 0 0 0 0 

N mineralized from former 
manure application  

(kg N/ha)  
−6 −9 −14 −13 −9 −7 −13 −9 −17 −16 −13 −16 

N mineralized from 
preceding crop (kg N/ha) 

−10 −10 0 0 −40 −10 0 0 −30 −10 0 0 

N fertilization need during 
vegetation period (kg N/ha) 

204 126 126 77 51 43 77 56 113 94 147 94 

 manure application 
N-excretion pigs (kg N/ha) 80 115 175 160 107 90 160 116 210 196 165 196 

minus maximum N-
emissions from stable and 

storage (20%)  
64 92 140 128 85.6 72 128 92.8 168 156.8 132 157 

minus maximum N-
emissions after application 

to soil (10%) 
56 80.5 123 112 75 63 112 81 147 137.2 115.5 137 

minimum plant availability 
in year of application (60%) 

38 55 84 77 51 43 77 56 101 94 79 94 

mineral N fertilization 
(maximum, kg N/ha) 

166 71 42 0 0 0 0 0 12 0 68 0 

 N soil surface budget 
 N inflow  

mineral fertilizer (kg N/ha)  166 71 42 0 0 0 0 0 12 0 68 0 
organic fertilizer (kg N/ha)  0 0 0 0 0 0 0 0 0 0 0 0 

manure of own farm  
(kg N/ha) 

56 80.5 123 112 75 63 112 81.2 147 137.2 116 137.2 

biological N-fixation/mineralization 
from preceding crop (kg N/ha) 

10 10 0 10 40 10 0 10 30 10 0 10 

sum (kg N/ha) 232 161 165 122 115 73 112 92 189 147 183 147 
 N removal (kg N/ha) 

yield realized (tons/ha) 7.5 7 6.2 6.2 6 6 5 5 9 9 3.5 3.5 
N concentration in main 

product  
(kg N/tons fresh matter) 

24 24 18 18 15 15 15 15 15 15 34 34 

N removal with main 
product ((kg N/ha) 

181 168 111 111 91 91 76 76 136 136 117 117 

total N removal (kg N/ha) 181 168 111 111 91 91 76 76 136 136 117 117 
N surplus (kg N/ha) 51 −7 54 11 24 −18 37 16 53 11 66 30 
N surplus per crop  

(kg N/crop) 1 1271 −185 803 168 359 
−26

7 
551 240 800 168 991 448 
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1 2018: N surplus on farm level 4,774 kg N/100 ha; on average, 48 kg N/ha; 2019: N surplus on farm 
level 573 kg N/100 ha; on average, 6 kg N/ha; 2 in dry matter (dm). 

Aiming at the use of all liquid manure produced on the farm and complying with all fertilization 
rules, mineral fertilization in 2018 was conducted primarily for winter wheat, oilseed rape, and winter 
barley. This is useful for steering the plant growth via late nitrogen applications. 

Owing to the yield reductions in 2018 and with manure fertilization in the fictive pig breeding 
model farm, a nitrogen surplus of 4,774 kg N per farm and 47 kg N/ha, respectively, has been reached 
with a calculation as net soil surface budget. A corresponding calculation as gross farm budget, 
including standard gaseous nitrogen losses from stable and storage (2,850 kg N per farm) and during 
application (1,450 kg N per farm), is higher and amounts in total to 10,787 kg N and 107 kg N/ha per 
farm, respectively. 

In 2019, owing to the elevated nitrogen concentration in soil in spring, the calculated fertilization 
need is lower than in the preceding year. Thus, the farm manure produced by the pig farm covers 
almost all plant fertilization needs, only for winter wheat there is a possibility of a mineral top 
dressing. This situation becomes especially aggravated when taking the elevated Nmin concentrations 
into account. 

These calculations show that the pressure on fertilization might be a lot higher for pig breeding 
farms or other types of livestock farming, as manure storage capacity is usually limited. This model 
farm is of course fictive and does not take into account an export of manure, which might ease the 
pressure. 

4. Discussion 

Our study is limited to Germany as the case study for Central Europe in a region with temperate 
climate. Owing to a long-term average yearly precipitation level of circa 800 mm (regional variation 
from <500 mm to >1200 mm), rain-fed agriculture is dominating. According to the DIPSIR model of 
the European Environmental Agency EAA [41–43]—the abbreviation stands for Driving forces, 
Pressures, States, Impacts and Responses, we refer to nitrogen surplus as a pressure indicator for 
water contamination, whereby groundwater and surface water closely interfere with each other. In 
Switzerland, waterbody pollution by adjacent agricultural fields is a primary water quality issue [44]. 
In Germany, between 2012 and 2014, around 50% of nitrogen was discharged into surface waters via 
groundwater [45]. 

Droughts affect the concentration of nitrates and other solubles in the groundwater [44]. 
According to a meta-analysis, higher nitrate in some agricultural catchments could be linked to 
reduced dilution of groundwater drainage input and increased influence of sediment nitrogen fluxes. 
In the immediate post-drought period, several studies found that nitrate was flushed from the 
catchment soils [46]. 

4.1. Pressure on the Environment and Groundwater Quality 

In 2018, at least 464 kt N was applied across Germany as fertilizer, but not taken up by growing 
crops. As the severe drought in 2018 continued in many parts of Germany until late autumn [3], 
winter crops or cover crops sown in autumn often did not germinate. Winter crops like W-oilseed 
rape were often not sown at all. This had effects on the Nmin-values in soil (after harvest, autumn, and 
spring). These are standardized determinations of the plant available mineral nitrogen within the 
root zone, usually up to 90 cm depth. Owing to the drought, Nmin-analyses at harvest time showed 
values significantly above those of 2015–2017 [47]; the effect was particularly evident if crops were 
over-fertilized. Owing to high temperature and little precipitation after harvest and in autumn, there 
was often no leaching, despite high N-surpluses due to poor harvests. Often, soils below 60–70 cm 
depth were still completely dry in late autumn and showed a deficit of rain of 50–200 mm. 
Consequently, in autumn 2018 and spring 2019, high amounts of residual nitrogen could be detected 
in soils. Figure 5 shows an example from southern Germany, where arable cropping, partly irrigated, 



Water 2020, 12, 1519 15 of 23 

 

dominates. Nmin-values in spring 2019 were on average 36 kg/ha higher than in spring 2018, even 
though, owing to irrigation, yields did not drop as far as in areas without irrigation [48]. 

 

Figure 5. Spring Nmin-values in 2018 and 2019 (0–90 cm depth) with reference to the preceding crop 
[47]; average increase in Nmin-value of 36 kg/ha (source: [48], adapted and translated). 

The elevated soil content of plant-available nitrogen has to be estimated precisely and crop 
fertilization has to be adjusted accordingly. In this way, the N surplus of the previous drought year 
can be counterbalanced through adapted fertilizer input in the subsequent year. 

Factors explaining the elevated Nmin-concentrations in spring are the dry weather conditions in 
the preceding year, which put the vegetation under water stress and reduce their nutrient uptake 
[49], a stimulation of mineralization and nitrification when dry soils are rewet [50] and a prolongation 
of the water recharge rate, in summer owing to high evaporation or extreme events connected to a 
large proportion of run-off, and in winter owing to less total precipitation [44]. 

4.2. General Economic Impact 

From the farmer’s perspective, a reduction in yield and/or in quality leads to less farm income. 
Especially dairy farms and producers of beef suffered from a decrease of harvested roughages (such 
as grassland or maize). One consequence of this shortage in feedstuff was that farmers had to reduce 
the number of livestock, for example, fattening bulls or even dairy cattle. While the prices for 
agricultural products of animal origin thus decreased, the prices for plant products increased (Figure 
6). This was especially the case for those plant products used as feed, for example, roughage and 
grains, and even straw [51]. 
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Figure 6. Development of producer prices in agriculture between January 2018 to January 2019 [52] 
(source: [52], adapted and translated). 

As a consequence, the Federal Ministry of Food and Agriculture and the agricultural ministries 
of the federal states together put into effect an emergency management plan for farmers including 
financial support as well as some specific options, for example, on fodder provision: farmers were 
allowed—after having undergone a simplified application procedure—to harvest catch crop plots 
they had cultivated as part of the so-called “Greening” in the framework of the Common Agricultural 
Policy of the European Union without losing their subsidies [53]. 

4.3. Pressure on Specific Farm Types  

Owing to the elevated concentrations on residual nitrogen in soils, the fertilization need of crops 
in spring 2019 was less pronounced than in preceding years. As a result, the quantity of continuously 
produced manure in livestock farms may have exceeded existing storage capacities. This may 
particularly be the case in the hot-spot region of livestock production in the north-west of Germany, 
where manure production, biogas plants, and—bordering the Netherlands—manure import is 
accumulating, while export opportunities are limited. These factors result in a particularly high local 
pressure on soil and ground water quality [54]. 

The situation for the farmers in autumn 2018 was further aggravated as the rules of the German 
Fertilization Ordinance, adopted in 2017 [31], largely restricted manure application on arable land in 
autumn after harvest. These rules only allowed fertilization in autumn for barley, W-oilseed rape, 
fodder crops, and catch crop, and only in cases plants were in need for nitrogen, at most with a dose 
of 60 kg N/ha. Owing to an infringement process on the implementation of the Nitrates Directive, 
new and even stricter amendments of the Fertilization Ordinance were passed in March 2020 and set 
into effect 1st of May 2020. Fertilization in autumn is now restricted to W-oilseed rape and W-barley. 
In areas with groundwater bodies in bad chemical condition, from 2021 onwards, no fertilization will 
be allowed in autumn [38]. 

Legislation, however, also produces opportunities for the application of animal manure; while 
according to the German Fertilization Ordinance [31], the target yield for fertilization planning had 
usually to be deduced from a three-year average, extreme weather events may be left out, so farmers 
may calculate the same long-term target yield for 2019 as in the previous year, to the detriment of the 
environment. However, farmers had to take the elevated spring Nmin-values into account. 

Owing to the exemption clause in autumn 2018, in order to overcome feedstuff shortages, 
environmentally relevant grassland and catch crop plots were regionally harvested more intensively, 
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possibly leading to a higher nutrient export from these plots. The effect is probably limited, as—
under the dry conditions in 2018—yields of grassland decreased, especially for the second and third 
cuts.  

4.4. Measures for the Adaption to Climate Change 

Subsequently, we list measures to adapt to pressures on agriculture linked to climate change. 

4.4.1. Measures for Reducing Nitrogen Losses in Autumn/Winter 

Late top dressing with nitrogen is always at risk with respect to droughts. However, when the 
situation of drought becomes obvious in May or June, these N inputs can be omitted. Therefore, crops 
producing high quality without high nitrogen inputs are favorable for risky cultivation sites. Baking 
wheat varieties exist with high baking quality performance in combination with low protein 
concentration in the grains. These varieties do not need high quantities of nitrogen in late 
development stages [55]. What hampers the introduction of these nitrogen efficient varieties is the 
lack of analytical methods for a quick assessment of their baking quality as criterion for the payment 
of the farmers replacing the raw protein content as criterion [56,57]. Newly discovered, old species 
like spelt, emmer, and einkorn wheat produce high quality grains with less nitrogen fertilization. 
Producing these kind of crops minimizes the residual nitrogen in soil after harvest [58].  

A need for nitrogen fertilization in autumn is justified by the necessity to feed young crops with 
readily available nutrients. However, in most cases, there is sufficient nitrogen left from preceding 
crops, especially owing to climate change, where the vegetation period is prolonged, with warm 
temperatures until November or even December. In the case of sufficient precipitation or remaining 
soil moisture, mineralization will occur until this time. A ban of nitrogen fertilization in autumn 
would result in an increase of the pressure on manure storage capacities in order to store manure 
over the winter period (with respect to the pig model farm 450 m3 manure storage is necessary in the 
case in which 60 kg/ha was applied in autumn). The new amendments of the Fertilization Ordinance 
include further restrictions on manure application in autumn [38]. 

The cultivation of catch crops is a highly efficient measure to keep nitrogen from leaching during 
the winter period [59–61]. In Germany, the cultivation of catch crops over the winter season was 
practiced in 2018 on 1.43 mio ha. If winter catch crops would be grown in all suitable crop rotations 
with summer crops and maize, 2.89 mio ha could be covered [62], an increase of almost 50%. With 
regard to water protection, winter hardy catch crops are most efficient, but seed bed preparation in 
spring for the following main crop might become difficult. The new amendments of the Fertilization 
Ordinance thus includes the cultivation of winter catch crops in areas of groundwater bodies in bad 
chemical conditions, in case the yearly precipitation exceeds a certain limit [38]. 

Owing to dry weather conditions in autumn, the germination and further establishment of a 
catch crop cover might be difficult. In the case of sufficient annual precipitation, the undersowing of 
forage or catch crops in the preceding main crop might be a solution [63]. 

Moreover, in the case of sufficient annual precipitation, double cropping may be the choice in 
order to almost permanently cover the soil and gain income from more than one harvest by year. 
Furthermore, N removal through a second crop offers opportunities to curb down N surplus and 
residual mineral N in the soil. 

Grassland turnover in general leads to high mineralization rates of the soil humus, with negative 
effects on the concentration of the mobile soil nitrogen. Therefore, grassland renewal in autumn is 
problematic with respect to water protection. 

4.4.2. Measures Reducing Risk of Crop Failure 

The risk of crop failure can be reduced by using crop mixtures instead of the cultivation of one 
single breed [64]. 



Water 2020, 12, 1519 18 of 23 

 

Some crops show an adaption to changed climatic conditions, especially droughts, owing to 
their specific yield and quality production mechanisms [65]. Intensive efforts are made to increase 
plant resistance to droughts through breeding [66]. 

Plants composing grasslands respond differently to the combined effects of climatic change, 
resulting in compositional changes in plant communities [67]. Grassland with a higher percentage of 
herbs with deeper roots shows a better heat/drought stress tolerance, but produces lower yields. 
Harvesting grassland in early spring/summer would primarily ensure a certain amount of hay 
available for the cattle, but early cutting violates German legislation on environmental friendly 
production (e.g., bird protection). This implies that dairy cattle farming will probably have to increase 
the main forage area (thus, reducing animal density) and conserve more hay and silage to cope with 
feedstuff shortages [68]. 

4.4.3. Measures for Increasing N-Efficiency during the Season 

There is a long list of measures that could be realized in order to increase nitrogen-efficiency 
during the whole season (for more details, see [58]): 

• Soil analysis of Nmin in autumn and spring (instead of using standard values); the autumn value 
gives information on the precision of the fertilization planning and the spring value informs on 
the current level of plant available nitrogen in soil; 

• Improving prognosis of N delivery from soil (originating from organic matter, organic 
fertilization, and preceding crop/catch crop); 

• Monitoring plant needs and adjusting fertilization accordingly (i.e., by applying of different 
methods of plant analysis; 

• Monitoring and prognosis of water supply to plants [69] (i.e., German Weather Service (dwd) 
prognosis model of soil water saturation [70]); 

• Using farm rapid analysis methods (i.e., near-infrared spectrocospy—NIRS) for the evaluation 
of the fertilizer value of organic fertilizers, especially liquid manure [71]; 

• Using low-emission application techniques like drip hose, trailing shoe, or injection of liquid 
manure and adjusting supplementary mineral fertilization accordingly; 

• Using acidification of liquid manure, nitrification, or urease inhibitors in order to prevent the 
mineralization and evaporation of organically bound nitrogen; 

• Implementation of N-efficient crops and rotations with long-term land cover (catch crop 
cultivation) and crop mixtures; 

• Limitation of the organically bound nitrogen being applied as fertilizer to a lower value, such as 
170 kg N/ha and year (as declared in the Nitrates Directive [32]); if not yet performed, extend 
the rule to all organic fertilizers, not only to animal manure;  

• Application of precision farming techniques; 
• Installation of field irrigation. 

4.4.4. Tightening Legislation 

After the EU court took legal action against Germany, the current Fertilization Ordinance [31] is 
being revised and tightened [54]. This will most likely pose further restrictions on fertilization and 
management options for farmers. 

Unfortunately, with the recent revision of the German Fertilization Ordinance [38], nitrogen soil 
surface budgets on the farm level as control instruments for excessive use of manure are no longer 
compulsory. 

On the whole, climate change poses a great challenge for the implementation of the Water 
Framework Directive, its “daughter directives”, and the national and regional transcripts. 

5. Conclusions 

According to our research, extreme summer droughts like in 2018 result in less yield, less plant 
uptake of nitrogen, a reduced nitrogen efficiency, and an increased N surplus. This is because of 



Water 2020, 12, 1519 19 of 23 

 

reduced plant growth and thus reduced nitrogen uptake by plants, as well as owing to a prolongation 
of the water recharge rate and an increased mineralization of soil biomass after soil rewetting. As 
agri-drinking water indicator, the elevated N surplus puts more pressure on the quality of surface, 
ground, and drinking water. 

Presuming a fertilization level defined by plant needs according to fertilization planning under 
regular climate conditions, the main factors influencing the N surplus are splitting and timing of 
fertilization and the share of organically bound nitrogen in the fertilizers applied.  

Monitoring of plant needs in the framework of precision farming and the splitting and timing of 
fertilization accordingly may in future lead to a reduction of N surplus. 

The examples of the model farms show clearly, however, that fertilization regimes with high 
shares of organic fertilizers produce higher nitrogen surpluses (gross and net). Taking into account 
the subsequent delivery of plant-available nitrogen, for example, after crop failure, the reasonable 
use of farm-own manure is limited quantitatively. 

There are feasible options to mitigate the risks of crop failure or risk of overfertilization of crops 
during droughts. However, many of these options imply an extensification of current agricultural 
practices. 
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