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Abstract 

Nitrogen (N) is an indispensable nutrient for crop production. With the introduction of the 

industrial N fertilizer synthesis, its use has been intensified to produce sufficient food for the 

growing population. This increase in N use has caused several environmental problems, e.g. 

greenhouse gas (GHG) emissions. Considering the tradeoff between achieving the highest 

profit and causing the lowest environmental impact, there is a need for a profound 

understanding of the economic consequences of N fertilizer application. The present doctoral 

research provides comprehensive insights into (i) effects of site-specific N management 

(SSNM) on profitability and risk mitigation; (ii) impacts of uncertainties and risk implications 

on optimal N fertilizer rates; and (iii) potential and costs of mitigating GHG emissions by N 

fertilizer reduction. A modelling approach was developed to simulate the response of yield, 

protein, economic and risk implications, and GHG emissions to N fertilizer application. This 

thesis focused on mineral N fertilizer management.  

Findings of the thesis show that SSNM improves profitability by achieving higher grain 

quality, thus, price premiums. SSNM reduces the risk of not reaching the baking grain quality 

and poses no considerable disadvantage on downside risk management compared to uniform 

management. Economic advantage of SSNM is maintained or slightly increased with reduced 

N fertilization – subject to a legislative N fertilizer restriction. Increased variability of N 

mineralization has only a small influence on its average economic advantage. Price premiums 

for higher wheat quality provide incentives for higher N input rates. Premiums further flatten 

the profit function, giving insufficient arguments for lowering N input from a farm 

profitability perspective, even in presence of high risk aversion of farmers. Within a limited 

range, increased N rates do not substantially increase the downside risk of wheat production, 

while the opportunity costs of deviating from optimal N rate remain moderate. Moderate 

reduction of mineral N fertilizer can mitigate GHG emissions at moderate opportunity costs. 

High yield-zones and wheat show advantages over low yield-zones and rye, respectively, in 

terms of cost-efficient GHG mitigation. GHG mitigation by N fertilizer reduction in a given 

region can be optimized considering crop and yield-zone-specific yield responses. 

Overall, this thesis provides important insights on chances and drawbacks of adjusting N 

fertilizer rates. Moreover, it makes a direct contribution in identifying cost- and risk-efficient 

N management options and provides a basis for effective policy approaches to reduce GHG 

emissions by selective N fertilizer reduction. 
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Kurzfassung 

Stickstoff (N) ist ein unverzichtbarer Nährstoff für den Pflanzenbau. Seine Verwendung 

wurde mit der Einführung der industriellen N-Düngeherstellung intensiviert, um genügend 

Nahrung für die wachsende Bevölkerung zu produzieren. Dieser Anstieg des N-Einsatzes hat 

mehrere Umweltprobleme verursacht, z.B. Treibhausgasemissionen (THG). In Anbetracht des 

Kompromisses zwischen der Erzielung des höchsten Gewinns und der geringsten 

Umweltbelastung ist ein tiefes Verständnis der ökonomischen Folgen der N-Düngung 

erforderlich. Die vorliegende Doktorarbeit liefert umfassende Einblicke in (i) die 

Auswirkungen des standortspezifischen N-Managements (SSNM) auf die Rentabilität und 

Risikominderung, (ii) die Auswirkungen von Unsicherheiten und Risikoeinflüssen auf 

optimale N-Düngergaben und (iii) das Potenzial und die Kosten der THG-Vermeidung durch 

N-Düngereduktion. Ein Modellierungsansatz wurde entwickelt, um die Wirkung von Ertrag 

und Proteingehalt, Wirtschafts- und Risikoauswirkungen sowie THG-Emissionen auf die N-

Düngung zu simulieren. Diese Arbeit konzentrierte sich auf Fragen der mineralischen N-

Düngung.  

Die Ergebnisse der Arbeit zeigen, dass SSNM die Wirtschaftlichkeit verbessert, indem es eine 

höhere Weizenqualität und damit Preisprämien erzielt. SSNM reduziert das Risiko, die 

Backqualität nicht zu erreichen, und es gibt keine wesentlichen Nachteile beim 

Verlustrisikomanagement im Vergleich zum einheitlichen Management. Der wirtschaftliche 

Vorteil von SSNM wird bei reduzierter N-Düngung - im Falle von Restriktionen hinsichtlich 

der N-Intensität - beibehalten oder leicht erhöht. Die erhöhte Variabilität der N-

Mineralisierung hat nur einen geringen Einfluss auf den durchschnittlichen wirtschaftlichen 

Vorteil. Preisprämien für eine höhere Weizenqualität bieten Anreize für höhere N-

Düngergaben. Prämien verflachen die Gewinnfunktion weiter, was unzureichende Argumente 

für eine Absenkung des N-Inputs aus der Wirtschaftlichkeitssicht liefert, selbst bei einer 

hohen Risikoaversion der Landwirte. Innerhalb eines begrenzten Bereichs steigern erhöhte N-

Düngergaben das Verlustrisiko der Weizenproduktion nicht wesentlich, während die 

Opportunitätskosten für das Abweichen von der optimalen N-Gabe moderat bleiben. Eine 

moderate Reduzierung der mineralischen N-Düngung kann die THG-Emissionen bei 

moderaten Opportunitätskosten mindern. Hochertragszonen und Weizen zeigen Vorteile 

gegenüber Niedrigertragszonen und Roggen im Hinblick auf eine kosteneffiziente THG-

Vermeidung. Die THG-Vermeidung durch N-Düngereduktion in einer bestimmten Region 



v 

 

kann unter Berücksichtigung kultur- und ertragszonenspezifischer Ertragswirkungen optimiert 

werden. 

Insgesamt liefert diese Arbeit wichtige Erkenntnisse über die Chancen und Nachteile der 

Anpassung der N-Düngergaben. Darüber hinaus leistet sie einen direkten Beitrag zur 

Identifizierung von kosten- und risikoeffizienten N-Managementoptionen und bildet die 

Grundlage für effektive politische Ansätze zur THG-Vermeidung durch selektive N-

Düngereduktion.  
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Extended summary 

Nitrogen (N) is an essential plant nutrient and N fertilizer is an indispensable production 

factor for profitable farming. N fertilizer is the input on which the most money is spent in 

many agricultural systems, as it arguably makes the biggest difference to crop production. 

Over the last half century, N fertilizer application has been steadily raised in order to produce 

sufficient food for the growing world population. However, intensification in N fertilization 

came at a cost: the increased N use in agriculture is held responsible for several environmental 

problems such as water pollution, eutrophication, biodiversity loss, ozone depletion, and 

greenhouse gas (GHG) emissions. Considering the trade-off between achieving the highest 

economic benefit and causing the lowest environmental impact, optimal application of N 

fertilizer is a multi-faceted challenge. Thus, making decisions on appropriate N fertilizer 

intensity is difficult. A good understanding of the economics of N fertilizer application can 

help to overcome this challenge. It aids both farmers and policy-makers: on one hand, to 

identify cost-efficient management options; on the other hand, to pinpoint effective policy 

approaches for reducing externalities due to N use in agriculture. Study areas regarding the 

economics of N fertilization include (1) the investigation of factors which determine optimal 

N fertilizer rates, (2) the role of different management systems and technology investments 

for optimal application, (3) the implications of uncertainties and risks on decision for optimal 

N fertilizer intensity, and (4) the impacts of N fertilizer use on climate and environment. 

Estimation of optimal N fertilizing poses various questions at different scales. At farm level, it 

primarily depends on physiological relationship between fertilizer application and plant 

growth: in other words, it depends on how crop yield responds to added N input. This 

relationship can be explained by estimating a production function, in which yield is a 

dependent variable of N input. In general, an increase in N fertilizer rate leads to a yield 

increase at a diminishing scale. From an agronomic point of view, the higher the yield 

achieved, the higher the fertilizer should be applied in order to sustain that given yield. These 

considerations allow to define benchmark N rates as specified values for a given region, i.e. 

for a yield-zone, recommending an estimated intensity to reach region-specific expected 

yields considering the common climate and soil traits. However, yield increase may be 

observed at N rates beyond agronomically defined required rates. Hence, in the absence of 

monetary and environmental consideration, N fertilizer can be applied up to a rate that 

maximizes crop yield which usually exceeds agronomic requirements. Farmers, however, may 
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even tend to go beyond the yield maximizing N rates as an insurance measure to mitigate the 

risk of less N delivery from the soil N pool than anticipated. Besides crop yield, N is also 

indispensable to sustain certain crop qualities, such as protein contents of wheat grains. 

Protein content in wheat typically shows linear response to N input, so that insufficient N 

rates may lead to insufficient protein content, which in turn results in quality failure. 

Economically optimal N application considers not only yield response, but also thereof 

derived economic response to N fertilizer. The latter depends on the microeconomic 

relationship between costs of N fertilizer application and revenues generated via crop sales. 

Using production functions based on previous yield response measurements and price 

observations, profit functions, and accordingly the economic optimum, can be estimated ex-

post, which can then accordingly be used at a common fertilizer-to-crop price ratio to simulate 

future optima under certain assumptions. Profit functions can be flat at high N rates. This 

often suggests that adjusting economically optimal (profit maximizing) N rates is not costly, 

which may create opportunities to reduce N fertilizer rates at moderate costs. Flat response 

functions are assumed to hold good considering a known yield response and a fixed price ratio 

of fertilizer-to-crop. However, when crop qualities qualify higher crop prices via premiums 

(as in the case for wheat), they lead to shifts in economic returns, which means that some N 

fertilizer reduction strategies may be more costly by affecting not only crop quantity but also 

crop quality negatively. Moreover, there are spatial and temporal uncertainties on yield and 

protein response, as well as on crop and fertilizer price developments. Therefore, defining 

economically optimal N rates gets even more complicated when stochastics regarding 

production response to N fertilizer and prices are considered. Hence, it is practically 

impossible to fertilize for the profit peak based on previous estimations of economic response 

function. 

Against the background of the aforementioned challenges, synergies and trade-offs regarding 

economically optimal N fertilization, the present publication-based thesis aims to contribute 

to the scientific literature from three major perspectives: (i) effects of site-specific N 

management; (ii) impacts of uncertainties and risk implications on optimal N fertilizer rates; 

and (iii) GHG emissions due to N fertilizer application. In order to achieve these aims, a 

modelling approach was developed to simulate the response of yield, protein, economic and 

risk implications, and GHG emissions to N fertilizer application. The approach combines 

estimation of yield and protein response functions, economic return analysis, risk assessment 
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using Monte Carlo simulations, sensitivity analyses, and budgeting GHG emissions as well as 

calculation of opportunity costs. All papers analyze mineral N management issues, whereas 

implications of organic fertilizers are not explicitly analyzed. 

Paper I (Karatay and Meyer-Aurich, 2019a), Paper IV (Karatay et al., 2018) and Paper VI 

(Karatay and Meyer-Aurich, 2019b) contribute to the assessment of point (i) and (ii). Paper I 

investigates the role of site-specific N management with respect to grain quality from an 

economic and risk implications point of view under temporally varying N mineralization and 

changing price patterns of wheat. Two site-specific N management options are considered for 

the analysis: variable N rate application using yield mapping and N sensor for real-time 

proximal sensing. Results indicate that both site-specific N management options slightly 

affect crop yields positively, but considerably increase expected protein contents of grains 

compared to uniform N management. This, in turn, enhances the economic return due to price 

premiums linked to higher grain quality (i.e. baking grain quality). Site-specific N 

management reduces the risk of not reaching the baking grain quality. Additional costs for the 

precision farming technologies are found mostly paid-off by higher economic returns in the 

lower tail of the probability distribution. Therefore, there is not any considerable disadvantage 

observed on downside risk management compared to uniform N management. 

Another important aspect considered is the profitability of site-specific N management under 

N application restrictions. Hence, Paper IV takes into account a restricted N fertilizer 

application and the stochastics of the N mineralization in the soil. It simulates and evaluates 

the expected value of the net return of wheat production depending on the product quality. 

Results indicate that the expected economic advantage of site-specific N management is 

maintained and even slightly increased with reduced N fertilization – subject to a legislative N 

fertilizer restriction –, since the probability of lower product qualities with site-specific 

management is relatively kept lower.  

Moreover, site-specific N management application can be considered as a possible climate 

change adaptation strategy. Climate change can affect the N supply from the soil N pool. As 

the variability of N mineralization increases, the uncertainty of precise estimation of optimal 

fertilization increases as well. Paper VI tests the hypothesis that in case of a highly varying N 

mineralization situation due to climate change, site-specific N management results in 

comparatively higher economic returns. According to the findings of this study, increased 

variability of N mineralization has only a small influence on the average economic advantage 



ix 

 

of site-specific N management. This outcome, however, strongly depends on how well 

precision farming technologies can measure short and medium-term N mineralization, for 

instance by indirectly derived N mineralization rates with an N sensor. With more accurate 

estimation of N mineralization, the risk of economic shortfalls with site-specific N 

management can be reduced to a greater extent. With advances in technology development, 

site-specific N management, coupled with other techniques, e.g. on-the-go pre-sidedress 

nitrate test, can be considered as a cost-efficient climate adaptation measure to tackle 

increasingly varying N supply from the soil N pool.  

As indicated in point (ii), this thesis addresses implications of uncertainties together with 

farmers’ risk attitude towards economically optimal N fertilization. Paper II (Meyer-Aurich 

and Karatay, 2019) studies eight sites with differences in climate and soil characteristics in 

three federal states in Germany, considering three wheat qualities and accordingly three wheat 

prices. Uncertainties on yield and protein response, as well as on wheat prices are modelled. 

Regarding risk attitude, a low and a high risk aversion are taken into account. Results indicate 

that price premiums for higher wheat quality provide incentives for higher N input rates. 

Premiums further flatten the profit function, giving insufficient arguments for lowering N 

input from a farm profitability perspective, even in presence of high risk aversion of farmers. 

Within a limited range, increased N rates do not substantially increase the downside risk of 

wheat production, while the opportunity costs of deviating from optimal N rate remain 

moderate. 

Paper III (Karatay and Meyer-Aurich, 2018) and Paper V (Karatay et al., 2019) contribute to 

the assessment of point (i) and (iii). Paper III investigates the potential of yield-zone-specific 

N fertilizer reduction for wheat and rye as a cost-efficient GHG mitigation measure in the 

federal state of Brandenburg, Germany. The study provides a modelling tool to simulate the 

yield and economic responses of stepwise reduction of mineral N fertilizer and assess their 

implications for yield-zone-specific GHG mitigation potential and costs. The approach offers 

a basis for investigating possible effects of different GHG mitigation policies on N fertilizer 

reduction, such as N fertilizer tax or cap. Moderate reduction of mineral N fertilizer can 

mitigate GHG emissions at reasonable opportunity costs. High yield-zones show advantages 

over low yield-zones in terms of cost-efficient GHG mitigation. N reduction in wheat 

production offers GHG mitigation at lower costs with lower uncertainty compared to N 

fertilizer reduction in rye production. N fertilizer reduction in a given region can be optimized 
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considering crop and yield-zone-specific yield responses and, thus, total cost-efficiency to 

mitigate regional GHG emissions can be improved. Paper V investigates the same research 

question as Paper III by means of a different method to estimate yield response functions: 

crop growth simulation. Crop growth modelling employed in this study is used to estimate 

site-specific yield response functions by simulating yields at different N rates for 20 sites of 

different yield potentials in the federal state of Brandenburg. Based on the estimated yield 

response functions, GHG mitigation potential and costs are calculated for N fertilizer 

reduction. Findings confirm that the differences in yield response lead to considerable 

differences in mitigation costs of GHG emissions due to N fertilizer reduction as found in 

Paper III. At low-yield sites, stronger yield losses are found, and accordingly the fertilizer 

reduction leads to higher economic losses. Therefore, the costs of GHG mitigation by N 

fertilizer reduction are higher at low-yield sites. At high-yield sites, a yield plateau is reached 

already at moderate N fertilizer level, so that N fertilizer reduction from high N rates can be 

conducted at low to zero costs at those sites. 

The outcomes of this doctoral research provide comprehensive insights into i) the profitability 

and risk mitigation potential of site-specific N management considering the impacts on crop 

quality, under an N restriction scenario, and a possible impact of climate change on N 

mineralization rate; ii) implications of yield and price uncertainties and farmers’ risk choices 

on optimal N application rates; and iii) potential of cost-efficient GHG mitigation by site and 

crop specific N fertilizer reduction. The findings are useful for understanding optimal N 

fertilizer use from multiple perspectives and they provide important information on chances 

and drawbacks of adjusting N fertilizer rates. Moreover, the knowledge generated by this 

thesis makes a direct contribution in identifying cost- and risk-efficient N management 

options and effective policy approaches for reducing GHG emissions by selective N fertilizer 

reduction. 
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1 Introduction  

1.1 Problem statement and motivation 

N use in agriculture faces the dilemma of agricultural intensification to satisfy the growing 

global food demand and at the same time to reduce negative externalities (i.e. environmental 

impacts) due to its excessive application. In addition to organically bound N, industrially 

synthetized N fertilizers have played a crucial role for global food security. It has been 

estimated that in the absence of mineral N fertilizer, approximately half of the world 

population could not have been provided with enough food (Erisman et al., 2008). 

Nonetheless, this valuable contribution to food security comes at a cost: increasing use of 

mineral N fertilizer causes serious impacts on soil, air, water, biodiversity, and global climate 

(Sutton et al., 2011a). Every kilogram of mineral N entering agricultural fields increases the 

global stock of reactive N which partly keeps circulating in agricultural systems leading to 

environmental harms and economic losses due to N surpluses (Erisman, 2004; Galloway et 

al., 2003; Sutton et al., 2011b). N fertilizer application has been critically discussed due to its 

negative effects on the environment and climate (Erisman et al., 2015; Sutton et al., 2011a). 

Policy-makers at national and international level and decision-makers at farm level need to 

understand the implications of N fertilizer management to identify effective solutions, policy-

driven and management-oriented ones. 

N is a crucial nutrient for plant growth which is applied in the highest amount among all crop 

nutrients. There is no doubt that it is also one of the most important farm inputs to sustain 

profitable crop production. Nevertheless, over-application, as well as insufficient use of N 

fertilizers, leads to economic losses both at farm and society level. Farmers aim to maximize 

their profit, for which determining the right input intensity is essential. While optimized input 

use contributes to higher farm profitability, the importance of understanding the economically 

optimal use of N fertilizer goes beyond the farm level, i.e. for designing environmental 

policies effectively and cost-efficiently. For this purpose, it is required to estimate costs 

deriving from agro-environmental policies for farmers at farm level, as well as social costs at 

regional, country, and/or global level. Furthermore, farmers are exposed to several risks (e.g. 

yield and price risk) affecting their management choices strongly. Therefore, it is paramount 

to not only understand the role of N fertilizer from a profitability, but also from a risk 

mitigation point of view.  
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Managing N fertilization according to site and crop specifics can contribute to higher N use 

efficiency, as well as a reduction in nutrient losses to the surrounding environment, thus, 

leading to economic and environmental benefits. In this sense, precision farming techniques 

facilitating site-specific management of N fertilizer can help to allocate inputs in a more 

effective manner, contributing to higher economic returns and possibly lowering economic 

risks by sustaining certain crop quantity as well as crop quality (Gandorfer and Meyer-Aurich, 

2017; Lowenberg-DeBoer, 2019). Apart from the technological perspective, site-specific N 

management can be conducted at different aggregation levels, such as regional, farm, field, or 

subfield level. Although the notion of site-specific application is commonly linked to 

precision application at subfield level, it can also be used to define any adjusted input 

management targeting spatially varying factors, i.e. yield response to N fertilizer. 

Differentiated management options considering site-specific needs can help for a better-

targeted and case-specific N fertilization.  

Legal frameworks and their enforcement regarding N fertilizer application are getting stricter. 

In 1991, the EU Nitrates Directive set certain thresholds for nitrate concentration in water 

bodies (EC, 1991), and since then, the member states have been adapting national agro-

environmental laws and regulations to be in line with the restrictions stated therein. For 

example, the European Court of Justice condemned Germany for its insufficient regulation 

framework to reduce nitrate concentration in groundwater (<50 mg nitrate per liter) (ECJ, 

2018), which has recently intensified discussions on how to tackle the N fertilizer related 

harms, i.e. nutrient pollution. Various amendments are expected in respective German 

ordinances, including limiting the overall N supply at farm level – in certain regions – further 

below a specified threshold, e.g. 20% below the N fertilizer demand (BMEL, 2019), similar to 

the N input quota system implemented in the 1990s in Denmark (Dalgaard et al., 2014). 

Therefore, studies addressing the N problem with possible economic and environmental 

approaches for reduction of N fertilizer application are of high relevance and importance. 

Considering the trade-off between environmental protection and profit maximization, there is 

a need for an in-depth understanding on how and at what level to apply N in a sustainable and 

feasible way: (i) to produce sufficient food both in quantity and quality for the increasing 

world population, (ii) to secure certain income levels for farmers while reducing production 

risks, and (iii) to minimize negative environmental impacts. 
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1.2 Research questions 

The problems stated in Chapter 1.1 served as motivation to investigate the economics of N 

fertilization from multiple perspectives. The aim of the study was to provide answers for the 

following detailed research questions, which were clustered under four main categories: 

a) Economically optimal N fertilizer rates: 

 How can economically optimal rates of N fertilizer application be determined? 

 How do these rates change across time and sites? 

 How do they change with risk consideration? 

 When a certain protein level qualifies for higher price, at what level can N rate lead to 

that certain protein level considering influences by weather and soil conditions? 

 What is the probability of getting price premium over multiple years, when economic 

optimum for an average situation is applied? 

 What are the consequences for farmers to deviate from economically optimal N rates? 

b) Site-specific N management: 

 Can site-specific application of N fertilizer improve farm profitability? 

 Can site-specific N management tackle the uncertainties, i.e. temporally varying N 

mineralization and changing price patterns, in a more cost-efficient way than uniform 

N management? 

 Would price premiums for a certain grain quality contribute to higher economic 

potentials of site-specific N management? 

 Can site-specific N management reduce the production risks in terms of meeting a 

specific grain quality, thus securing the quality premium? 

 How would the profitability of site-specific N fertilization change when the N use 

intensity is limited by legislation? 

 Can site-specific N fertilization cost-efficiently tackle with increasingly variable N 

mineralization from the soil pool as a potential consequence of climate change? 

c) Impacts of uncertainties and risks on optimal N fertilizer application: 
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 What are the economic consequences of decisions on N fertilizer use in wheat 

production with respect to grain qualities from farmers’ perspective? 

 What are the potential motivations or incentives for applying high N fertilizer rates 

from profitability perspective? 

 What are implications of uncertainties on yield/protein response and crop prices for 

optimal N fertilizer rates? 

 How do farmers’ risk attitudes affect optimal N fertilizer rates from economic point of 

view? 

d) N fertilization and greenhouse gas (GHG) emissions: 

 What is the relevance and potential of adjusting N fertilizer use from climate change 

point of view? 

 Is it costly to reduce N fertilizer to mitigate GHG emissions? 

 Are there comparative advantages of different crops at different sites to mitigate GHG 

emissions by N fertilizer reduction? 

1.3 Objectives 

The above stated research questions lead to the main objective of this thesis: to understand the 

dynamics of optimal application of mineral N fertilizer from an economic, environmental and 

risk implications perspective aiming at providing a basis for a cost- and risk-efficient N 

management as well as sound policy implementation.  

The specific objectives of the study were: i) to estimate yield response functions, in order to 

identify economic response to N fertilizer for different input use intensities and fertilizer-to-

crop price ratios; ii) to model subfields investigating the economic and risk implications of 

site-specific N management for wheat considering grain quality and price premiums; iii) to 

model implications of uncertainties on yield/protein response and crop price, and farmers’ risk 

attitude on optimal N application for wheat at different sites; and iv) to estimate the potential 

and costs of mitigating GHG emissions by N fertilizer reduction for a comparative analysis of 

wheat and rye production at different sites. 



5 

 

For the objectives defined above, a modelling approach was developed to simulate the 

response of yield, protein, economic and risk implications, and GHG emissions to N fertilizer 

application. This approach was applied for: 

- site-specific N management with precision farming technologies (N sensor and yield 

mapping),  

- impacts of uncertainties and risk consideration for different risk aversion attitudes at 

different sites, and 

- yield-zone-specific costs for GHG mitigation via N fertilizer reduction.  

The modelling approach combines estimation of yield and protein response functions, 

economic return analysis, risk assessment using Monte Carlo simulations, sensitivity 

analyses, and budgeting GHG emissions and calculation of opportunity costs. As a starting 

point, the estimation of yield response functions was crucial. To estimate yield response 

functions, three methods were used: a) estimation based on empirical data of yield response 

from field trials; b) application of a theoretical approach that enables to transfer empirically 

estimated yield response relationship to other sites lacking empirical data; and c) specifying 

and utilizing a crop growth simulation model. 

1.4 Thesis outline 

This thesis is structured into seven chapters. The introductory chapter (Chapter 1) highlights 

the overall problem and the motivation of the thesis. In addition, it states the research 

questions and sets the objectives of the thesis. Chapter 2 provides the theoretical background 

and the state of the art on topics that are relevant for investigating the economics of N 

fertilizer application. Chapter 3 investigates the site-specific N management from profitability 

and risk mitigation perspectives based on three published research papers (Paper I, IV and 

VI). Chapter 4 discusses the role of uncertainty and farmers’ risk attitude on optimal N 

fertilization and explores the potential incentives for high N application rates (Paper II). 

Chapter 5 is a comparative study on the impact of GHG mitigation potentials and costs by N 

fertilizer reduction based on two research papers (Paper III and V). Chapter 6 provides an 

overall discussion as a synthesis of all research outcomes integrated in this thesis. Lastly, 

Chapter 7 provides a summarized conclusion of findings from this scientific work. 

All papers included in the thesis investigated mineral N fertilizer management (not organic N 

fertilizer). Research chapters are clustered according to three major categories of investigation 
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points; however, these topics are intertwined, so there are many crossings and partial 

overlaps. Table 1 specifies the key aspects studied in each research paper as part of this thesis. 

Table 1: Key aspects studied in the research papers of the thesis 

Paper 
Economic 

optimum 

Site-specific/ -

differentiated 

Risk 

implications 

GHG 

emissions 

[I] X X X 
 

[II] X X X 
 

[III] X X 
 

X 

[IV] X X X 
 

[V] X X 
 

X 

[VI] X X X 
 

The term site-specific in this thesis is used to describe different scales of assessment, thus, it is 

used as a synonym to the term site-differentiated indicating different consideration/ treatments 

of N fertilizer application according to specifics of different sites. In Paper I, IV and VI, it 

refers to the definition at sub-field scale, which is commonly used in the context of precision 

agriculture. In Paper III and V, sites refer to zones (site-classes) with classification according 

to differentiated yield potentials. Sites in Paper II refer to different locations with considerably 

different climate properties besides differences in soil characteristics. 
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2 Theoretical background and state of the art 

2.1 Role of nitrogen in agriculture 

N is abundant in the atmosphere in its unreactive form (N2), in which it is only usable by few 

organisms (Erisman et al., 2007; Galloway et al., 2004). Therefore, N2 needs to be converted 

into reactive N (Nr), which is its indispensable form for life (Erisman et al., 2015). For 

thousands of years, biological conversion of N2 by symbiotic bacteria with legumes was the 

main source of N supply in agricultural systems (Vitousek et al., 2013). However, already in 

the 19th century, biological N fixation became insufficient to meet rapidly increasing N 

demand in agriculture (Sutton et al., 2011b). This higher demand for N supply led to the 

development of synthetic N fertilizers and since the middle of the 20th century, mineral N 

fertilizer production via the Haber-Bosch process has been the major N source in agriculture 

(Dawson and Hilton, 2011). 

Among all crop nutrients, N is the one possibly with the highest influence on yield and crop 

quality, and N fertilizer is an indispensable farm input to reach and sustain high agricultural 

productivity worldwide. It has been estimated that global agricultural production in the 

absence of mineral N fertilizer could adequately supply with food energy and protein only 

half of the world population (Dawson and Hilton, 2011). As a result, to feed the growing 

world population, mineral N fertilizer production and application have grown ten-fold in the 

second half of the last century (Robertson and Vitousek, 2009). More than half of the 

synthetized N globally is applied to produce cereals, of which wheat is the major crop 

receiving the highest amount of N fertilizers among all crops (IFA, 2017). 

Alarmingly, crop demand is expected to double by 2050 to feed rising world population with 

additional 2.6 billion people estimated (Tilman et al., 2011). It is commonly agreed that N is 

an essential production factor to achieve more crops (Mosier et al., 2013), even required in 

higher amounts considering the increasing biomass demand for biomaterial and bioenergy 

(Ragauskas et al., 2006; Scarlat et al., 2015). Nonetheless, the increase in mineral N 

application comes at high environmental costs. Therefore, N fertilizer needs to be applied 

with care in a balanced and optimized manner. In agronomical terms, balanced fertilizer 

application means returning nutrients back to soil that are removed by yields. To define the 

required N fertilizer rate for a target yield, potential N supply should be taken into account 

also from the other sources, e.g. soil N pool. N, that is not uptaken by plant roots, can be 
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stored in soil to some extent depending on soil characteristics. N surplus above that is often 

lost to the surrounding environment, ending up either leached to the ground water and/or 

emitted to the atmosphere (Beach et al., 2008). The average global N use efficiency is 

estimated to be around 50% (Bodirsky et al., 2012), which has both economic and 

environmental consequences. On one hand, it can have impacts on farm profitability since N 

fertilizer has a considerable amount of input costs. On the other hand, N losses cause impacts 

on human health, environment and climate via a cascading effect of N excess through 

different forms of Nr (Erisman et al., 2015), resulting in external costs for the society (Sutton 

et al., 2011b). 

2.2 Yield and protein response to nitrogen fertilizer application 

The physiological relationship between fertilizer application and plant growth can be 

described by estimating a production function in which yield is a dependent variable of N 

input. Production functions depicting fertility response relationships are commonly derived 

from field trials of nutrient response (e.g. Henke et al., 2007) or from crop growth simulation 

models (e.g. Nendel et al., 2014) where yield is measured or simulated for a range of N 

fertilizer rates. In general, increase in N fertilizer application leads to increase in yield at a 

diminishing scale. After a certain yield level is achieved (i.e. maximum yield), there is either 

no yield increase observable – reflecting a plateau – as other plant growth factors are limiting 

(Liebig’s law of the minimum) or even yield can shrink due to nutrient toxicity, greater 

susceptibility to diseases, or lodging (Diacono et al., 2013). From an agronomic point of view, 

nutrients that have been removed by previous yield need to be returned to soil for maintaining 

the same target yield, if no other change in the soil N pool is assumed to be occurring. The 

greater the achieved yield is, the greater the applied fertilizer amount should be in order to 

sustain that respective yield level. These can also be benchmark N rates for a given region, i.e. 

for a yield-zone, recommending an estimated intensity to reach region-specific expected 

yields considering the common climate and soil traits. However, yields may still increase 

beyond agronomically defined required rates. Hence, in the absence of monetary and 

environmental considerations, N fertilizer can be applied at a level that maximizes crop yield 

which usually goes beyond agronomic requirements. 

Yield response to N fertilizer is estimated using different functional forms such as linear-

plateau, exponential, quadratic, and quadratic-plateau (Cerrato and Blackmer, 1990; Henke et 

al., 2007). The type of production functions is decisive for assessing yield response to 
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adjustment in N fertilizer use; thus, though several functional forms have been intensively 

discussed, there is no consensus on the best model. The functional form also depends on the 

crop type: for instance, a second-degree quadratic polynomial yield function was found to be 

appropriate for wheat (Bongiovanni et al., 2007; Gandorfer and Rajsic, 2008; Meyer-Aurich 

et al., 2010a), whereas, for instance, Cerrato and Blackmer (1990) found a quadratic-plateau 

model the best fit for yield response of corn. 

Production functions can be estimated ex-post based on previous measurements and 

observations, yet they have a stochastic nature to some extent. Yield response to N fertilizer 

can temporally diverge: in different years, weather affects N in soils differently and thus can 

shift the production function leftwards or rightwards, which is unknown to farmers by the 

time of making fertilizer decisions. Other temporal weather influences can also have 

implications, e.g. water as limiting factor in rainfed production systems, which might not only 

shift but also change the shape of the production function. 

Similarly to yield response, protein response functions can be estimated by various functional 

forms (Henke et al., 2007), mostly with a linear or quadratic relationship with N fertilizer 

application rate (Baker et al., 2004). The level of protein concentration in grains is one of the 

most important quality parameters for wheat (Zörb et al., 2018). Grain quality has strong 

economic effects for wheat production (Bongiovanni et al., 2007). Different protein content 

qualifies different wheat quality, such as fodder and baking quality (Morari et al., 2018). 

2.3 Economic response to nitrogen fertilizer application 

Farming is an economic activity and hence, farmers are interested in profitability. N fertilizer 

is the input, on which the most money is spent in many agricultural systems; therefore, its 

economic return is of highest relevance to farmers’ management decisions. Besides that, in 

order to assess the effectiveness of agro-environmental policies, economics of N fertilization 

has to be investigated from various directions, i.e. starting with estimation of economic 

response to N fertilizer application. Finding the optimal N fertilizer rate is not only about 

replacing a removed nutrient in soil and, thus, cannot solely be explained by just the 

biological relationship for which input/output prices are not taken into account. In practice, 

farmers aim to maximize their profit and not yield. Therefore, economically optimal N 

application considers not only yield response, but also thereof derived economic response to 

N fertilizer. The latter depends on microeconomic relationship between costs of N fertilizer 
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application and revenues generated via crop sales (Dillon and Anderson, 2012). Production 

functions are used to estimate economic return functions by comparing the revenue due to 

crop sales (yield) and variable costs of N fertilizer. If costs of additional N fertilizer applied 

are lower than economic gains by yield increase, optimal N rate is not reached yet. Since crop 

yield does not pose a linear relationship with N input, economic optimum is generally reached 

before yield maximizing N rate. In this vein, increasing N input may increase yield and, thus, 

revenue; however, the increase in revenue may not be enough to cover additional N input 

costs. As a consequence, an additional kg of N fertilizer is only profitable if additional 

economic gain following the increase in yield is higher than additional costs of N fertilizer 

application. 

Determination of economically optimal input intensity rate of N fertilizer has been intensively 

researched (Pannell, 2017). Economic optimum in absolute terms is principally case-specific, 

and, thus, not a universally fixed and directly transferable factor: it often holds for a particular 

crop at a particular location. Furthermore, it may strictly be valid for a particular time, since 

there are stochastic temporal effects; i.e. weather influences the level of available N in the 

soil. Yet, the approach to determine economically optimal N rate is applicable to different 

cases. Using production functions based on previous measurements and price observations, an 

economic optimum can be estimated ex-post which can then accordingly be used at a 

common fertilizer-to-crop price ratio to simulate future optima under certain assumptions. 

Yet, future price development is uncertain. Crop prices in integrated markets highly depend 

on current global production magnitude which itself is uncertain, since farming is a risky 

business depending on many natural and human factors. Besides that, production of mineral N 

fertilizer consumes 2% of energy worldwide; therefore, energy prices highly affect N fertilizer 

prices (Sutton et al., 2013). In a situation of a low fertilizer price and a high crop price, the 

optimum can be very close to the maximum achievable yield. Vice versa (higher input/output 

ratio) may suggest a drastic fertilizer reduction at the expense of yield penalties. Therefore, 

even assuming a robust yield response to N fertilizer, economically optimal rate still changes 

when price ratio of input (N fertilizer) and output (crop) changes. 

Another aspect is the choice of the function form of production functions. Model types 

depicting yield response function is of high importance when economic and environmental 

effects of, especially high N fertilization, are investigated (Cerrato and Blackmer, 1990). It 
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can under- or over-estimate yield response, thus, may misjudge the effectiveness and cost-

efficiency of a measure investigated, i.e. N fertilizer reduction to mitigate GHG emissions.  

Economic optimum of N fertilizer has been broadly researched and its importance has been 

emphasized by economists. Yet, deviations from optimal intensity within a broad range often 

do not make big influences on economic returns (Pannell, 2006). Therefore, going beyond the 

economic optimum may not look economically justified, but it may be justified if N 

fertilization does not only affect crop quantity but also crop quality. If crop quality, as in the 

case of wheat for protein content, is critical for crop price, price premiums may create 

incentives for higher N fertilizer rates increasing crop quality.  

Estimation of optimal N fertilization poses various questions at different scales. At farm level, 

it is related to farm profitability and risk mitigation of economic shortfalls. At society level, 

social costs depicting external costs play a significant role. External costs due to excess use of 

N fertilizer have been estimated to amount to 70-320 billion € per year for the European 

Union (Sutton et al., 2011b). Therefore, social optima of N fertilizer application can be much 

lower if adjusted for public purpose than those economically estimated for farm level 

(Gourevitch et al., 2018). 

2.4 Site-specific management of nitrogen fertilizer 

Agriculture needs to cope with specific challenges by cultivating sites with spatially and 

temporally varying characteristics. Precision farming (PF), especially site-specific 

management, can be helpful to sustain high agricultural productivity under these conditions 

while reducing negative externalities (Gandorfer and Meyer-Aurich, 2017; Lowenberg-

DeBoer, 1999).  

Technologies, tools and systems commonly used for PF include global positioning systems to 

find location and to gather positional information of measurements, geographic information 

systems to display and utilize spatial data, global navigation satellite system guidance for 

auto-steering, soil/plant sensors for remote and proximal sensing, yield monitoring/mapping 

tools and variable-rate technologies for site-specific application of inputs (Diacono et al., 

2013; Lowenberg-DeBoer, 2019).  

PF technologies/systems are mostly constructed to collect site-specific information on crop 

and soil, and to use the information for decisions to improve yield or reduce inputs (Pedersen 
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and Lind, 2017), and accordingly to increase farm profitability and at the same time reduce 

production risks (Dillon et al., 2007). One of the most common PF practices adopted is 

technologies for site-specific N management which adjusts input intensity according to site-

specific conditions, i.e. spatial and temporal differences. However, investment in PF 

technologies itself is concerned with certain risks, e.g. financial risk (Griffin et al., 2018). 

Profitability assessment of site-specific nutrient management is commonly conducted using 

production functions indicating yield response to inputs (Bullock et al., 2002; Rogers et al., 

2016). Site-specific N management technologies have often shown low economic benefits 

(Gandorfer and Meyer-Aurich, 2017; OECD, 2016). Limited economic potential of these 

technologies is mostly due to the fact of flat profit functions as suggested by Pannell (2006). 

Therefore, adoption at the global scale has been slower than initially expected (Griffin and 

Lowenberg-DeBoer, 2005). However, when site-specific N management can affect not only 

the yield but also the crop quality, its economic potential can be considerably higher 

(Bongiovanni et al., 2007; Gandorfer and Rajsic, 2008). 

When assessing PF technologies from an economic point of view, various monetary and non-

monetary aspects should be taken into account (Meyer-Aurich et al., 2008). Costs of PF 

applications include costs for information, data processing, adapted management, learning 

costs, and opportunity costs of insufficient use of PF technologies, while benefits include 

yield increase, reduced input, more efficient management, improved working conditions/ 

work quality, and mitigation of production risks (Gandorfer and Meyer-Aurich, 2017). 

Additionally, they can contribute to overcome legislative restrictions for N fertilizer use. 

Apart from the technological perspective, site-specific/site-differentiated N management can 

be conducted at different aggregation levels, such as at regional, farm, field, or subfield level. 

Although the notion of site-specific application is commonly linked to precision application at 

subfield level, it can also be used to define any adjusted input management according to 

spatially varying factors, i.e. yield response to N fertilization (see last paragraph in Chapter 

1.4 for usage of the term site-specific in this thesis). Differentiated management options 

considering site-specific needs can help for a better-targeted and case-specific N fertilization. 

2.5 Uncertainties and risks regarding economically optimal nitrogen fertilization 

Farming is concerned with several uncertainties, for instance climatic factors, input and 

output prices. Farmers are exposed to risks as a consequence of those uncertainties, e.g. 
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seasonal risks on yield and protein, and price risks due to varying relative crop and fertilizer 

prices. Even though economic return of any management decision is the most important 

parameter for most farmers, that is not their only motivation to search for and aim at optimal 

N fertilizer application. They are also interested in riskiness of a decision, and they have 

different personal preferences (i.e. risk attitude) and interests, as well as other considerations 

such as financial constraints (Finger, 2013; Meyer-Aurich et al., 2016). Greater expected 

profit often leads to greater risk exposure, and risk aversion aims at lowering the probability 

of low profit whereas it often reduces the probability to achieve maximum profit (Marchant et 

al., 2013). Therefore, highest economic gains and losses depend on the greatest exposure to 

the risk, as a result of this, decision-makers show different risk attitudes. Some would prefer 

to avoid risks at the expense of not being able to achieve the highest possible economic return 

and some would choose vice versa (Pannell, 2017).  

In many cases, economic response remains only slightly affected around economic optima 

from an ex-post point of view. Economic return functions are usually flat near economic 

optima; therefore, reducing or increasing those rates does not greatly influence the economic 

return. Flatness of economic return at higher N rates suggested by Pannell (2006) is, however, 

counter-intuitive to many farmers that commonly perceive higher N rates as a risk-mitigating 

insurance policy. Contrasting views exist on implications of N fertilizer in risk mitigation in 

agriculture from an economic point of view, yet N input is often found as a risk-increasing 

production factor (Antle, 2010; Monjardino et al., 2013; Roosen and Hennessy, 2003; 

Rosegrant and Roumasset, 1985). Risk mitigation potential of higher N rates certainly 

depends on the agronomical and geographical context; therefore, the implications can vary 

from case to case. 

The relationship of flat economic response holds, though, only if production functions and 

input/output price ratio are known in advance. By the time of fertilization, farmers are 

challenged by many uncertainties, i.e. they can only forecast yield based on previous 

observations, and have a crop price expectation, whereas for many crops integrated in the 

world market (such as grains), price development is highly uncertain depending on global 

production and stocks. Besides that, production of mineral N fertilizer consumes 2% of 

energy worldwide; therefore, energy prices highly affect N fertilizer prices (Sutton et al., 

2013). Therefore, economic optima cannot be determined with full accuracy beforehand. 

Furthermore, economic optima change as weather influences – among others – availability of 
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plant nutrients in the soil pool and, thus, plant growth. In summary, related to N management 

in cropping systems, there are two major risks that farmers as decision-makers are concerned 

about: yield risk and price risk (Moschini and Hennessy, 2001; Pannell, 2017). Price risk 

combined with yield risk further increases the riskiness of higher N rates. There is a need to 

understand how risk consideration of uncertainties and risk attitude of farmers affect N 

fertilizer use, i.e. by investigating whether there is any economically sound explanation of 

higher N rates going beyond the economic optimum. 

Increasing the N input rate above the fertilizer level that maximizes the difference between 

revenue and input costs may be economically not a sound action, when only the impacts in a 

single year are considered. Even if initially negligible, economic response to N input can 

change beyond optimal N fertilizer rate, if yield and economic response of several years are 

considered (Henke et al., 2007). In different years, weather affects N in the soil, and thus can 

shift the production function leftwards or rightwards which is unknown to farmers by the time 

of making fertilizer decisions. Other temporal weather influences can also have implications, 

e.g. water as limiting factor in rainfed production systems, which might not only shift but also 

change the shape of the production function. Therefore, it can be expected that a few 

kilograms more of N fertilizer may avoid yield loss risk, and even if increase in N rate is not 

necessary, it may not cause high economic losses to farmers given the commonly observable 

flat pay-off functions. Therefore, unless it is limited by regulations, farmers may tend to over-

fertilize, since costs of over-fertilizing are often lower than costs of under-fertilizing (Rajsic 

and Weersink, 2008). Furthermore, for certain crops, such as wheat, crop quality is decisive 

for higher crop prices. In order to drive the decision on N fertilizer intensity level, there is a 

need to understand how the price risk would affect optimal N fertilizer rates. Since 

economically optimal N rates depend on the input/output price ratio, the possibility of an 

unexpected price development also makes an exact ex-ante estimation of economic optimum 

barely possible. Considering uncertainties of yield response and price due to the 

aforementioned stochastic factors, an investigation in more depth is required whether 

fertilizing above ex-post estimated economic optimum can be a mitigation measure to reduce 

economic shortfalls. 

Practically, it is impossible to fertilize for the profit peak, for which a slight increase in N 

fertilizer application is usually seen as harmless. Indeed, it may not necessarily harm farm 

profitability, if the economic return functions are rather flat. Nonetheless, fertilizing beyond 
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the economic optimum may result in other costs, due to the opportunity costs of applying high 

N rates beyond the economic optimum whereas the money could be used for something else, 

i.e. another input, when there is shortage of liquidity. Furthermore, there are costs for the 

society that can be categorized as external costs: locally, e.g. for water treatment, as well as 

globally, e.g. for adaptation to climate change, in order to avoid direct and indirect negative 

impacts on human health, ecosystems, and climate (Sutton et al., 2011a). 

When N input does not only affect crop quantity but also quality and accordingly crop price, 

for a cost- and risk-efficient management decision, farmers first need to estimate the 

probability of getting price premium when applying at economically optimal N rate for an 

average situation. Second, they need to understand how high the risk of not getting the price 

premium is if and how much they deviate from their common practice for N fertilization. 

There is a need for a deeper look at flatness of the pay-off functions, since they have 

important implications and consequences for decision makers, both for farmers and policy 

makers (Pannell, 2006; Pannell, 2017). A flat pay-off function indicates a limited potential 

looking at the highest economic return by adjusting optimal N rates from farmers’ point of 

view. From policy-making point view, a flat pay-off function suggest that N fertilizers rates 

can be cost-efficiently addressed by selected policy approaches reducing fertilizer levels, 

since they may not lead to high opportunity costs at farm level. 

Risk can be assessed by means of different measurements. Probability distribution of possible 

outcomes (e.g. economic return) is a commonly used measure. Based on a probability 

distribution, expected utility and its variance as well as shape of the distribution (i.e. skewness 

and kurtosis) are used to assess risk, with higher variance indicating higher risk (Hardaker et 

al., 2015; Pannell, 2017). The concept of expected utility theory, based on Bernoulli’s 

principle (Bernoulli, 1738), assumes that decision makers are aware of decisions’ outcome to 

some degree, and it suggests that decision makers maximize their expected utility when 

exposed to uncertainties and thereof derived risks (Moschini and Hennessy, 2001). Bernoulli 

suggested that people – while gambling – would rather take decisions on expected values of 

utility, rather than expected values of outcomes. His findings were further treated by von 

Neumann and Morgenstern (1947) making expected utility theory since then the standard 

model of decision-making under risk (Just and Peterson, 2010). 

Impacts of different risk attitudes of decision makers on expected utility can be investigated 

based on certainty equivalent (Monjardino et al., 2013), a monetary indication of decision-
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makers’ welfare with risk consideration, which can be calculated using mean and variance of 

expected returns (Monjardino et al., 2015). Hardaker et al. (2004) proposed the “Stochastic 

Efficiency with Respect to a Function” approach to estimate a certainty equivalent based on a 

number of discrete outcomes with an exponential utility function using different absolute risk 

aversion coefficients indicating decision-makers’ risk attitudes. 

Expected utility and certainty equivalent are commonly used useful risk measure approaches, 

yet they may be hard to interpret by decision-makers. Thus, approaches assessing downside 

risk have been used to a great extent focusing on probability of economic shortfalls of a 

(management) decision which is of higher importance to many farmers (Berg and Starp, 2006; 

Lowenberg-DeBoer, 1999). There are two methods that are commonly used to make 

downside risk assessment: Value at Risk (VaR) and Conditional Value at Risk (CVaR). VaR 

specifies a potential loss in expected value at an exact particular confidence level (Manfredo 

and Leuthold, 1999), whereas CVaR shows an average of potential losses for a range within a 

specific confidence level. CVaR can be more useful than VaR when lower tail is unevenly 

distributed, since a single point on the distribution function can be misleading (Webby et al., 

2007). 

2.6 Nitrogen fertilization, greenhouse gas emissions and mitigation costs 

Excess of N fertilizer applied, which is not uptaken by crops, is lost in gaseous emissions (e.g. 

N2O) into the atmosphere, in runoff to the surface water or in leachate to the groundwater, and 

from there partly emitted again in gaseous forms (Beach et al., 2008). N fertilizer application 

is responsible for 12% of agricultural GHG emissions worldwide, as it considerably causes 

direct and indirect nitrous oxide (N2O) emissions that are commonly the largest GHG 

emission source in crop production systems which are emitted via natural processes of 

nitrification and denitrification (Smith et al., 2014). At farm level, N fertilizer application is 

accounted for more than half of GHG emissions generated in crop production (Brentrup and 

Pallière, 2008; Snyder et al., 2009). Overall, N2O emissions are a substantial part of GHG 

emissions of the agricultural sector worldwide (Smith et al., 2014). Mineral N fertilizer 

application is the largest source of anthropogenic N2O emissions globally (Van Groenigen et 

al., 2010) and these are the fastest growing source among GHG emissions from agriculture 

(Tubiello et al., 2014). 
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N2O emissions are expected to increase further, what may then offset abatement efforts for 

GHG emissions from other sectors (Reay et al., 2012). Considering their rapid increase, N2O 

emissions may become in the future a bigger GHG problem than methane emissions (Breiling 

et al., 2005). Therefore, there is a need to reduce N2O emissions per unit of agricultural output 

(Reay et al., 2012). Besides that, fertilizer production is an energy intensive process that is 

responsible for a considerable amount (0.6 – 1.2%) of total global GHG emissions (Smith and 

Gregory, 2013), of which nitrogenous fertilizer production has the highest share (Bellarby et 

al., 2008). The CO2 released due to energy-intensive production of N fertilizer is inventoried 

in the industry sector (GIZ, 2018). Thus, if these emissions due to mineral N fertilizer 

production are accounted for in the agricultural sector – in addition to N2O emissions due to 

fertilizer application –, the relevance and importance of N fertilizer use in total agricultural 

GHG emissions would be even higher (Lal, 2004).  

The reduction of mineral N fertilizer use can contribute to reduced GHG emissions, since it 

directly reduces CO2 emissions related to its production as well as diminishes N2O emissions 

due to its application. GHG emissions due to N fertilizer production and application have 

been estimated at 8.9 and 11.2 t CO2-e per t N for calcium ammonium nitrate and urea, 

respectively, in Europe (Brentrup and Pallière, 2008), and considerably higher at 13.5 t CO2-e 

per t N on average in China (Zhang et al., 2013). Therefore, the overall mitigation potential 

depends on type of fertilizer, site and climate characteristics, and amount of N fertilizer 

reduction. 

Identification of mitigation potential alone is not sufficient to determine efficient ways to 

reduce GHG emissions, and to compare different mitigation strategies. Identification of 

strategies shall be complemented by estimation of mitigation costs. A GHG mitigation 

measure may have a large mitigation potential but at high costs; this can be indicated using 

marginal abatement cost curves (e.g. Eory et al., 2018). GHG mitigation cost calculation is a 

useful measure used to illustrate cost efficiency among different activities, measures and 

technologies. Calculation of mitigation cost is made specifically for a technology or a 

measure of an activity according to ceteris paribus assumption. Starting-point of calculation is 

the definition of a reference (baseline) scenario and alternative scenario, which allow to 

compare a current production system with an alternative one. The alternative system can 

reflect a change in management or in technology. For each scenario, GHG emissions need to 

be summed up and compared. Moreover, differences in direct and indirect costs need to be 
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computed. Differences in production costs over differences in emission deliver GHG 

mitigation cost in monetary terms per a defined amount of emission (e.g. € per kg CO2-e). In 

the case of cost estimation of GHG mitigation by N fertilizer reduction, reduced input costs 

should be calculated against revenue losses due to possible yield penalties, and the cost 

balance should be coupled with GHG mitigation due to reduced N fertilizer application. 

Economic implications of flat profit functions offer an opportunity for a cost-efficient GHG 

mitigation by N fertilizer reduction. Unless fertilizer reduction leads to quality loss, reducing 

N fertilizer rates can be an effective and low-cost mitigation option. If status-quo N fertilizer 

is applied beyond the economically optimal rate, there should be even a positive economic 

return, whereas slightly reducing from the economic optimum (suboptimal supply) may not be 

costly. Consideration of effects of N use on crop yields is decisive for estimating respective 

marginal abatement costs (Vermont and De Cara, 2010). Therefore, yield response to N 

fertilizer reduction should be estimated and coupled with the GHG mitigation potential and 

thereof derived mitigation costs. 

GHG mitigation costs can be considered as social costs, since farmers would not willingly 

change management systems to reduce farming-related GHG emissions, if this leads to a 

decline in profit. Therefore, there is a need to encourage GHG mitigation by means of diverse 

policy instruments, e.g. as being implemented for promotion of renewable energy (Banks et 

al., 2007; Smith et al., 2008). GHG mitigation can be either subsidized or regulated by 

restrictions (e.g. N-fertilization quota), in both ways, mitigation costs shall be shared by 

different parts of the society (i.e. producers, consumers, or all tax-payers). 
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3 Site-specific nitrogen fertilization (Paper I, IV and VI) 

3.1 Site-specific nitrogen management with respect to grain quality and downside risk 

This research article (Paper I) has been published as: 

Karatay, Y. N.; Meyer-Aurich, A. (2019): Site-specific nitrogen management with respect to 

grain quality and downside risk. Precision Agriculture. (Published online 20 June 2019) DOI: 

https://doi.org/10.1007/s11119-019-09677-3 

 

In this thesis, the last version of the accepted draft is added in the next pages. 

  

https://doi.org/10.1007/s11119-019-09677-3
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Abstract: Profitability analyses of site-specific nitrogen (N) management strategies have often 
failed to provide satisfying reasons for adoption of precision farming technologies. However, 
effects of precision farming on product quality and price premiums, as well as on downside risk 
mitigation, are generally not taken into account. This study aimed to evaluate the comparative 
advantages of site-specific N management over uniform N management considering N supply 
on grain quality, and accordingly price premiums for wheat from a downside risk point of view. A 
virtual field was modelled with two subfields representing two distinctive yield zones to 
investigate how consideration of grain quality affects the economic potential of site-specific N 
management under temporally varying N mineralization and changing price patterns of wheat. 
Moreover, the extent was investigated to which site-specific N management can have a risk-
reducing effect on economic shortfalls compared to uniform N management. Two site-specific N 
management options were assessed: variable N rate application using yield mapping and N 
sensor for real-time proximal sensing. Results indicated that even though crop yields were only 
slightly higher, higher expected protein contents of grains could be achieved with site-specific N 
management options compared to uniform N management. Baking wheat quality was secured to 
a greater extent with site-specific N management options. Higher average grain quality improved 
the economic benefits due to price premiums. A risk-reducing effect was observed with the site-
specific N management by maintaining the baking wheat quality with a higher probability. Higher 
economic returns mostly compensated the additional costs for the precision farming 
technologies in the lower tail of the probability distribution and, thus, site-specific N management 
did not show any substantial disadvantage on downside risk as compared to uniform N 
management. 

Keywords: Precision farming, variable rate application, yield mapping, N sensor, Monte Carlo 
simulation, N mineralization 

1. Introduction

Since the early stages of precision farming (PF), variable rate application of nitrogen (N) fertilizer 
to crops has been addressed. The obvious reason for this is that N is the crop nutrient needed in 
the highest amount among all crop nutrients. While this reason is intuitive, profitability of site-
specific N application technologies has been under discussion. Consequently, worldwide 
adoption of these technologies has been slower than initially expected (Griffin and Lowenberg-
DeBoer 2005), as widespread technology adoption is considered to be a sound indicator of 
economic benefits (Lowenberg-DeBoer 2019). Profitability analyses of PF technologies have 
often been conducted based on short-term field trials or simulations, whereas data on long-term 
response to site-specific farming are becoming available (e.g., Yost et al. 2017; Yost et al. 
2019). Economic assessment of PF has been facing various obstacles. For example, the 
economic advantage of PF technologies has been found to be highly dependent on the 
reference system to which it is compared, and the associated costs that are considered 
(Gandorfer and Meyer-Aurich 2017). Bullock et al. (2002) proposed using site-specific yield 
functions for the economic assessment of site-specific nutrient management, which has been 
commonly used since then in the profitability analyses. They found a net economic benefit of 
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around 7$ ha-1 for using site-specific N application compared to uniform N management, while 
Lawes and -1 net return after the additional costs for 
PF were deducted. Schneider and Wagner (2008) reported -1 of economic return with an 
N sensor approach where the costs for the sensor technology were not included. Based on a 
long-term field trial, Yost et al. (2019) concluded that PF system did not significantly change 
profitability and spatial variation of profit for wheat compared to the conventional system, 
whereas it reduced the temporal variation of profit. Various profitability analyses of site-specific 
N fertilization strategies often showed that investments in PF technologies do not cover their 
costs or result in low economic return (OECD 2016; Gandorder and Meyer-Aurich 2017). In a 
recent review, Colaço and Bramley (2018) reported a wide range of sensor-based N 

profitability from 30$ ha-1 loss to 70$ ha-1 benefit. Such broad ranges of economic 
returns might have failed to prove the usefulness of PF technologies to farmers; whereas 
perceived usefulness is considered as a main factor for adoption (Colaço and Bramley 2018). 

Some argue that investments in variable rate application technologies may not be paid off, when 
yield response to N does not vary strongly within a field (Anselin et al. 2004; Liu et al. 2006). 
Others argue that profit functions are generally flat, thus, limit the economic potential of site-
specific input management (Pannell 2006; Pannell 2017). However, the situation of low 
profitability of site-specific N fertilization may change, if such PF technologies do not only affect 
crop quantity but also crop quality, for example baking quality of cereals. It has been shown that 
site-specific N fertilization can help to achieve specific baking quality thresholds (Fiez et al. 
1994; Long et al. 2000; Stewart et al. 2002; Morari et al. 2018). For instance, based on a two-
year field trial, Long et al. (2000) observed higher protein concentrations of wheat, and lower 
within-field variability in protein levels with variable N rate application, while there was no 
significant yield change. The profitability of site-specific N fertilization can be improved, when its 
effect on grain quality is taken into account (Bongiovanni et al. 2007; Gandorfer and Rajsic, 
2008; Meyer-Aurich et al. 2010a; Meyer-Aurich et al. 2010b). Bongiovanni et al. (2007) 
concluded that grain protein levels can be optimized by site-specific N application considering 
spatial variability of subfields, based on yield maps, soil moisture, and protein content, which in 
turn can lead to higher economic returns. Gandorfer and Rajsic (2008) and Meyer-Aurich et al. 
(2010b) depicted the economic relationship of protein concentration indicating shifts in the profit 
function linked to quality premiums for wheat. 

Several studies have been conducted on grain yield and quality effects of PF technologies from 
agronomic and nutrient efficiency point of view, whereas few studies assessed the profitability of 
PF technologies considering the effects of site-specific N management on grain quality. 
Moreover, there is still lack of research investigating the impacts of PF technologies on risk-
effectiveness together with the grain quality aspect considering temporal variability in N 
mineralization and changing wheat prices. Crop yield and protein response may vary according 
to weather conditions, and uncertainties in weather challenge optimum management of zones 
for variable rate N application (Morari et al. 2018). Year to year variance of soil N mineralization 
and unforeseeable price patterns practically make it impossible to fertilize for the profit peak. 
Pannell (2017) emphasized that instead of recommending a single N rate, identifying a range of 
N rates within a certain percentage change of maximum profits would be of more interest and 
relevance to farmers. 

Farmers do not only aim at profit maximization but also at minimization of production risks in 
order to secure a certain income level (Finger 2013). Risk can be defined as the uncertainty of 
outcomes (Berg and Starp 2006) and main risk factors with respect to PF practices can be 
categorized as production risk, price/market risk, legal risk (site-specific documentation), 
personal risk (job safety), financial risk (investment payoff) (Griffin et al. 2018), human risk 
(learning new skills), and technology risk (compatibility with new gadgets/software) (Lowenberg-
DeBoer 1999). Production, price/market, and financial risks are directly related to profitability of 
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PF technologies, thus, have been given attention and analyzed to a larger extent over the years. 
Different risk factors can pose trade-offs among each other. While PF technologies may reduce 
production risks (Gandorfer and Meyer-Aurich 2017), costs of PF investments may increase the 
financial risk (Lowenberg-DeBoer 1999). Tozer (2009) made a risk assessment of PF and 
compared the standard net present value analysis with a real-options approach focusing on 
whether an investment in PF can be more profitable if made now or in future. The author found 
that in all cases the PF system generated greater net present value than the conventional 
system calculated by a real-options model. Whelan and McBratney (2000) reported that site-
specific crop management does not necessarily show advantages over uniform management in 
terms of risk, if there is a strong temporal variability. However, most of the studies do not 
consider the impact of PF technologies in terms of utility with respect to risk attitudes of farmers. 
While the possibilities to consider site-specific variability in the field may be attractive for risk-
averse decision makers because sources of risk from heterogeneity of fields can be better 
addressed, the investments in PF technologies themselves imply specific risks, which need to be 
traded off. Risk aversion often faces the challenge aiming at reducing the probability of low profit 
which, in turn, usually reduces the maximum achievable profit (Marchant et al. 2013). In this 
context, PF technologies show a potential to increase profit while reducing production risks 
(Dillon et al. 2007). 

Risk assessment can be performed employing different risk measures. The most straightforward 
measures are computed based on probability distribution of possible outcomes (i.e., yield, profit 
margins, or net return). These include calculating the expected utility and its variance, as well as 
skewness and kurtosis of the outcome distribution. These approaches are commonly used as 
risk measures by economists where higher variance of an option would make it less attractive for 
adoption/application from the risk aversion point of view (Hardaker et al. 2015; Pannell 2017). 
Furthermore, the certainty equivalent with different attitudes based on a specific level of risk 
aversion is often used to specify the utility of production alternatives (Monjardino et al. 2013). 
The certainty equivalent is a . It can be 
calculated based on variance and mean of expected net returns (Monjardino et al. 2015). 
Hardaker et al. (2004) proposed an approach to calculate the certainty equivalent of production 
alternatives based on a number of discrete outcomes. 

Even though there are few analytical studies that investigated the impact of PF with respect to 
farmers  risk aversion, many studies have analyzed the impact of technologies or inputs with 
respect to risk aversion. For instance, Finger (2013) evaluated irrigation in a combination with N 
fertilizer as a risk-reducing strategy with a downside risk approach assessing the impact on the 
lower tail of the distributions of possible outcomes. Monjardino et al. (2015) assessed the 
implication of farmers  attitude to risk on N fertilizer application using the certainty equivalent 
approach. Gandorfer et al. (2011) analyzed the effects of risk aversion on tillage and N fertilizer 
intensity using the expected utility and certainty equivalent approach.  

Expected utility and certainty equivalent approaches are not easy to comprehend by decision 
makers, thus, downside risk assessment approaches have been given attention and widely used 
(Berg and Starp 2006). In the same vein, although variance is generally a useful statistic to 
depict variability of an outcome, it provides a limited perspective on the downside risk which 
concerns farmers more than the upside variation, i.e., higher profits (Lowenberg-DeBoer 1999). 
Downside risk assessment does not require assumptions on utility functions or risk aversion 
coefficients, whereas it considers the lower tail of an outcome distribution specifying the 
probability of bad outcomes falling below a certain threshold or a target return. Two common 
downside risk measures are value at risk (VaR) and conditional value at risk (CVaR). VaR 
indicates the scale of a potential large loss in its expected value at a specific confidence level 
(e.g., 95%) (Manfredo and Leuthold 1999). Similar to VaR, CVaR indicates a potential loss 
within a particular confidence level, though not as a single value at a certain level as in VaR, but 
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as an average of values within the worst/lowest percentage of cases (e.g., in the worst 5%). 
CVaR offers some advantages over VaR. Webby et al. (2007) reported that when a loss 
distribution (lower tail of the probability distribution) has discontinuities, VaR shows drawbacks, 
since VaR values can vary greatly with a slight increase in probability level, whereas CVaR 
shows rather more stability in such cases. Therefore, the CVaR approach offers benefits by 
indicating risk implications not for a single point over an outcome distribution (i.e., minimum 
value or any other single value at a certain probability level) but for a range of outcomes. 
Looking at a single value of the outcome distribution may lead to misinterpretation of risk 
implications, since it reflects only one out of many probabilities of occurrence whose effect may 
be smoothed by preceding or subsequent values. As a logical consequence, the average of 
probable outcomes within a downside range can be more meaningful for decision makers than a 
single outcome in the lower bound of the probability distribution. 

It is possible to assess profitability of PF technologies considering their risk related implications 
on the basis of empirical data. Nevertheless, long-term data on yield response to PF reflecting 
the variability of the response are scarce and could be confounded by the experimental design in 
which they were surveyed. By means of simulation, all possible combinations regarding variable 
N mineralization affecting yield and protein response, as well as change in price patterns can be 
analyzed, which may, however, not be observable looking at individual years based on empirical 
data. Especially in the case of downside risk assessment, simulation is a powerful tool to picture 
the worst case scenarios enabling the worst combinations (e.g., lowest N mineralization with 
lowest wheat price) which might not have been empirically observed yet, but have probability to 
occur. Therefore, in this study simulation based on modelled yield and protein response was 
opted using its advantages to detect abovementioned systematic effects, which are important for 
the economic and risk assessment of site-specific N management.  

This study aimed at assessing site-specific N management with respect to grain quality from 
economic and risk implications point of view.  It investigated, first, if price premiums for a certain 
grain quality contribute to higher economic potentials of site-specific N management under 
temporally varying N mineralization and changing price patterns; and secondly whether site-
specific N management can reduce the production risk in terms of meeting a specific grain 
quality, thus securing the quality premium. In this context, the hypotheses tested in this study 
were that: i) site-specific N management generates higher economic returns, when grain quality 
is considered under uncertain N supply from soil pool and wheat prices and ii) site-specific N 
management reduces the risk of economic shortfalls by coping with temporally varying N 
mineralization and changing price patterns in a more cost-efficient way than uniform 
management. A conceptual framework was developed modelling yield and protein response to N 
on a virtual field with two subfields. These represent sites with high and low yield potentials. 
Considering the costs of PF investments, downside risk can be a meaningful indicator for 

uniform and site-specific N management options for temporal effects of varying N mineralization 
on crop yield and protein content, and changing price patterns, and to simulate a stepwise 
production function and consequently calculate the expected net return and the CVaR for the 
downside risk analysis. 

2. Material and methods

2.1. Research concept 

Research concept was developed to evaluate profitability and risk mitigation potential of site-
specific N management with respect to grain quality based on simulation. It contains an 
approach for estimating site-specific yield response functions based on transformation of yield 
and protein response data to N supply from a long-term field experiment to a virtual model field. 
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Figure 1 Workflow of the methodological approach 

Bold lines in the workflow (Fig. 1) separate working steps as: the first part for the estimation of 
yield and protein response functions, the second for different N management options and their 
yield and protein responses to N fertilizer, the third for the economic return analysis based on 
the partial budgeting approach, the forth for the downside risk assessment on the basis of Monte 
Carlo simulations, and the last part for the sensitivity analyses.   

2.2. Site-specific yield and protein response functions to nitrogen supply 

Data 

In order to assess the economics of N fertilizer use for wheat production, there is a need to 
model yield and protein response of wheat to N fertilizer. Crop yield response data from a field 
experiment (1986-1999) in Dahlem, Berlin were used for winter wheat (Triticum aestivum L.) 
(Köhn et al. 2000). Protein response data were taken from the same experiment (1996-1998; 
2004) (Ellmer et al. 2001; Erekul et al. 2005) (Table 1). 

Table 1 Empirical data on average yield response (1986-1999) (Köhn et al. 2000) and average 
protein response to N fertilizer (1996-1998; 2004) (Ellmer et al. 2001; Erekul et al. 2005) 

N fertilizer rate  
(kg ha-1) 

Yield  
(kg ha-1) 

Protein content 
(%) 

0 3250 10.3

60 5280 10.1

110 5680 12.6

160 5980 14.0

N fertilizer and yield relations considering the yield zone specific context, as reported in Hanff 
and Lau (2016), were used from two yield zones (Table 2). These yield zone specific input-
output patterns were set as reference points for modelling the site-specific production functions 
with the aid of a normalization (scaling) approach. This method enables transferring yield 
response function from sites with empirical data to other sites lacking that information by 
adjusting the yield response to N fertilizer to a dimensionless ratio (Karatay and Meyer-Aurich, 
2018). This is needed in order to enable the transfer of the rescaled response and estimate the 
site-specific yield response functions. In this study, the empirical data on yield response to N 
fertilizer from Köhn et al. (2000) were employed together with the yield-N fertilizer patterns given 
in Hanff and Lau (2016) for the normalization approach to estimate site-specific yield response 
functions for the two subfields. 

Table 2 N fertilizer rate and corresponding yield at a high (I) and a low (III) yield zone in 
Brandenburg reported by Hanff and Lau (2016) 

Yield zone 

High Low 

Yield (kg ha-1 ) 7700 5000 

N fertilizer rate (kg ha-1) 170 111 

It is commonly known that PF technologies regarding N fertilizer application can be adopted, in 
case there are two or more yield zones in the field requiring different fertilizer managements. 
The larger the difference is among the yield zones, the larger the economic benefit is achievable 
by the PF adoption (Robertson et al. 2008; Bachmaier and Gandorfer 2009). Therefore, in the 
analysis of this study, yield-zone I and yield-zone III were chosen representing a typical high and 
a low yield zone for winter wheat production in Brandenburg (Table 2). 



26 

 

Estimation of site-specific yield and protein response functions 

Yield response was estimated with a quadratic univariate yield response function to N fertilizer 
by using ordinary least square method as follows: 

    (1) 

where (N) is yield (kg ha-1) as a function of N: Nitrogen fertilizer rate (kg N ha-1), a is the 
quadratic coefficient, b is the linear coefficient, and c is a constant. 

The response functions for each subfield can be written as: 

    (2) 

where i denotes the subfield. Site-specific yield response functions (Table 3) were taken from 
Karatay and Meyer-Aurich (2018), which were estimated using the normalization approach. The 
main purpose of the approach is based on the assumption that an empirically determined 
relationship of N fertilizer and yield, modelled as a quadratic production function, can be 
transferred -under certain conditions- to other sites lacking yield response data. The method 
converts the absolute yield response function into a relative function (rescaled between 0 and 1) 
upon a certain reference point (i.e., profit or yield maximizing N fertilizer rate) so that it can be 
transferred to another site where comparable on-site reference points are given. The detailed 
approach to the methodology was reported in the aforementioned reference. 

Table 3 Coefficients of the empirically estimated (Dahlem) and the modelled quadratic (yield 
zones) functions of yield (Mg ha ) response to N fertilizer (kg ha ) for wheat; a: Quadratic 
coefficient, b: Linear coefficient, c: Constant (Karatay and Meyer-Aurich 2018) 

  Yield zone 

Dahlem High Low 

a    

b 0.0386 0.0354 0.0352 

c 3.30 4.19 2.71 

Protein response functions g(N) were assumed to be indifferent in both subfields as a linear 
function of N empirically estimated from the Dahlem experiment based on the average protein 
response from Ellmer et al. (2001) and Erekul et al. (2005): 

    (3) 

Crop yield and protein content of the whole field were considered as the average values of 
outcomes of two subfields. Yield was averaged simply as arithmetic mean, whereas protein 
content was calculated as weighted arithmetic mean; multiplying each weight (yield) by the 
corresponding value (protein content), summing the values up, and dividing them by the sum of 
weights (yields).  

2.3. Profitability calculation  

Partial budgeting was performed for net return calculation over N fertilizer applied. This 
approach has been found as an appropriate method to evaluate profitability of PF technologies 
showing the cost-effectiveness of PF adoption (Marchant et al. 2013). Net return over fertilizer 
cost was found as revenue due to crop sales minus N fertilizer costs (Eq. 4). In the case of site-
specific N management options, annual costs of the investment for equipment and operational 
costs of the PF technology for information gathering and processing, and variable N application 
were taken into account. Assuming a cropping area of 500 ha, the costs for a yield mapping 
system and an N sensor system were considered as 8.02 and 10.69 -1 a-1, respectively 
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(OECD 2016). The cost-estimations for the PF technologies were made according to the annuity 
method, for which six years as depreciation time with 6% interest rate were assumed. Additional 

-1 a-1 -1 for the yield mapping system and the sensor 
system, respectively.  

-1) was calculated as: 

(4) 

NR: Net return, PW
-1) depending on protein content g(N), f(N): Yield (kg ha-

1) as a function of N: Nitrogen fertilizer rate (kg N ha-1), PN: Price of N -1 N), i:
Subfield, : Share of subfield in the total area as percentage, and KPF: Investment and

-1).

The reference optimum N rates were calculated according to respective yield and protein 
response functions with the average price for baking (B) quality wheat (Table 4). In order to 
simulate different possible economic outcomes due to varying price premiums, two crop prices 
were considered for winter wheat according to the protein content as a proxy for grain quality. In 
the case where protein content was achieved above 13%, the price for B-quality wheat was used 
in the calculation; otherwise the price for feed (F) quality was used. Table 4 shows varying price 
patterns of wheat reported by the Bavarian State Research Center for Agriculture (Landesanstalt 
für Landwirtschaft, LfL) over a period of ten years. 

Table 4 Wheat prices of different grain quality reported by LfL (2018) 

-1)

Year Baking (B) quality Feed (F) quality 

2017 159 151 

2016 156 145 

2015 164 158 

2014 170 158 

2013 187 183 

2012 252 246 

2011 205 199 

2010 218 186 

2009 115 107 

2008 142 132 

As the mineral N fertilizer type, calcium ammonium nitrate with 27% N content, was considered 
at the price (PN) of  N.

Nitrogen fertilizer management systems 

With uniform management, a predetermined reference N fertilizer rate was assumed to be 
applied homogenously across the field which consists of two subfields of equal size with different 
yield responses to N. The reference uniform N rate is the net return maximizing N rate of the 
average yield response function which is calculated as the average of high and low yield 
functions according to Table 3. 

Predetermined reference N fertilizer rates with the site-specific N management (SSNMYM) were 
assumed to be estimated using the yield mapping approach. N rates were applied according to 

 using the production functions in Table 3. In other words, this 
management system maximizes the net return of the whole field by applying individual 
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economically optimal N rates in both subfields of equal size.  

As a further management option, site-specific N management system with an N sensor 
(SSNMNS) was considered. N sensor uses crop specific canopy reflectance sensing linked to 
chlorophyll content of leaves to determine the N status of the crop, which in turn depends on 
available N in soil due to earlier N fertilization and N mineralization (Diacono et al. 2013). In this 
study, the N sensor was assumed to provide an indirect estimation of N mineralization in the soil 
by employing wheat plant optical real-time sensing, so that the respective optimal N rate can be 
adjusted on-the-go, in addition to the predetermined optimal variable N rates of the reference 
based on the estimated site-specific yield response functions in Table 3. 

For both uniform and site-specific N management options, the expected wheat quality type was 
assumed to be baking quality. Therefore, the reference optimal N fertilizer applications were 
ensured reaching baking quality (minimum 13% of protein content). 

2.4. Uncertainty and risk analyses 

In order to provide an array of possible net returns resulting from the analyzed management 
practices (uniform, SSNMYM and SSNMNS), Monte Carlo simulations (10000 iterations) were run 
considering uncertainties with wheat prices depending on the grain quality (Table 4), and N 
mineralization in the soil which, in turn, causes yield uncertainty (Fig. 2). Yield uncertainty can 
occur, for instance, due to variability in disease, insect and weed pressure, and/or weather 
conditions and its related effects on N availability in soil for plant growth. N availability in the soil 
depends on total N input as a result of N fertilizer application, and N supply from the soil pool (N 
mineralization) which can be considered as the intersection of the yield function to the ordinate 
(x-axis) (Berg 2003). For simplification reasons, it was assumed that the temporal variability in 
yield could be explained among other factors  by the variability in N mineralization at the 
temporal scales, if N fertilizer is held unchanged. Therefore, a random effect was included for N 
supply shifting the yield response function vertically, in order to depict year-over-year changing 
N mineralization. A similar approach estimating variation in yield and N mineralization was 
employed for a linear yield response model to N with a stochastic plateau in Berg (2003) and 
Tembo et al. (2008). 

Based on the yield response functions for every year for the same N fertilizer rate (110 kg N ha-1 
from the Dahlem experiment), the deviation was calculated in every year comparing the 
observed yield for the respective year with the estimated yield using the average yield response 
function. The curvature of the yield response function was then adjusted shifting up and 
downwards reflecting the variability in N mineralization, by adjusting the constant (c) in Eq. 1 
according to the deviation for every year while keeping the shape of the curvature unchanged. 
For this transformation, it was assumed that the shape of the curvature would remain the same, 
if all N inputs and other production factors were controllable and held constant. Afterwards, it 
was calculated where each curvature intersects the x-axis (N fertilizer rate) and defined it as N 
supply due to mineralization (Nminer) for the respective year and shifted the intercept across the 
years calculated as in Eq. 5 derived from Eq. 1. 

   (5) 

In other words, Eq. 5 was derived from solving the quadratic equation (Eq. 1) at f(N) = 0  (zero 
yield). This is based on the assumption that in the absence of any fertilizer applied, there would 
still be yield observable, where the required N for the plant growth should come from the N pool 
in the soil. Based on the response function, the amount of N mineralization required for that yield 
level can be estimated by running the response curve in the negative quadrant back from zero 
fertilizer N (intersection of the yield function at the y-axis) to zero yield (intersection of the yield 
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function at the x-axis). 

The average of the Nminer terms from all years was used as the expected N mineralization and 
defined it as a reference point Nminer_ref. For the uncertainty analysis, every Nminer as an 
uncertainty input was modelled with the same probability of occurrence reflecting the temporal 
effects on N mineralization and accordingly on total N supply (Ntotal) resulting in different yield 
and protein content levels which may eventually change the profitability of management systems 
(Eq. 6).  

(6) 

The estimated range of variability in N mineralization was adopted based on the data from 
Dahlem experiment and applied it to the production functions of modelled subfields in Eq. 2 
assuming the range of N mineralization being indifferent among them. N mineralization rates 
were estimated on the basis of the measured yield variability employing the empirical data at the 
N fertilizer rate of 110 kg ha-1. In Fig. 2, different curves represent the adjusted course of yield 
response functions of different years. This indicates the assumed relationship between temporal 
variability in yield and temporal variability in N mineralization.

Fig. 2 Estimation of the N mineralization range for the uncertainty analysis based on the data 
(Köhn et al. 2000) from Dahlem (1986-1999) at N fertilizer rate 110 kg N ha-1  

In the case of SSNM option with N sensor (SSNMNS), it was assumed that economic optimal 
Nfertilizer can be adjusted by anticipating the current N mineralization to some extent using wheat 
plant optical real-time sensing. In other words, N sensor was assumed to be able to partially 
mitigate the temporal weather impact on yield which was modelled in this study using variability 
in N mineralization as a proxy. Estimation of yield variability based on variability in N 
mineralization was a simplification made to ceteris paribus focus on N related production risks 
assuming other factors causing uncertainties on yield remain constant over the time. Three 
scenarios were run for different levels of simultaneous N mineralization forecast: 25%, 50% and 
75% of detection rate in percentage DRNminer(%): 
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  (7) 

Abovementioned uncertainties represent production risks (yield and protein) and price risks in 
the model. All input parameters for the uncertainty analysis were modelled with a discrete 
uniform distribution RiskDUniform using the risk assessment tool @Risk  (Palisade Corporation 
Software, Ithaca NY, USA).  

Based on the simulation results, expected values were calculated for yield, protein content and 
net return, conditional value at risk (CVaR), and probability of maintaining B-quality for wheat. 
The expected value is the average of the simulation results of respective output (yield, protein 
content, and net return) considering uncertain N rates due to varying N mineralization, and 
changing price patterns of wheat. CVaR describes the expected value of an economic mean 
shortfall at a certain confidence level associated with a decision (Rockafellar and Uryasev 2002) 
and offers comparability to a reference whether the expected economic loss is minimized at the 
specified interval in the lower bound of the probability distribution (e.g., 5%). In this study, CVaR 
was calculated (Eq. 8) as a measure for downside risk assessment illustrating the effect of 
changing total N supply and price structure on profitability. 

   (8) 

where CVaRa is the conditional value at risk at the a % level and F(NR) is the cumulative 
distribution function of the net return NR. The cumulative distribution function is truncated to a 
range chosen and the outcomes within that range are averaged. For instance, CVaR(90) of net 
return indicates the mean value of possible outcomes from 0% to 10% of the lower bound of the 
probability distribution function of net return (see Fig. 3). 

 

Fig. 3 Graphical illustration of conditional value at risk (CVaR) in a cumulative probability 
distribution function of net return 

@Risk , CVaR(a) was calculated using the function RiskMean(NR) to obtain the 
average outcome of the net return (NR) by truncating the cumulative distribution function of NR 

- RiskTruncateP(0, 100-a). 

CVaR does not require assumptions on the utility function and risk aversion coefficients, and it 
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focusses on the lower partial moments of the distributions of possible outcomes (Meyer-Aurich 
et al. 2016). The main benefit of CVaR approach is that it implies risk based on an average for a 
number of values instead of a single point over the outcome distribution. A single value at a 
probability level (e.g., minimum) can be misleading, since their implications may be under- or 
overestimated when preceding or subsequent values are considered. 

CVaR in this study was used as an indicator, whether SSNM poses a risk-reducing effect 
compared to uniform N management in a worst-case scenario. Following values were calculated 
to capture the abovementioned uncertainties: the mean of the lowest (worst) 5%, 10% and 15% 
of the expected value (mean) of net return (CVaR 95, 90, 85, respectively) for each 
management system. 

2.5. Sensitivity analyses 

Farm size can have an impact on economic advantage of SSNM due to relatively lower costs of 
investing in PF technologies. For this purpose, a smaller and a larger cropping area was 
considered in the sensitivity analysis, and its effect on the SSNM profitability was analyzed. 
Annual costs of a yield mapping system for variable rate N application were accounted for a 
smaller (250 ha) and a larger cropping area (1000 ha) as -1 -1, respectively, 
and for a sensor system as -1 -1, respectively. 

Furthermore, a sensitivity analysis was carried out on the reference N fertilizer rate of uniform N 
management. N fertilizer rates were determined as net return maximizing rates according to the 
estimated yield response functions as defined in the subsection 2.3. SSNM systems were 
assumed to consider the subfield-specific yield response to N fertilizer, whereas for uniform N 
management, the average yield response function of the entire field determined the reference N 
rate, which was found slightly less than the average reference N rate of the SSNM systems. In 
order to investigate how the outcomes would change if the reference uniform rate was the exact 
rate as of the reference SSNM average, the Monte Carlo simulations were re-run with the N rate 
for uniform management at the same rate as the average N rate of SSNM systems. 

3. Results and discussion

Results in this study were reported in two groups: i) outcomes as default, when parameters for 
yield, protein, and net return were calculated based on the respective reference N rates 
(following average values both for B-quality wheat price and for N mineralization) and ii) 
outcomes based on the Monte Carlo simulations, when uncertainties on N mineralization and 
price patterns were considered. 

Yield, protein and economic response

Similar default yields were found with uniform and site-specific N management options (Table 5) 
applying the respective reference optimal N rates that were calculated for the average B-quality 
wheat price and the average N mineralization. In the case of the uniform approach, both 
subfields received 137 kg N ha-1 homogenously derived from the production function of the 
average yield zone, whereas in the case of site-specific measures, the subfields received 

at the rate of 173 kg N 
ha-1 and 113 kg N ha-1 for high and low yielding zones, respectively.  

Table 5 Default yield and results of the Monte Carlo (MC) simulations on yield for uniform N 
management, site-specific N management with yield mapping (SSNMYM), and with N sensor 
(SSNMNS) detecting N mineralization at 25, 50 and 75% 

Yield (Mg/ha) 
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Uniform SSNMYM SSNMNS(25%) SSNMNS(50%) SSNMNS(75%) 
Default 6.24 6.36 6.36 6.36 6.36 

MC simulations   

Minimum 5.91 6.04 6.14 6.23 6.31 

Maximum 6.30 6.43 6.42 6.41 6.39 

Mean 6.19 6.32 6.34 6.35 6.36 

Mode 6.05 6.18 6.24 6.29 6.33 

Median 6.22 6.35 6.35 6.36 6.36 

Std Dev 0.10 0.10 0.07 0.04 0.02 

Skewness -1.55 -1.55 -1.39 -1.18 -0.92 

Kurtosis 4.60 4.60 4.24 3.85 3.46 

Results from the Monte Carlo simulations show that compared to the uniform N management, 
both site-specific N management options improved the expected crop yield (mean) slightly, 
whereas the one with N sensor (SSNMNS) reduced the variance of yield with higher rates of N 
mineralization detection (Table 5). Slight yield changes with SSNM found in this study are in line 
with earlier reports published in Diacono et al. (2013). For instance, Boyer et al. (2011) found no 
significant yield change comparing conventional N management with uniform and variable N rate 
applications using optical reflectance measurements. Liang et al. (2005) reported that variable 
rate N application reduced the yield variance but did not increase the yield significantly. Yost et 
al. (2017) reported a similar picture from a long-term experiment comparing PF systems with 
conventional management systems across time. Other statistical values regarding the crop yield 
were found similar among the N management options in the present study.  

Site-specific N applications resulted in slightly higher expected value (mean) of protein content 
compared to uniform fertilization (Table 6). Nevertheless, higher values of minimum protein 
content were achieved with the SSNM and it also showed advantages over uniform N 
management to maintain B-quality level to a larger extent. For the SSNM with yield mapping, 
79% of the simulations, B-quality was achievable, and 93% to 100% for the SSNM with N 
sensor, while it was 64% for the uniform N management. Thus, especially the SSNM with N 
sensor reduced the probability of missing that critical quality level considerably compared to 
uniform N management. Uniform N management hardly met the threshold for the expected value 
(mean) for protein content (13%), whereas both site-specific N management options resulted in 
higher expected values for protein contents. As expected, higher detection of N mineralization 
via the N sensor yielded in lower risk of not achieving the quality threshold. The options 
SSNMNS(50%) and SSNMNS(75%) met the required quality for B-quality wheat in almost all 
possible combinations of simulations. The enhanced potential for meeting a certain grain quality 
with PF technologies was notified in earlier studies evaluating not only the impacts on crop 
quantity but also the crop quality (e.g., Long et al. 2000; Stewart et al. 2002; Bongiovanni et al. 
2007; Meyer-Aurich et al. 2010b; Morari et al. 2018) 

Table 6 Default protein content and results of the Monte Carlo (MC) simulations on protein for 
uniform N management, site-specific N management with yield mapping (SSNMYM), and with N 
sensor (SSNMNS) detecting N mineralization at 25, 50 and 75% 
 Protein (%) 

 Uniform SSNMYM SSNMNS(25%) SSNMNS(50%) SSNMNS(75%) 
Default 13.12 13.44 13.44 13.44 13.44 

MC simulations 

Minimum 12.22 12.55 12.77 12.99 13.22 

Maximum 13.64 13.96 13.83 13.70 13.57 
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Mean 13.02 13.34 13.37 13.39 13.42 

Mode 12.53 12.86 13.01 13.15 13.30 

Median 13.05 13.37 13.39 13.41 13.42 

Std Dev 0.35 0.35 0.26 0.17 0.09 

Skewness -0.58 -0.57 -0.57 -0.57 -0.58

Kurtosis 3.13 3.11 3.12 3.12 3.12

SSNM options showed advantages for default net returns -1) for which uncertainties 
were not considered (Table 7). This effect was due to the assumption that site-specific optimal N 
application maximized the economic return in each subfield, whereas uniform management did 
not exploit the maximum potential of achievable net return applying a uniform reference N rate 
over the whole field. 

Table 7 Default net return and results of the Monte Carlo (MC) simulations on net return for 
uniform N management, site-specific N management with yield mapping (SSNMYM), and with N 
sensor (SSNMNS) detecting N mineralization at 25, 50 and 75% 

 

Uniform SSNMYM SSNMNS(25%) SSNMNS(50%) SSNMNS(75%) 
Default 970.83 979.45 976.78 976.78 976.78 

MC simulations 

Minimum 356.61 353.18 350.93 349.93 549.38 

Maximum 1457.36 1475.63 1475.88 1477.37 1477.43 

Mean 940.64 958.11 966.00 967.19 972.61 

Mode 843.20 753.78 751.05 750.94 750.77 

Median 889.23 900.84 902.96 903.66 904.14 

Std Dev 240.14 243.47 241.77 242.09 241.02 

Skewness 0.38 0.39 0.40 0.40 0.41 

Kurtosis 2.60 2.60 2.59 2.58 2.56 

CVaR(95) 528.84 546.37 563.30 563.25 571.02 

CVaR(90) 556.95 566.49 572.82 573.20 578.00 

CVaR(85) 593.72 612.78 625.08 628.04 632.97 

Expected value (mean) of net return was -1 with the SSNM using 
yield mapping compared to the uniform N management (Table 7). The SSNM measures with N 
sensor led to a further increase in the expected net return compared to the SSNM with yield 
mapping. The SSNMNS(25%) -1 further 
compared to the SSNMYM by keeping the protein content above the threshold in more cases. 
While there was only a slight further increase with the SSNMNS(50%) on top, the SSNMNS(75%) 
resulted in add -1 compared to the SSNMNS(25%) due to adjusting economic optimal 
variable N rates more efficiently and, thus, reducing the costs of a potential N over-application 
on average. The minimum net return for the PF options were found lower compared to the 
uniform management due to additional costs implemented for the PF investment, except for the 
SSNMNS(75%). In this management option, the minimum net return was found approximately 
200  ha-1 greater than all other management options. The reason is that the SSNMNS(75%) held 
the protein content in all possible combinations of the simulation above the critical threshold of 
13% (see Table 6). Therefore, even the lowest value (minimum) for net return was calculated 
with the price for B-quality wheat, whereas other options did not reach B-quality in their lowest 
value for protein. 
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In summary, yields were found only slightly higher with the site-specific N management options, 
therefore, higher yields could not justify the relatively high potential for profitability of SSNM 
alone. The economic advantage was achievable through higher protein content and associated 
higher product prices in the first place. This is consistent with previous studies. For instance, 
Meyer-Aurich et al. (2010a) reported that assuring protein content for baking quality was 
decisive to obtain the highest economic benefit based on an on-farm experiment in Germany. 
The Monte Carlo simulations of the present study showed that in the cases of larger difference 
between baking and feed quality price, high opportunity costs of not adopting site-specific N 
management options could -1), when baking quality was reachable only by the 
SSNM options. Furthermore, the SSNM with N sensor improved the profitability by reducing the 
negative temporal effects of N mineralization on protein content and also avoided costs of over-
fertilizing. The economic benefit found in this study is higher than the benefits calculated for 
wheat in other studies on the SSNM, where no premiums for product quality were taken into 
account (Griffin and Lowenberg-DeBoer 2005; Gandorfer and Meyer-Aurich 2017; Colaço and 
Bramley 2018). 

Risk implications 

Apart from increase in profitability, farmers can have other objectives such as risk reduction 
(Pannell 2017). Some might trade off profit against risk, and some would do vice versa. As 
expected, the lowest observed values of net return were lower with the SSNM options, except 
with the SSNMNS(75%), due to investment and operational costs for the PF technologies. The 
SSNMNS(75%) completely mitigated the risk of falling below the baking threshold of protein 
content, thus, secured the B-quality wheat price in the entire simulation. The minimum value was 
lower for the other SSNM option with N sensor because of higher associated costs for the 
sensor technology compared to the SSNM approach with yield mapping. However, this is not 
surprising when only the extreme lower tail of the probability distribution is observed, since it is 
expectable that investments in PF technologies would not pay off in the worst case scenario. 
Nevertheless, the SSNM options reduced the probability of low net returns substantially, and 
indicated lower downside risks compared to the uniform N management. Considerably higher 
conditional value at risk values (CVaR) were achievable with the SSNM measures. The SSNM 
options reduced the probability of too low protein contents and associated losses in net return 
occurring, therefore, reduced the downside risk. The advantages in CVaR showed a similar 
pattern as for the expected net return; SSNMNS(25%) increased all three CVaR values further (6 

-1) compared to the SSNMYM -1 
higher for CVaR 95, 90 and 85, respectively) compared to the uniform N management. This 
indicates a positive impact of the SSNM options with respect to downside risk. With the SSNM 

-1 higher maximum values for net return were achievable. Compared to 
the uniform management, the variance of net return of SSNM was slightly higher. A minor effect 
of SSNM was observed on skewness and kurtosis of net return which shows no change in 
downside risk from this point of view given the distribution of the net returns. 

In order to give another comparative measure on economic benefits of site-specific N 
management, net profit can be considered for which all the associated costs are deducted from 
earnings from crop sales. For instance, Meyer-Aurich and Karatay (2019) estimated all other 
farming costs except for N fertilizer management at -1 for an average wheat grower in 
Germany. When these costs are considered in the present analysis, the expected net profits 

-1 for the site-specific management options, -1 for 
the uniform management. In the lowest value (minimum) of net profit scenarios, the costs would 
not be covered by the earnings for any of the management options investigated in this study, 
leading to -1 loss for the uniform management and 360 to 559 -1 loss for the site-
specific options. Nonetheless, SSNMNS(75%) resulted in considerably less economic shortfall for 
the minimum compared to other measures, due to its advantage to maintain the protein above 
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the threshold also for the lowest value for the protein content. This comparatively high 
advantage of SSNMNS(75%), however, relatively diminished for the mitigation of economic loss 
looking at the CVaR (95, 90 and 85) values, since within the lower tails (5, 10 and 15%) of the 
outcome distribution, other management options also reached B-quality in some scenarios. 

The downside risk analysis does not consider the whole distribution of possible outcomes as 
could have been done with other risk measures, for instance with a certainty equivalent analysis. 
However, since the lower partial moments were clearly higher in the PF scenarios in this study, it 
can be expected that the certainty equivalent based on the discrete outcomes (e.g., Hardaker et 
al. 2004) would also show higher values than the certainty equivalent of the reference. A 
simplified calculation of the certainty equivalent based on the variance and the mean can be 
misleading, since the probabilities of higher outcomes, which are given with the PF technology, 
also increase the variance.  

Cumulative probability of protein contents indicates that the SSNM resulted in higher protein 
contents -or at least equal- in all of the simulation combinations and, thus, shows stochastic 
dominance over the uniform management (Fig. 4). In the lowest 10% bound of the probability 
distribution on protein content, B-quality could not be reached by the uniform N management. 
Within the same bound, the SSNMYM option resulted in an improved protein content, yet 
remained below the 13% threshold, while the SSNMNS systems assured B-quality at this 
probability rate. In the upper bounds, the advantage of all SSNM systems was maintained in 
comparison to uniform management. 

Fig. 4 Cumulative probability of protein contents based on the Monte-Carlo simulations for 
uniform N management and site-specific N management with yield mapping (SSNMYM) (a); and 
with N sensor (SSNMNS) at different rates of N mineralization detection (25%, 50% and 75%) (b) 

Modelling uncertainties

Modelling of varying N mineralization had impacts on crop yield, protein content and, thus, net 
return in the Monte Carlo simulations. Change in N mineralization and change in net return 
followed a similar pattern (Fig. 5). Higher negative deviations from the reference N mineralization 
led to lower net returns. Results show the applicability of the approach estimating the range of 
temporal variability in N mineralization based on the temporal variability in yield -as described in 
section 2.4- assessing its impact on net return. Comparable conclusions on applicability were 
drawn by Berg (2003) and Tembo et al. (2008) that employed a similar approach. In their 
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analyses, they included a random effect of variability in yield and a random effect of variability in 
N mineralization for a linear response production function with a stochastic plateau, and did not 
consider the effects on crop quality. This study considered the estimation of variability in N 
mineralization for a quadratic polynomial production function, and implemented the quality price 
differential as a stochastic variable depending on protein content which in turn was affected by N 
mineralization. 

 

Fig. 5 Cumulative probability of net returns and changes in N mineralization based on the 
Monte-Carlo simulations for uniform N management and site-specific N management with yield 
mapping (SSNMYM) and with N sensor (SSNMNS) assuming 75% detection of N mineralization 

In addition to higher economic potential with SSNM, another aspect for PF adoption could be 
farmers  objective for simplification of complex farm management, which was not considered in 
this study. Integrating a new practice into farm management often requires considerable time 
and efforts and can, thus, make the management even more complicated than before. It can 
also lead to human risk of PF technologies, if high skills and knowledge are required, and if it is 
necessary to train or hire a person (i.e., producer, consultant) to operate the equipment, interpret 
the data, and make decisions, the farm can be vulnerable in the absence of that person 
(Lowenberg-DeBoer 1999). In this sense, one SSNM option can show advantages over another 
alternative. For instance, Meyer-Aurich et al. (2008) concluded that a sensor-based approach 
demands less additional knowledge and skills to acquire and, thus, requires less change in farm 
management. Therefore, it is likely to be easier to implement it compared to a mapping-based 
approach from this applicability point of view. Nevertheless, since benefits of sensor-based 
systems depend on the systems they are compared to, information gathering and processing, 
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and development of site-specific algorithms to determine N fertilizer recommendation may be of 
more importance than the sensor device itself (Colaço and Bramley 2018). Consequently, some 
PF options would not only improve the farm profitability but may also reduce the complexity of 
farm management depending on the farmers  previous knowledge and the PF technology 
chosen. Furthermore, Marra et al. (2003) reported that there is also a possibility of over-adoption 
of some PF technologies by farmers, if the complexity of evaluating the information and correctly 
applying PF techniques are perceived only from a simple perspective.  

Sensitivity analyses

It is anticipated that when the farm size is bigger and/or the heterogeneity of the field is greater, 
the economic advantage of SSNM could be higher. Hurley et al. (2004) reported that variable N 
rate application offers a significant potential to increase economic returns, while the returns 
decrease with the decrease in the farm size. Tozer (2009) reported that the PF system 
performed better in terms of net return than the conventional system by managing low 
productive land more efficiently, and the economic benefit diminished, when the relative 
proportion of high productivity land was increased. The present study assumed a cropping area 
of 500 ha with two subfields of equal size with different yield potentials. The sensitivity analysis 
on farm size showed that if annual costs of a yield mapping system for variable rate N 
application were accounted for a smaller or a larger cropping area (250 ha or 1000 ha), the net 
eco -1 -1. If annual costs for a sensor system 
were assumed for a smaller (250 ha) or a larger cropping area (500 ha), the net economic 
benefit of the SSNMNS -1 -1 compared to the 
uniform N management. Furthermore, ownership of the PF technologies was assumed for the 
profitability and risk assessment in this study. However, contractors providing PF services may 
reduce the additional costs for the PF management depending on farm characteristics and site-
specific conditions. 

In the sensitivity analysis on setting the N rates, the reference N fertilizer rate for uniform 
management was raised from 137 kg ha-1 to 143 kg ha-1 as it was the amount of average N 
fertilizer rate assumed for the SSNM systems. Default values of the outcomes remained similar 
by the slight increase in N rate. While there was a slight increase in default yield and protein 
levels, the default net return was reduced due to the fact that the elevated rate was beyond the 
economic optimum of estimated average response function. In the Monte Carlo simulations, as 
anticipated, there was no remarkable change in yield levels. However, the increase in N fertilizer 
rate for the uniform management system led to an increase of 0.15% in the expected protein 
content on average and, thus, improved the -1 
considering the uncertainties on N mineralization and price patterns. It also yielded in lower 
downside risk for uniform management, 
ha-1 higher accordingly, compared to the status quo of the uniform management system. The 
sensitivity analysis indicated that higher N rates in the reference uniform management resulted 
in a lower advantage of SSNM in terms of expected net returns and downside risk mitigation. In 
conclusion, slight adjustments in the reference N rates had no considerable economic impact on 
the default economic outcomes, due to relatively flat economic returns, as also suggested by 
Pannell (2006). However, comparing two management options of N fertilizer in a probabilistic 
analysis, such as the Monte Carlo method, the level of reference N rates should be chosen 
according to an explicit assumption (i.e., same total N rate or profit maximizing N rate of the 
average response function) and interpreted accordingly, as they could have an impact on the 
probability distribution of economic returns. Meyer-Aurich and Karatay (2019) found expected 
profit maximizing N rates considerably higher than economic optimal N rates for average yield 
and protein response based on the experimental data. Even though N fertilizer is commonly 
considered as a risk-increasing production factor (Monjardino et al. 2013), incentives for higher 
grain protein content can mitigate the risk of economic loss due to over-supply of N fertilizer 
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(Meyer-Aurich and Karatay 2019). This can give some insight why ex-post calculated economic 
optima are often found lower than conventional N rates applied by farmers, since -as in the case 
of price premiums for wheat- higher N rates can be applied without significantly increasing risk 
which may however -in turn- cause environmental harms. 

4. Conclusions

Under temporally varying N mineralization and changing price patterns of wheat, the potential of 
higher economic returns with SSNM options was outlined, when their impact on product quality -
in addition to quantity- was considered. The findings of this study suggest that SSNM can reduce 
probability of low net returns in the lower tail of the distribution by meeting the critical threshold 
for protein content to a greater extent. For a risk-averse decision maker, the additional economic 
benefit of SSNM has to be traded off against the higher variance of net returns and mostly the 
lower minimum value for net returns due to the additional costs for PF technologies. 
Considerably higher conditional values at risk indicate a risk-reducing effect of the SSNM 
systems on the downside risk. The magnitude of comparative economic advantage of SSNM 
options depends on the reference N rates assumed for. Higher N rates with uniform 
management reduce the advantage of SSNM, probably at the cost of the environment, which 
deserves further research. 

In the present study, simulation of yield and protein response to N fertilizer were conducted 
based on modelled response functions, whereas in this approach not all variability affecting yield 
and protein could be captured. If long-term and site-specific observed data become more 
available, risk mitigation potential of site-specific N management can empirically be investigated 
in a more detailed manner from various perspectives. These include considering other factors 
affecting yield and protein risks, while in this study yield and protein risk was modelled solely via 
changes in N mineralization. Furthermore, this study considered two modelled subfields with 
different yield potential. Two differentiated subfields are assumed to cover the economic 
response of site-specific N management, since including more subfields is not expected to 
greatly change its comparative advantage over uniform N application from economic point of 
view. However, it can be further investigated in future studies to what extent heterogeneity, as 
well as number of subfields would have an influence on the conclusions of this work. 
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3.2 Site-specific reduction of nitrogen fertilizer under nitrogen application restrictions 

This research article (Paper IV) has been published as: 

Karatay, Y.; Meyer-Aurich, A.; Gandorfer, M. (2018): Ökonomik der teilflächenspezifischen 

N-Düngung von Weizen unter Berücksichtigung von Qualität, Risiko und N-

Düngerestriktionen. 38. GIL-Jahrestagung. (ISBN: 978-3-88579-672-5), p. 135-138. Online: 

http://www.gil-net.de/Publikationen/30_135.pdf 

 

Abstract in English: 

The cost-effectiveness of site-specific nitrogen (N) fertilization has often been questioned. In 

the case of restrictions on N fertilizer application, technologies for site-specific fertilization 

could potentially generate added values. The aim of this work is to examine, if such 

restrictions improve the profitability of site-specific N fertilization compared to uniform N 

fertilization. For this purpose, a model field with two subfields of different yield potentials 

was developed. The results show that with increasing limitation of N use, the economic 

advantage of site-specific N fertilization slightly increases. This advantage results primarily 

from the effect of N fertilization on product quality. 

 

This research paper was published as a conference proceeding in German and is added in the 

thesis in the next pages. 
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Ökonomik der teilflächenspezifischen N-Düngung von Wei-
zen unter Berücksichtigung von Qualität, Risiko und N-

Düngerestriktionen 

Yusuf Nadi Karatay1, Andreas Meyer-Aurich1 und Markus Gandorfer2  

Abstract: Die Wirtschaftlichkeit der teilflächenspezifischen N-Düngung wird oft in Frage gestellt. 
Im Falle von Restriktionen hinsichtlich der N-Intensität könnten Technologien zur teilflächen-
spezifischen Düngung ggf. einen Mehrwert darstellen. Das Ziel dieser Arbeit ist zu prüfen, ob sich 
bei solchen Restriktionen die Wirtschaftlichkeit der teilflächenspezifischen N-Düngung im 
Vergleich zur einheitlichen N-Düngung verbessert. Zu diesem Zweck wurde ein Modellschlag mit 
zwei Teilschlägen unterschiedlicher Ertragspotenziale entwickelt. Die Ergebnisse zeigen, dass mit 
zunehmender Begrenzung des N-Einsatzes der ökonomische Vorteil der teilflächenspezifischen N-
Düngung leicht zunimmt. Dieser Vorteil ergibt sich in erster Linie aus der Auswirkung der N-
Düngung auf die Produktqualität. 

Keywords: Precision Farming, Wirtschaftlichkeit, Monte Carlo Simulation 

1 Einleitung 

Stickstoff (N) in seiner reaktiven Form ist essentiell für die landwirtschaftliche 
Produktion, aber gleichzeitig aufgrund mehrerer Verlustpfade verantwortlich für 
negative Umweltwirkungen. Die große Herausforderung des Stickstoffmanagements 
besteht darin, den Stickstoff so auszubringen, dass seine Verfügbarkeit für die Pflanze 
für einen ökonomisch optimalen Ertrag gegeben ist, und der Verlust durch Auswaschung 
und Emissionen minimiert wird. Teilflächenspezifische N-Düngung könnte dazu einen 
Beitrag leisten [Ra02]. Allerdings wird die Wirtschaftlichkeit der teilflächenspezifischen 
N-Düngung oft in Frage gestellt [GM17]. Es stellt sich die Frage, ob Technologien zur 
teilflächenspezifischen N-Düngung bei Restriktionen hinsichtlich der N-Intensität, etwa 
durch gesetzliche Vorschriften, ggf. einen Mehrwert generieren. Das Ziel dieser Arbeit 
ist die Wirtschaftlichkeit der teilflächenspezifischen N-Düngung von Winterweizen im 
Vergleich zur einheitlichen N-Düngung zu analysieren, wenn die N-Intensität z.B. durch 
gesetzliche Vorgaben begrenzt ist. Ein besonderer Schwerpunkt der Analyse liegt auf der 
Auswirkung der N-Düngung auf die Produktqualitäten.  
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2 Material und Methoden 

2.1 Teilflächenspezifische Ertrags- und Proteinfunktionen 

Ertragsfunktionen wurden anhand eines Normierungsansatzes für einen Modellschlag 
mit zwei Teilschlägen unterschiedlicher Ertragspotenziale in Anlehnung an [Kr93] 
geschätzt (siehe auch [Ka99] und [KD02]). Die Modellierung basierte auf Ertragsdaten 
aus langjährigen N-Steigerungsversuchen zu Winterweizen (1986-1999) am Standort 
Berlin-Dahlem [Kö00]. Die Zusammenhänge von Ertrag und N-Düngung wurden mit 
Hilfe des Normierungsansatzes auf zwei Modellteilschläge übertragen, die die 
empfohlenen N-Düngereinsätze und jeweilige Erträge der Brandenburger 
Landbaugebiete mit einem hohen bzw. niedrigen Ertragspotenzial haben [HL16]. Die 
Beziehung zwischen N-Intensität und Rohproteingehalt wurde auf Basis von Versuchen 
geschätzt [Er05], die ebenfalls in Dahlem durchgeführt wurden. 

2.2 Wirtschaftlichkeit 

Die N-kostenfreie Leistung wurde als Marktleistung durch den erzielten Ertrag abzüglich 
der N-Düngekosten berechnet. Die zusätzlichen Kosten für teilflächenspezifische N-
Düngung wurden mit 11 € ha-1 a-1 (bei einer Auslastung auf 500 ha) [OECD16] 
berücksichtigt. Die ökonomisch optimale N-Düngung wurde auf der Basis der 
Produktionsfunktionen unter Berücksichtigung von Qualität bestimmt. Hierzu wurden 
Unsicherheiten bezüglich der N-Nachlieferung durch Mineralisierung von Stickstoff aus 
dem Boden, der Preise für N-Dünger, der Erzeugerpreise für Weizen, sowie der 
Preisdifferenz zwischen Back- und Futterqualität mit Hilfe von Monte-Carlo-
Simulationen (5000 Iterationen) berechnet. Alle Unsicherheitsparameter wurden mit 
Dreiecksverteilungen in @Risk (Palisade Corporation Software, Ithaca NY USA) 
modelliert. Die Erwartungswerte der Verteilungen lieferten die Grundlagen für die 
Berechnungen. Preise für Backweizen und Stickstoffdünger wurden aus [HL16] 
entnommen. Die Backqualität wurde vereinfacht aus dem Rohproteingehalt abgeleitet, 
wobei nur zwei Qualitäten unterschieden wurden: Backqualität und Futterqualität am 
Schwellenwert von 13% Rohproteingehalt. 

2.3 Szenarioanalyse 

Die Modellierung erfolgte für einen Modellschlag mit zwei Teilschlägen 
unterschiedlicher Standorteigenschaften, in denen verschiedene N-Düngungsszenarien 
unter Berücksichtigung von Restriktionen durchgeführt wurden (prozentuale N-
Düngereduktion ausgehend vom ökonomischen Optimum). In Abhängigkeit der 
teilflächenspezifischen Ertrags- und Proteinfunktionen wurden ökonomisch optimale N-
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Düngermengen jeweils teilflächenspezifisch und flächeneinheitlich im Rahmen der 
Monte-Carlo-Simulation berechnet. 

3 Ergebnisse und Diskussion 

Die teilflächenspezifische N-Düngung zeigte im Durchschnitt der Simulationsergebnisse 
höhere Erträge, eine geringere Wahrscheinlichkeit für Proteingehalte unter 13% und in 
Folge höhere Erwartungswerte der N-kostenfreien Leistung als bei flächeneinheitlicher 
N-Düngung (Tab. 1). Der ökonomische Vorteil teilflächenspezifischer N-Düngung war 
hierbei in ähnlicher Größenordnung wie bei anderen Studien, die die Wahrscheinlichkeit 
des Erreichens von Backqualität nicht simulierten [GM17]. Bei N-Düngerestriktionen ist 
bei teilflächenspezifischer N-Düngung im Vergleich zur flächeneinheitlichen N-
Düngung ein höherer Erwartungswert festzustellen, wenn mit der teilflächenspezifischen 
N-Düngung eine höhere Produktqualität sichergestellt werden kann. Der Vorteil 
teilflächenspezifischer N-Düngung wird mit zunehmender N-Düngerestriktion stärker.  

 
N-Düngung 
% 

x̅ Ertrag 
Mg ha-1 

Wahrscheinlichkeit 
Rohproteingehalt <13 % 

Erwartungswert 
(N-kostenfreie 
Leistung) € ha-1

 

Uni 100 6.23 11% 897 
PF 100 6.32 4% 906 
Uni 90 6.14 41% 877 
PF 90 6.21 26% 888 
Uni 80 6.00 82% 844 
PF 80 6.03 54% 855 

Tab. 1: Ergebnisse der Monte-Carlo-Simulationen hinsichtlich der Reduzierung der N-Düngung 
Uni: einheitliche N-Düngung; PF: teilflächenspezifische N-Düngung; x̅: Mittelwert 

4 Fazit und Ausblick 

Unter Einbeziehung der Stochastik der Mineralisation von Stickstoff aus dem Boden 
lässt sich der Erwartungswert der N-kostenfreien Leistung der Weizenproduktion in 
Abhängigkeit von der Qualität des Produktes simulieren und bewerten. Auf Basis der 
Simulationsrechnungen zeigt sich, dass der Erwartungswert des ökonomischen Vorteils 
der teilflächenspezifischen N-Düngung bei reduzierter N-Düngung erhalten bleibt und 
sogar leicht steigt, da die Wahrscheinlichkeit für geringere Produktqualitäten mit der 
Technik geringer ist.  

Es muss allerdings untersucht werden, inwieweit Standorteigenschaften auf den Roh-
proteingehalt Einfluss haben, bzw. Heterogenität der Teilschläge einen Einfluss auf die 
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Ergebnisse dieser Arbeit hat. Außerdem könnte der Vorteil teilflächenspezifischer N-
Düngung bei solchen Restriktionen sogar höher sein, wenn weitere positive 
Umwelteffekte (z.B. N-Auswaschung, Lachgasemissionen) berücksichtigt werden. 
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3.3 Site-specific nitrogen management as a climate change adaptation strategy 

This research article (Paper VI) has been published as: 

Karatay, Y. N.; Meyer-Aurich, A. (2019): Standortangepasstes N-Düngemanagement im 

Weizenanbau als Klimaanpassungsmaßnahme bei zunehmend variierender N-Versorgung aus 

dem Bodenvorrat. 39. GIL-Jahrestagung. Köllen Druck + Verlag GmbH, Bonn, (ISBN: 978-3-

88579-681-7), p. 101-106. Online: http://www.gil-net.de/Publikationen/139_101.pdf 

 

Abstract in English: 

Climate change can affect the nitrogen (N) supply from the soil N pool. With increasing 

variance of N mineralization, optimal N fertilizer levels can be more hardly estimated and, 

thus, yields, as well as product qualities and consequently the profitability of wheat 

cultivation can be negatively influenced. The aim of this work is to examine the extent to 

which site-specific N fertilization of winter wheat is cost-efficient to cope with increasing N 

supply variance from the soil stock compared to the uniform N fertilization. For this purpose, 

the production of winter wheat was modeled on a virtual field with two subfields of different 

yield potentials. The results show that the economic advantage of site-specific N management 

has slightly increased with increasingly varying N supply from the soil N pool, which resulted 

mainly from the assurance of higher product quality on average. In addition, site-specific N 

management indicates a risk-reducing effect on net return in the case of increasingly varying 

N mineralization. 

 

This research paper was published as a conference proceeding in German and is added in the 

thesis in the next pages. 
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Standortangepasstes N-Düngemanagement im Weizen-
anbau als Klimaanpassungsmaßnahme bei zunehmend 
variierender N-Versorgung aus dem Bodenvorrat 

Yusuf Nadi Karatay1,2 und Andreas Meyer-Aurich1  

Abstract: Der Klimawandel kann auf die N-Versorgung aus dem Bodenvorrat wirken. Bei 
zunehmender Varianz der N-Mineralisation können optimale N-Düngergaben schlechter 
abgeschätzt und damit Erträge sowie Produktqualitäten und demzufolge die Wirtschaftlichkeit des 
Weizenanbaus negativ beeinflusst werden. Das Ziel dieser Arbeit ist zu prüfen, inwieweit 
teilflächenspezifische N-Düngung von Winterweizen bei zunehmend variierender N-Versorgung 
aus dem Bodenvorrat im Vergleich zur einheitlichen N-Düngung kosteneffizient ist. Zu diesem 
Zweck wurde die Produktion von Winterweizen auf einem virtuellen Schlag mit zwei Teilschlägen 
unterschiedlicher Ertragspotentiale modelliert. Die Ergebnisse zeigen, dass der ökonomische 
Vorteil von teilflächenspezifischem N-Management bei zunehmend variierender N-Versorgung 
aus dem Bodenvorrat leicht zugenommen hat, welcher überwiegend durch die Sicherung 
durchschnittlich höherer Produktqualität entsteht. Außerdem weist das teilflächenspezifische N-
Management bei zunehmend variierender N-Mineralisation einen risikoreduzierenden Effekt auf. 

Keywords: Precision Farming, Wirtschaftlichkeit, Mineralisation, Monte-Carlo-Simulation 

1 Einleitung 

Die Bereitstellung von Stickstoff (N) aus dem Boden durch Mineralisation organischer 
Substanz ist abhängig von der Temperatur und Bodenfeuchte. Räumliche und zeitliche 
Verfügbarkeit von Wasser und N in der Pflanzenwachstumsvegetationszeit beeinflussen 
Ertragsschwankungen deutlich [Bo18]. Infolge des Klimawandels werden steigende 
Durchschnittstemperaturen, ein verändertes Niederschlagsregime und häufigere Extrem-
wetterereignisse erwartet [SS02; Ho07], die auch Auswirkungen auf die Dynamik der 
Mineralisation von organischen Substanzen im Boden haben können [Bl10; Sc18]. Der 
Klimawandel kann direkt und indirekt auf die N-Nachlieferung wirken [Pa12; DLO14].  

Da das Wetter auf die N-Verfügbarkeit im Boden und damit auf den Düngebedarf wirkt, 
macht der Klimawandel und insbesondere die erhöhte Klimavariabilität ein passendes N-
Management noch notwendiger [Me08]. Bei zunehmender Varianz der N-Mineralisation 
können optimale N-Düngergaben schlechter abgeschätzt und damit Erträge sowie 
Produktqualitäten und demzufolge die Wirtschaftlichkeit des Weizenanbaus negativ 
beeinflusst werden. Daher machen die erwarteten Klimafolgen das N-Dünge-
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management in Zukunft schwieriger. Ein unpassendes Management könnte nicht nur zu 
betrieblichen, sondern auch zu höheren gesellschaftlichen Kosten führen. Dadurch wird 
die Rolle eines standortangepassten N-Managements in Bezug auf die Klimafolgen 
immer wichtiger. 

Precision Farming (PF) Technologien bieten ein standortangepasstes und gezieltes 
Management der N-Düngung an und können dadurch Produktionsrisiken verringern 
[GM17]. Bei variierender N-Versorgung aus dem Bodenvorrat kann teilflächen-
spezifische N-Düngung (PF) möglicherweise zu angepassten N-Düngergaben und damit 
zu höheren Erlösen beitragen und das Verlustrisiko verringern. In diesem Beitrag wird 
untersucht, inwieweit teilflächenspezifische N-Düngung von Winterweizen bei zuneh-
mend variierender N-Versorgung aus dem Boden im Vergleich zur einheitlichen N-Dün-
gung kosteneffizient ist. Außer dem Effekt variierender N-Einträge auf Erträge wird die 
Auswirkung der N-Einträge auf die Produktqualitäten berücksichtigt, welche dann den 
Produktpreis von Weizen bzw. die Wirtschaftlichkeit des Weizenanbaus beeinflussen. 

2 Material und Methoden 

2.1 Ertrags- und Proteinfunktionen und Stickstoffmineralisation 

Die Produktion von Winterweizen wurde auf einem virtuellen Schlag mit zwei 
Teilschlägen unterschiedlicher Ertragspotenziale modelliert. Die Produktionsfunktionen 
für eine hohe und eine niedrige Ertragszone wurden von [KM18] übernommen, die 
anhand eines Normierungsansatzes mit empirischen Daten von [Kö00] geschätzt 
wurden. Die Proteinfunktionen wurden durch die veröffentlichen Datensätze von 
[EEK01] und [Er05] modelliert. Die N-Nachlieferung durch Mineralisation von N aus 
dem Bodenvorrat wurde basierend auf den Ertragsdaten von [Kö00] geschätzt. Der 
prinzipielle Zusammenhang der N-Dynamik zwischen der Pflanze und dem Boden wird 
in der Abbildung 1 schematisch dargestellt. Der N-Düngebedarf wird hier als die 
Differenz zwischen N-Aufnahme/N-Bedarf der Pflanze und N-Versorgung aus dem 
Boden (N-Mineralisation) verstanden. Da das Wetter auf die N-Mineralisation wirkt, 
entsteht eine gewisse Unsicherheit hinsichtlich der temporalen N-Versorgung aus dem 
Bodenvorrat.  

2.2 N-Düngermanagementoptionen und Wirtschaftlichkeit 

Zwei N-Düngermanagementoptionen wurden berücksichtigt: teilflächenspezifische N-
Düngung mit N-Sensor (PF) und flächeneinheitliche N-Düngung (UNI). In Abhängigkeit 
der teilflächenspezifischen Produktionsfunktionen und Qualitätsresponsefunktionen 
wurden ökonomisch optimale N-Düngermengen jeweils teilflächenspezifisch und 
flächeneinheitlich berechnet. Der Rohproteingehalt (RPG) wurde als Proxy für Weizen-
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qualität angenommen und zwei Qualitäten wurden berücksichtigt: Backqualität (≥ 13 % 
RPG) und Futterqualität (< 13 % RPG). Die Preise für Back- und Futterweizen und N-
Dünger (Kalkammonsalpeter) wurden aus [HL16] entnommen. Die N-kostenfreie 
Leistung wurde als Erlös, durch den erzielten Ertrag multipliziert mit dem Weizenpreis 
abhängig von der Weizenqualität, abzüglich der N-Düngekosten, berechnet. Bei der teil-
flächenspezifischen N-Düngung wurden noch zusätzlich die Kosten für Kapital und 
Information für den N-Sensor mit 11 €/ha/a [OECD16] berücksichtigt. 

 
Abb. 1: Die N-Dynamik zwischen der Pflanze und dem Boden und die Unsicherheit bezüglich in 

einfacher „N-Min(x1)“ und doppelter Höhe „N-Min(x2)“ variierender N-Mineralisation 

2.3 Szenarioanalyse 

Das Basisszenario „N-Min(x1)“ berücksichtigt die Unsicherheit bezüglich der N-
Mineralisation im Boden in einfacher Höhe basierend auf empirischen Daten abgeleitet 
von [Kö00]. Um den durch den Klimawandel bedingten Einfluss zunehmend 
variierender temporaler N-Mineralisation auf die Wirtschaftlichkeit des Weizenanbaus 
zu untersuchen, wurde in einem alternativen Szenario „N-Min(x2)“ die Varianz der N-
Mineralisation in doppelter Höhe simuliert (Abb. 1). Bei der PF-Managementoption mit 
N-Sensor wurde angenommen, dass der N-Sensor die Veränderung der N-Mineralisation 
indirekt über das Pflanzen-Monitoring (N-Sensor) zwischen der zweiten und dritten N-
Gabe bis zu 50 % abschätzen und dementsprechend die ökonomisch optimalen N-
Düngermengen teilflächenspezifisch anpassen kann (Abb. 1). Die Abbildung von 
Unsicherheiten bzgl. der Versorgung der Pflanzen mit N aus dem Bodenvorrat erfolgt 
mit Monte-Carlo-Simulationen (10000 Iterationen). Der Unsicherheitsparameter wurde 
in @Risk (Palisade Corporation Software, Ithaca NY USA) mit einer Dreiecksverteilung 
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modelliert. Die Erwartungswerte der Verteilung von Erträgen, Rohproteingehalten und 
N-kostenfreien Leistungen lieferten die Grundlagen für die Berechnungen. Als 
Verlustrisikomaß wurde Conditional Value at Risk (CVaR) angewandt. CVaR (95) gibt 
den Erwartungswert der N-kostenfreie Leistung in den untersten 5 % der Fälle an. 

3 Ergebnisse und Diskussion 

Die Untersuchungen dieser Studie zeigen, dass beim Basisszenario „N-Min(x1)“, sowie 
beim Alternativszenario „N-Min(x2)“ mit zunehmend variierender N-Versorgung aus 
dem Bodenvorrat ein höherer Erwartungswert der N-kostenfreien Leistung mit teil-
flächenspezifischer N-Düngung erzielt wurde (Tab. 1). Der ökonomische Vorteil des 
teilflächenspezifischen N-Management im Basisszenario war überdurchschnittlich im 
Vergleich zu anderen ähnlichen Studien, die aber die Wahrscheinlichkeit des Erreichens 
von Backqualität nicht berücksichtigt haben [GM17]. Der ökonomische Vorteil von 
teilflächenspezifischem N-Management hat im Alternativszenario „N-Min(x2)“ leicht 
zugenommen. Die Höhe der Erträge blieb relativ unverändert in beiden Szenarien. Der 
ökonomische Vorteil der PF-Technologie in beiden Simulationen entsteht überwiegend 
durch die Sicherung durchschnittlich höherer Produktqualitäten im Vergleich zum 
flächeneinheitlichen N-Management. In der Szenarioanalyse „N-Min(x2)“ war die 
Wahrscheinlichkeit eines Rohproteingehalts <13 % beim teilflächenspezifischen N-
Management nur 12 %, während diese bei flächeneinheitlichen bei knapp 50 % lag. 

Szenario Mgmt x̅ Ertrag 
(Mg/ha) 

x̅ RPG 
(%) 

P (RPG 
<13 %) 

NkfL 
(€/ha) 

CVaR (95) (€/ha) 

N-Sensor 
50 % 

N-Sensor 
75 % 

N-
Min(x1) 

UNI 6,21 13,06 40 % 941 873 873 
PF 6,35 13,41 0 % 974 950 952 

N-
Min(x2) 

UNI 6,.15 12,99 49 % 925 810 810 
PF 6,33 13,38 12 % 961 851 924 

Tab. 1: Ergebnisse der Monte-Carlo-Simulationen hinsichtlich der Unsicherheit in einfacher „N-
Min(x1)“ und doppelter Höhe „N-Min(x2)“ variierender N-Mineralisation und des Risikovermin-

derungspotenzials von teilflächenspezifischem N-Management (PF) im Vergleich zum 
flächeneinheitlichen N-Management (UNI) 

Mgmt: Management; x̅: Mittelwert; P: Wahrscheinlichkeit; RPG: Rohproteingehalt; NkfL: N-
kostenfreie Leistung; CVaR(95): Conditional value at risk; N-Sensor 50 % / 75 %: Erfassung der 

N-Mineralisation mit dem N-Sensor bis zu 50 % / 75 % 

Trotz der Kosten für Kapital bzw. Information der PF Technologie konnte das 
Verlustrisiko mit teilflächenspezifischer N-Düngung deutlich verringert werden. Das 
relative Risikoverminderungspotenzial der PF-Technologie in den untersten 5 % der 
Fälle (CVaR(95)) gegenüber dem flächeneinheitlichen N-Management hat im Vergleich 
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zum Basisszenario abgenommen (Tab. 1), wenn die N-Mineralisation mit dem N-Sensor 
bis zu 50 % erfasst werden konnte. Weitergehend wurde geprüft, inwieweit sich das 
relative Risikominderungspotenzial der PF-Technologie gegenüber dem 
flächeneinheitlichen N-Management ändern würde, wenn der N-Sensor durch Technik-
verbesserung die Veränderung der N-Mineralisation besser erfassen könnte. Dafür wurde 
der Verlauf mit der Annahme der oben genannten Abschätzung des N-Sensors bis zu 
75 % simuliert (Tab. 1). Das Verlustrisiko hat sich in diesem Fall, gegenüber dem 
Alternativszenario mit N-Sensor 50 %, verringert, welches darauf hinweist, dass der 
risikoreduzierende Effekt vom teilflächenspezifischen N-Management bei zunehmend 
variierender N-Mineralisation weiter stark bleibt, wenn die Variabilität der N-
Mineralisation durch den N-Sensor besser, i.e. mit N-Sensor 75 %, erfasst werden kann. 

4 Fazit und Ausblick  

Die Berücksichtigung variierender N-Mineralisation bei der N-Düngung kann zu 
höherem wirtschaftlichem Erfolg teilflächenspezifischer Düngung führen. Mit zuneh-
mender Variabilität der N-Mineralisation nimmt die Unsicherheit einer optimalen Dün-
gung zu. Dies hat nach unseren Berechnungen nur einen kleinen Einfluss auf den ökono-
mischen Vorteil von teilflächenspezifischem N-Management. Dieses Ergebnis hängt 
stark davon ab, inwiefern mit PF-Technologien die kurz- und mittelfristige N-Mine-
ralisation etwa mit einem N-Sensor erfasst werden kann. Bei genauerer Erfassung der N-
Mineralisation kann das ökonomische Verlustrisiko mit teilflächenspezifischer Düngung 
stärker gemindert werden. Mit solch einer Weiterentwicklung der Technik könnte das 
teilflächenspezifische N-Management eine kosteneffiziente Klimaanpassungsmaßnahme 
bei zunehmend variierender N-Versorgung aus dem Bodenvorrat berücksichtigt werden. 

Neue Methoden/Technologien werden entwickelt, um die N-Verfügbarkeit im Boden 
schnell zu ermitteln, um den Düngebedarf der Pflanzen zu schätzen, i.e. Pre-sidedress 

Nitrate Test. In Zukunft können diese Technologien für eine Echtzeit-Messung mit 
Sensoren weiterentwickelt und mit anderen PF-Technologien, i.e. variable N-Düngung, 
kombiniert werden. So kann das Verlustrisiko mit den PF-Technologien, auch bei hoch 
variierender N-Versorgung aus dem Bodenvorrat, weiter verringert werden. 
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A B S T R A C T

The role of nitrogen (N) fertilizer in mitigating economic risks in agriculture is under debate with contrasting views. This study contributes to an analysis of the

economic response in wheat production to N fertilizer with respect to price premium structures for grain qualities from eight field experiments across Germany.

Optimal N fertilizer levels were determined by different algorithms, based on average response, expected profit, and certainty equivalents with different attitudes

toward risk aversion. The inherent uncertainty of yield response and crop quality response consistently resulted in higher expected profit with higher N rates than a

management based on average response. Profit maximizing N rates based on maximum expected profit were substantially higher than economic optimal N rates

based on average response data at 6/8 sites. Expected profit remained high over a large range of N fertilizer rates without a substantial downside risk and opportunity

costs of deviating from optimal N rates within a range of 50 kg/ha. Protein price premiums reduce the riskiness of higher N rates and it is possible to apply higher N

rates without increasing risk considerably.

1. Introduction

The question of optimal nitrogen (N) fertilizer use has a long history

and is still relevant from several perspectives. Often optimal fertilizer

use is referred to as a profit or utility maximizing fertilizer use from a

farmer’s perspective (Babcock, 1992; Gandorfer et al., 2011;

Monjardino et al., 2013). Although it is obvious that the optimal input

use contributes to economic benefits for the farmer, a more important

aspect is that understanding the economically optimal use of N fertilizer

is necessary to address environmental policies efficiently. N in its re-

active form is essential for life of plants and animals on Earth and the

introduction of the industrial N fertilizer synthesis approximately 100

years ago made it possible to increase the availability of N for agri-

cultural plants and thus food for the growing world population. It is

estimated that without this process, only half of the current global

population could be supplied with sufficient food, energy, and protein

(Dawson and Hilton, 2011). To feed the growing population, global N

fertilizer production and application has grown ten-fold between 1950

and 2008 (Robertson and Vitousek, 2009). However, the increasing use

of mineral fertilizer causes huge external costs because of its effects on

the environment and deserves adequate political action (Sutton et al.,

2011).

To influence N fertilizer decisions of farmers, it is necessary to ob-

tain a good understanding of the motivations and decision models of

farmers regarding N management. Economic theory suggests the

economically optimal N rate is where the marginal costs of N fertilizer

equal the marginal benefits of the harvested crops. However, flatness

and uncertainties about the shape of the production function make it

difficult to estimate robust economically optimal N rates from empirical

data, even in the presence of extended datasets from experimental trials

(Pannell, 2006; Bachmaier and Gandorfer, 2009). Furthermore, the

functional form of the production function has a substantial effect on

the calculated economically optimal N rate, although the most appro-

priate form can hardly be determined by statistical methods (Cerrato

and Blackmer, 1990; Henke et al., 2007). Linear-plateau functions re-

ceived some attention a few decades ago (Lanzer and Paris, 1981) and

are still being considered in modelling today (Ferreira et al., 2017). The

linear-plateau functions are especially appealing, because optimal N

rates based on these functions are systematically lower and N effi-

ciencies are higher compared to quadratic production functions

(Ackello-Ogutu et al., 1985). However, it has been shown that in-

corporating standard errors of field experiments into Monte Carlo si-

mulation results in smoothed functions of expected profits with higher

expected profit maximizing N rates, being similar to those of the

quadratic functional form (Berck and Helfand, 1990; Henke et al.,

2007). The use of quadratic production functions for winter wheat is

common (Bongiovanni et al., 2007; Meyer-Aurich et al., 2010) and

reflects the fact that high fertilizer rates can cause lower yields because

of lodging.

From a farmer’s perspective, the different response from year to
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year might be of greater importance than the accurate estimation of the

production function based on data from a specific year. Henke et al.

(2007), for example, estimated economically optimal N rates for wheat

production in Schleswig-Holstein from 135 kg/ha to 220 kg/ha, based

on the response data from five years. They showed that the introduction

of a quality premium as a linear function of the protein content in the

grain resulted in higher economically optimal N rates. Often, however,

quality premiums are linked to specific thresholds, which must be met

to sell the grain at a higher price (Meyer-Aurich et al., 2010). Farmers

face the problem that in achieving high-quality wheat crop production

in terms of baking quality, high N inputs are required (Morari et al.,

2018), which needs to be traded off against environmental regulations,

costs, and the risk of not meeting the quality criteria.

N fertilizer is known to be a variance-increasing input and often is

considered a risk increasing input (Rosegrant and Roumasset, 1985;

Antle, 2010; Roosen and Hennessy, 2003; Monjardino et al., 2013).

However, as has been shown by Babcock (1992), the effect of un-

certainty on optimal N application is subject to the interaction of yield

variance with variance of climatic factors. If yield response under fa-

vorable conditions is high, N fertilizer could have a risk mitigating ef-

fect (Rajsic et al., 2009). Gandorfer et al. (2011) have shown that risk

aversion had no effect on utility maximizing management options.

However, their analysis addressed only a few discrete fertilizer rates

and did not take quality aspects into account. Meyer-Aurich et al.

(2010) have demonstrated that grain quality can have a substantial

effect on economically optimal N rates. Regardless, the effect of pre-

miums for specific qualities on risk efficient N management has not

been extensively studied.

The effect of uncertainty on decisions can be analyzed in various

ways. First of all, the outcome of every decision is associated with

uncertainty and decision makers usually are aware of it to some degree

and consider it to various degrees. A common concept to evaluate the

outcomes of a decision is the concept of utility, also known as the ex-

pected utility theorem, which is grounded on Bernulli’s principle, pos-

tulated more than 200 years ago (Anderson et al., 1977).

Without taking risk into consideration, a rational decision maker

would choose the decision that leads to the maximum expected value.

Taking the consequences of expected events and different states of

nature into account, a risk averse decision maker can use a range of

several decision rules, which more or less are based on the expected

utility theorem guiding the decision maker to the best decision. The

concept of the certainty equivalent considers the utility of uncertain

prospects at the level of specific risk aversion factors (Anderson et al.,

1977). The certainty equivalent is the monetary value that makes a

decision maker indifferent between the monetary value and a risky

prospect of an economic activity. Thus, the certainty equivalent is a

good measure to compare different management options (decisions) for

different attitudes toward risk aversion (Monjardino et al., 2013;

Meyer-Aurich et al., 2016). The use of the certainty equivalent as a

measure has received criticism because risk aversion coefficients have

been used arbitrarily (Pannell, 2006) and the effect of risk on the de-

cision has been overestimated in many studies (Just and Pope, 2003).

Thus, the relevance and adequacy of models, data, and issues have to be

carefully checked before conclusions regarding risk efficiency are de-

duced from expected utility analyses.

A method, which does not need assumptions regarding the utility

function and risk aversion coefficients is the downside risk (e.g. con-

ditional value at risk), which focusses only on the lower partial mo-

ments of the distributions of possible outcomes (Finger, 2013; Meyer-

Aurich et al., 2016). However, in contrast to the certainty equivalent

approach, the conditional value at risk approach does not consider the

mean effects and the risk effects simultaneously. To capture different

aspects of risk aversion on N fertilizer decisions, Monjardino et al. have

provided multi-criteria measures of yield-risk-return and risk aversion

(Monjardino et al., 2013; Monjardino et al., 2015).

The goal of this paper is to provide insights into the economic

consequences of decisions on N fertilizer use in wheat production in

Germany with respect to grain qualities from a farmer’s perspective.

The analysis aims to identify potential motivations or incentives espe-

cially for high N fertilizer rates, which are unfavorable from an en-

vironmental point of view. A similar approach has been presented by

Monjardino et al. (2015) for different sites in Australia based on a series

of yield response data from a biophysical model. However, their ana-

lysis was rather motivated by the closure of yield and profit gaps (Lobell

et al., 2009), whereas our analysis is motivated by the potential en-

vironmental effects of N use in agriculture.

The analysis is based on crop yield and protein response data from

different field experiments in Bavaria, Schleswig-Holstein and

Brandenburg, and employed the response information for model si-

mulations to investigate the economic response to different N fertilizer

rates based on a range of price patterns. This provides an array of

economic response data to N fertilizer with different price patterns for

wheat, which were then used to illustrate the effects of N fertilizer on

the utility of a farmer with respect to her risk aversion.

2. Material and methods

2.1. Data from field experiments

We used published crop and protein yield response data to different

N rates for winter wheat (Triticum aestivum L.) from eight experiments

across Germany. The field experiments were conducted by govern-

mental agencies in the federal states of Bavaria (BY) (Wendland et al.,

2006) and Brandenburg (BB) (Landesamt für Ländliche Entwicklung,

Landwirtschaft und Flurneuordnung (LELF), 2017) and by the Uni-

versity of Kiel in Schleswig-Holstein (SH) (Henke et al., 2007). The

experimental design differed according to different specific research

questions. The degree of information about crop rotation and manure

management differed among the sites, and thus a direct comparison of

the results is difficult. Regardless, in all experimental designs, N ferti-

lizer was included as an experimental factor with four (BB) to 16 (SH) N

levels included, which allows for a response analysis. Of all experi-

ments, data were used for a period of five years (BY: 2001–2005; SH:

1996–1999, 2002; BB: 2012–2016).

Table 1

Climate and soil properties of the experimental sites in Bavaria (BY), Schleswig-Holstein (SH), and Brandenburg (BB).

Site Altitude (m) Average temperature (°C) Average precipitation (mm) Soil type Soil fertility index

Osterseeon (BY) 560 7.5 994 Cambisol (sandy loam) 47

Schrobenhausen (BY) 410 7.5 644 Cambisol (loamy sand) 47

Essenbach/ Pieringa (BY) 390/344 8.3/8.0 660/670 Luvisol (silty-sandy loam) 72/75

Wolfsdorf (BY) 270 8.5 665 Cambisol (sandy loam) 60

Giebelstadt (BY) 295 9.1 631 Luvisol (silty loam) 75

Gersthofen (BY) 477 8 788 Cambisol (sandy loam) 65

Kiel (SH) 30 8.3 750 Pseudogleyic Luvisol (sandy loam) 50

Paulinenaue (BB) 35 9.3 536 Cambisol (loamy sand) 45

a The experiment was partly conducted in Essenbach and in the neighboring Piering, in the following assigned as ”Essenbach“.
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The experiments were located 30 to 560 m above sea level with an

average annual precipitation ranging from 536 mm in Paulinenaue (BB)

to 994 mm in Osterseeon (BY), and average air temperature from 7.5 to

9.3° C (Table 1). The soil fertility index varied from 45 (Paulinenaue) to

75 (Piering). This index (in German Ackerzahl) is a well-established

scale in Germany categorizing agricultural soils according to their fer-

tility levels with a range between 1 (lowest) and 120 (highest). In Ba-

varia, the experiments were designed with seven N fertilizer treatments

in three split applications at six different locations (Table 1). Total N

rates ranged between 75 kg/ha and 225 kg/ha with 25 kg/ha intervals.

In Kiel (SH), 16 different N treatments were applied in three split ap-

plications varying from 0 to 280 kg/ha. The first and second N appli-

cations ranged from 0 to 120 kg/ha and the third application ranged

from 0 to 80 kg/ha with 40 kg/ha intervals respectively. In Paulinenaue

(BB), five N rates were applied ranging from 0 to 200 kg/ha. Ad-

ditionally, a reference rate that was calculated every year using a ni-

trogen balance model based on N mineralization in the soil, 30% less

and 30% more than that rate and an increased N rate was applied.

Regarding the wheat variety, Flair in Bavaria, Orestis in Kiel, and

Julius in Paulinenaue were chosen because they were appropriate to

meet baking quality standards. Further information regarding the ex-

periments can be obtained from Wendland et al. (2006) for the datasets

from BY, Henke et al. (2007) for the datasets from SH, and Landesamt

für Ländliche Entwicklung, Landwirtschaft und Flurneuordnung (LELF)

(2017) for the datasets from BB.

2.2. Modelling of crop yield and protein response

Crop yield and protein response were modelled according to re-

sponse functions found in the different experiments for each year and

averaged over all years. While response functions for the experiment in

SH were provided by Henke et al. (2007), for all other sites, response

functions needed to be estimated based on the available data. For yield

response, quadratic production functions were estimated based on or-

dinary least square analysis. The error structures of the models were

tested for structural patterns, which could indicate a functional mis-

specification.

= + + +Yield a b N c N εY Y Y
2 (1)

Protein content was modeled as a linear or quadratic plateau

function of N fertilizer (Eq. (2)). For the SH data set, a linear function

considering N fertilizer and crop yield was used (Eq. (3)), as suggested

by Henke et al. (2007).

= + + + <
= −
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where aP, bP, and cP are the coefficients of the model, N is the N ap-

plication rate and ε is the error term. Note that the function is linear if

cP = 0.

= + + +Protein a b N d Yield εP P P (3)

2.3. Economics of N fertilizer use

For each site, costs and revenues of wheat production were calcu-

lated according to the site-specific production functions and possible

wheat prices for different qualities. Profit from wheat production was

calculated as follows:

= ∗ − ∗ −Profit Yield N Price Protein N p C( ) ( ) ,N f (4)

where Yield (N) is the crop yield as a function of N fertilizer; Price

(Protein) is the wheat price as a function of protein (Table 2), pN is the

price for a unit of N fertilizer, and Cf is the cos for farming including all

other costs besides N fertilizer management, which has been fixed at

909 €/ha for all sites, based on calculation data provided by Landesamt

für Ländliche Entwicklung, Landwirtschaft und Flurneuordnung (LELF)

(2017). For given prices for N fertilizer and wheat, profit maximizing N

fertilizer rates can be calculated for each production function. Re-

garding capturing the effect of different price patterns of different

wheat qualities, we considered price patterns, which have been re-

corded by the Bavarian State Research Center for Agriculture (Land-

esanstalt für Landwirtschaft, LfL) over a period of nine years (Table 2).

The price premiums were paid according to an array of various

quality aspects, which needed to be assured to get higher prices for A-

or B-quality, respectively. Because data for all quality aspects were not

available, we used the protein content of the grain as a proxy for wheat

quality. We assumed that A-quality is achieved when protein content is

13.5 % or higher, B-quality (average baking quality) with a protein

content of 13 % to 13.5 %. Optimal fertilizer rates were determined by

the cost-price relationship of fertilizer and crops. Here only price pat-

terns for wheat were taken into account, which provide a great range of

different cost-price ratios.

2.4. Identifying optimal N fertilizer rates

Optimal fertilizer rates were identified for each of the sites based on

the estimated response functions from an ex ante perspective and as-

sumptions of the decision process regarding N application. We assumed

that the farmer is aware of the past response to N fertilizer according to

the data presented, but does not know the exact course of the produc-

tion functions for yield and protein response, nor the price expectation

at the time of the decision on the level of N fertilizer application. Facing

this uncertainty, subject to different objectives and preferences, the

farmer would choose different N rates, based on specific decision pro-

cedures or algorithms, which address uncertainties because of the re-

sponse and price expectations as explained below. The comparison of

different optimal N rates subject to different preferences of the farmer

allows the analysis of the fertilization decision making process.

2.4.1. Profit maximizing N rate based on average yield and protein response

and average price expectation for bread wheat (B-quality) (NAvg)

This algorithm of finding an optimum fertilizer level is based on the

average yield and protein response for each site, and the average price

for bread wheat. The profit maximizing N rate is where the cost of an

additional unit of N equals the benefit from that unit based on average

response and average prices. This heuristic reflects the idea that the

farmer applies fertilizer for achieving bread quality (B quality) and

adjusts the fertilizer level to the marginal benefit of crop yield for this

quality, even though there is a risk of not achieving the baking quality

at that rate. This algorithm does not exploit the full economic potential

of the available information but can be assumed to be a pragmatic

approximation of the optimum for a farmer, who needs to trade off the

economic potentials with the complexity of the decision.

Table 2

Wheat price pattern from 2010 to 2018, considered in this study.

Year Wheat price €/Mg

A-quality B-quality Fodder quality

2018 184.9 176.9 167.3

2017 165.3 159.3 150.8

2016 161.6 155.8 145.3

2015 170.5 163.9 158.0

2014 180.1 169.5 157.6

2013 192.0 186.8 182.7

2012 258.5 252.1 246.1

2011 212.4 204.9 199.0

2010 232.2 218.4 186.4

Source: Landesanstalt für Landwirtschaft (LfL), 2018.
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2.4.2. Yield maximizing N rate (NYM)

Yield maximizing N rate is provided as a reference denoting the

highest crop yield achievable on each site considering the empirically

estimated specific yield-response functions to N fertilizer application,

based on the data of five years. The yield maximizing N rate is provided

rather as a reference than as decision support for N supply.

2.4.3. Profit maximizing N rate based on maximum expected profit based

on a combination of all possible response functions and price scenarios (NEP)

This algorithm is based on a simulation of crop yield and protein

content with a range of possible N rates from 120 kg N/ha to 225 kg N/

ha for each of the five response functions found in the five years of

experiments on each site. The crop yields were multiplied with the nine

different prices for the respective quality given with Table 1 to get an

array of 45 possible revenues for each fertilizer level. The average of the

response for each N rate is the expected profit in absence of any risk

consideration. For taking into account uncertainties regarding the N

supply due to mineralization from the soil, the economic response to N

was smoothed. Therefore, we calculated a moving average of the

expected profit over a range of 10 kg N/ha, which smooths peaks from

possible combinations of crop yields, qualities, and prices. We think this

provides a better expectation of achievable profits than a kinked profit

function.

2.4.4. Utility maximizing N rate based on maximum certainty equivalent

generating N rate with low risk aversion (NCE_L)

The data generated with the procedure described under Section

2.4.3 were used to estimate a certainty equivalent for a decision maker

with a low risk aversion, with an exponential utility function according

to the Stochastic Efficiency with Respect to a Function (SERF) method

suggested by Hardaker et al. (2004) according to Eq. (5).

∑= ⎧
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⎛
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i

n

a
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where ra is the absolute risk aversion coefficients w indicates the wealth

resulting from the economic profit of a management option. A low risk

aversion can be assumed at a ra of 0.001 (Meyer-Aurich et al., 2016) for

Table 3

Coefficients of crop yield (Y) and protein content (P) response of winter wheat on six sites in five years (Bavaria)

Year Crop yield response Protein response

Ya Yb Yc R²Y NYM NAvg Pa Pb Pc R²P Np

Osterseeon

1 5.0 0.043 –0.00010 0.994 206 182 8.1 0.015 0 0.855 320

2 5.0 0.033 –0.00008 0.992 200 169 7.9 0.026 0 0.992 196

3 4.8 0.023 –0.00006 0.944 196 152 7.2 0.033 0 0.972 175

4 4.8 0.046 –0.00010 0.985 225 200 8.6 0.018 0 0.941 240

5 5.2 0.036 –0.00010 0.852 172 147 5.1 0.040 0 0.962 199

Avg. 5.0 0.036 –0.00009 0.262 200 172 7.4 0.026 0 0.727 212

Schrobenhausen

1 4.7 0.043 –0.00009 0.981 243 214 6.8 0.019 0 0.967 322

2 1.3 0.038 –0.00009 0.985 214 185 8.0 0.036 0 0.995 139

3 3.6 0.022 –0.00006 0.920 200 153 8.6 0.038 0 0.972 117

4 3.1 0.043 –0.00011 0.974 199 175 5.4 0.041 0 0.976 184

5 4.3 0.046 –0.00011 0.986 201 178 6.1 0.030 0 0.998 234

Avg. 3.4 0.038 –0.00009 0.119 211 183 7.0 0.033 0 0.461 184

Essenbach

1 5.3 0.046 –0.00011 0.997 205 182 7.7 0.019 0 0.978 283

2 8.7 0.007 –0.00002 0.380 192 56 9.6 0.044 –0.00013* 0.992 168

3 5.0 0.003 –0.00001 0.285 281 n.a. -10.6 0.346 –0.00114* 0.893 152

4 6.7 0.027 –0.00004 0.985 319 258 7.5 0.021 0 0.933 265

5 7.1 0.025 –0.00009 0.945 149 119 8.3 0.023 0 0.882 202

Avg. 6.6 0.022 –0.00005 0.036 206 157 8.7 0.022 0 0.321 196

Wolfsdorf

1 6.9 0.011 –0.00002 0.966 281 153 8.9 0.018 0 0.909 229

2 5.2 0.043 –0.00010 0.981 212 187 7.4 0.019 0 0.949 298

3 5.0 0.005 –0.00001 0.910 370 26 8.6 0.036 0 0.949 122

4 13.1 –0.017 0.00003 0.976 n.a. n.a. 11.1 0.010 0 0.863 194

5 8.3 0.004 –0.00003 0.933 78 n.a. 7.4 0.034 0 0.985 166

Avg. 7.7 0.009 –0.00003 0.003 183 84 8.7 0.023 0 0.418 186

Giebelstadt

1 8.0 0.028 –0.00007 0.988 213 174 8.5 0.020 0 ** 218

2 7.8 0.020 –0.00005 0.970 203 151 9.2 0.015 0 0.904 249

3 6.3 0.015 –0.00003 0.923 222 146 8.8 0.024 0 0.939 178

4 5.9 0.035 –0.00007 0.999 260 221 7.3 0.021 0 0.970 266

5 7.7 0.014 –0.00003 0.961 198 124 8.8 0.022 0 0.964 194

Avg. 7.1 0.022 –0.00005 0.139 223 171 8.5 0.020 0 0.698 218

Gersthofen

1 4.6 0.043 –0.00007 1.000 319 281 6.0 0.020 0 0.963 344

2 4.2 0.043 –0.00010 0.984 227 200 7.0 0.021 0 0.985 290

3 5.2 0.019 –0.00005 0.927 201 147 8.9 0.028 0 0.931 147

4 7.0 0.022 –0.00007 0.584 166 128 8.0 0.017 0 0.978 284

5 4.3 0.035 –0.00007 0.998 242 207 7.7 0.021 0 0.973 248

Avg. 5.1 0.032 –0.00007 0.289 233 196 7.5 0.022 0 0.388 254

a, b c indicate estimated coefficients for quadratic production functions; when c=0 linear function; *: coefficients for a quadratic-plateau function; ** missing data;

NYM: yield maximizing N rate; NAvg: N rate where marginal returns equals marginal costs for average baking wheat price; Np: N-rate with 13 % protein content; n.a.:

not applicable
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the possible profits, which can be achieved with this agricultural ac-

tivity.

2.4.5. Utility maximizing N rate based on the maximum certainty

equivalent generating N rate with high risk aversion (NCE_H)

Similar to that described under Section 2.4.4, the certainty

equivalent was modelled for a risk aversion factor of 0.004, reflecting a

high risk aversion behavior (Meyer-Aurich et al., 2016).

2.4.6. Conditional value at risk (CVaR)

The CVaR was calculated as an additional risk indicator to illustrate

the effect of different N rates on the downside risk. This measure pro-

vides the expected value of an economic shortfall of an activity

(Rockafellar and Uryasev, 2002). For this study the CVaR was calcu-

lated as the expected value of the lowest 5 % of the distribution of the

expected profit. For this purpose profit distributions were estimated for

each N rate from 75 to 225 kg N/ha. The parameters of the distributions

were used to calculate the expected shortfall for the lowest 5 % values

of profits, which were indicated as CVaR.

2.4.7. Opportunity costs of deviation from optimum

To capture the effect of missing the economic maximizing N rates,

we calculated the opportunity costs for not meeting the profit max-

imizing N rate. The opportunity costs for each N rate were expressed as

difference of the expected profit and the maximum expected profit at

the profit maximizing N rate for a range of± 50 kg N/ha.

3. Results

3.1. Crop yield and protein response to N fertilizer supply

Crop yield response data from Bavaria and Brandenburg fitted well

to the quadratic production functions with a high goodness of fit. The

coefficient of determination (R2) was mostly above 0.9 (Tables 3 and 4).

The cases with lower R2 (Essenbach: years 2 and 3; Gersthofen: year 4)

showed values with higher deviations from the estimated production

function. A graphical check of the errors showed no systematical

structure, which gave no indication for other more appropriate forms of

the production function (see data in the supplementary material). Other

production functions (quadratic plateau, root square) showed a lower

goodness of fit.

The crop yield response to N fertilizer showed plausible values for

all the sites and years, except for three out of five years in Wolfsdorf,

where negative or very small responses to N fertilizer were detected.

According to Wendland et al. (2006), the experiment in Wolfsdorf was

conducted in a pig-fattening farm; thus, this site had a high potential for

additional N supply from manure, which could explain the response for

this site (Table 3). Economically optimal N levels based on average

response and average baking wheat price (NAvg) were consistently

lower than crop yield maximizing N rates, except for the two cases with

negative responses. The necessary protein quality for baking quality

was only achieved in eight out of 40 cases with the default optimal N

rate (NAvg).

3.2. Optimal N rates according to different N fertilizer algorithms and

criteria

Figs. 1 to 4 show the optimal N rates according to the algorithms

presented in 2.4 along with the CVaR and the change in expected profit

with deviations from the economic optimum for the eight sites studied.

The analysis showed that the expected profit maximizing N rate without

any risk consideration (NEP) was substantially (16 to 115 kg/ha) higher

than the economically optimal N rate based on the average yield and

protein response (NAvg) for six of the eight sites. This indicates that a

thorough analysis of the range of all possible results can help to exploit

the full economic potential of N fertilizer use. The economic advantage

of fertilizing according to the expected profit ranged from €5 to €57 per

ha (Table 3). The two sites that did not show an economic advantage of

fertilizing according to the expected profit (Gersthofen and Essenbach)

showed no response in crop quality in the considered range of N levels.

The certainty equivalent considering risk aversion of the decision

maker consistently showed lower or the same value as the expected

profit without risk consideration for low and high risk aversion.

However, with low risk aversion, only a slight reduction of optimal

fertilizer levels was found in two out of the eight sites. With high risk

aversion optimal N rates were reduced in five out of eight sites (by 16 to

56 kg/ha). Only on two of the eight sites, optimal N rates with high risk

aversion (NCE_H) were lower than the default optimal fertilizer level

(NAvg), which indicated a limited effect of risk aversion on optimal N

rates. A similar conclusion can be drawn from the analysis of the CVaR

over the range of the considered N rates. In the range of 150 to 200 kg/

ha, where most of the optimal N rates were found, all sites showed only

a marginal response of CVaR to N rates. The CVaR values for N rates at

NEP were all close to the maximal CVaR for all analyzed N rates. Three

out of eight sites had the CVaR at maximum at the NEP rate, for the

other sites maximum CVaR was not higher than 15 % of the CVaR value

Table 4

Crop yield (Y) and protein content (P) response of winter wheat on two sites in five years (Brandenburg / Schleswig Holstein)

Year Crop yield response Protein response

Ya Yb Yc R²Y NYM NAvg Pa Pb Pc R²P Np

Paulinenaue

1 4.6 0.051 –0.00014 0.996 182 164 9.5 0.025 0 0.997 143

2 6.7 0.039 –0.00010 0.998 198 172 10.9 0.017 0 0.936 119

3 5.4 0.033 –0.00007 0.965 243 205 11.1 0.019 0 0.957 96

4 5.7 0.026 –0.00008 0.964 161 129 10.3 0.024 0 0.985 116

5 6.1 0.040 –0.00013 0.989 157 137 9.1 0.025 0 0.964 160

Avg. 5.7 0.038 –0.00010 0.717 182 157 10.1 0.022 0 0.848 129

Kiel

1 7.1 0.025 –0.00007 0.330 176 141 2.2 0.006 –0.098 0.810 176

2 5.4 0.030 –0.00005 0.340 277 229 2.3 0.002 –0.066 0.100 292

3 5.4 0.029 –0.00007 0.250 192 158 2.0 0.003 –0.057 0.500 236

4 3.4 0.064 –0.00015 0.580 221 203 1.6 0.005 –0.049 0.640 223

5 2.7 0.052 –0.00012 0.750 225 203 2.1 0.004 –0.057 0.590 160

Avg. 4.8 0.040 –0.00009 n.a. 217 189 2.0 0.004 –0.065 n.a. 208

a, b c indicate estimated coefficients for quadratic production functions; when c=0 linear function; *: coefficients for a quadratic-plateau function; NYM: yield

maximizing N rate; NAvg: N rate where marginal returns equals marginal costs for average baking wheat price; Np: N-rate with 13 % protein content; n.a.: not

applicable
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at NEP. On half of the sites, the CVaR was even higher at N rates of

200 kg/ha compared to 150 kg/ha, indicating a lower downside risk at

higher N rates.

The change in expected profit because of the change of the optimal

N rate was rather moderate over a great range of N rates. Only in two

cases, a loss of more than €50 per ha was identified with a reduction of

N fertilizer of 50 kg/ha.

4. Discussion

The analysis of this study provides evidence about risk efficient N

management considering the effects on crop yield and quality. When

crop prices are subject to crop quality, which is correlated with N

supply, not surprisingly, economically optimal N rates are higher than

those without premiums (Meyer-Aurich et al., 2010). The representa-

tiveness of the presented study may be limited, since only five years

were considered for each site. However, since the general picture is

similar for most of the eight sites with different climatic conditions, the

general findings can be regarded as robust. The systematical analysis

showed that most often fertilizing for high grain quality pays off, even if

there is a limited chance of achieving this quality. Thus, the expected

profit maximizing N rate (NEP) is higher than the profit maximizing rate

for an average situation (NAvg). A similar conclusion has been drawn by

Henke et al. (2007: 455) for the Kiel dataset of this study, stating that

‘all kinds of uncertainty tended to increase Nopt’. However, the un-

certainty observed by Henke et al. (2007) did not consider the possible
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Fig. 1. Expected profit (EP) and certainty equivalent (CE) with respective optimal N fertilizer rates, conditional value at risk (CVaR), and the change in EP with

deviations from optimum on Osterseeon and Schrobenhausen; NAvg: Economically optimal N rate based on average yield and protein response and average price

expectation for bread wheat; NYM: Yield maximizing N rate; NEP: Maximum expected profit generating N rate; NCE_L: Maximum certainty equivalent generating N rate

with low risk aversion; NCE_H: Maximum certainty equivalent generating N rate with high risk aversion.

A. Meyer-Aurich and Y.N. Karatay

61



effects of the risk attitude of the farmer as a decision maker. Often N

fertilizer is regarded as a risk-increasing input resulting in lower op-

timal application rates for risk-averse decision makers (Rajsic et al.,

2009; Roosen and Hennessy, 2003). Especially in very dry climate re-

gions the effect of risk attitude to optimal N rates seem to have a greater

impact than the one observed in Germany (Monjardino et al., 2013;

Monjardino et al., 2015). Our analysis has shown that taking quality

aspects into account provides a more complex picture, in which the

effects of high N rates on crop yield variance have to be traded off

against possible economic gains due to higher crop prices because of

higher grain quality (protein content). Although the maximized cer-

tainty equivalent for a moderate risk-averse decision maker resulted in

a lower optimal N rate, the CVaR showed no clear response to N supply

in the relevant range of N rates. Even though maximum certainty

equivalent at high risk aversion was achieved at lower N rates, the

flatness of the curves of the certainty equivalent indicated few argu-

ments to change fertilizer decisions based on that information. Thus, on

many sites risk aversion and downside risk aversion do not seem to be a

strong argument to apply less N fertilizer. Mostly, the certainty

equivalent was higher than the default optimum for average price as-

sumptions and average yield and protein responses.

In general, from all sites, it can be observed that although quality

premiums can create incentives for higher N rates, the economic ben-

efits are often limited. However, although economic risks of high N

input rates are rather low, farmers might tend to oversupply N fertilizer

in the absence of regulation. A similar finding has been stated by Rajsic
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Fig. 2. Expected profit (EP) and certainty equivalent (CE) with respective optimal N fertilizer rates, conditional value at risk (CVaR), and the change in EP with

deviations from optimum on Essenbach and Wolfsdorf; NAvg: Economically optimal N rate based on average yield and protein response and average price expectation

for bread wheat; NYM: Yield maximizing N rate; NEP: Maximum expected profit generating N rate; NCE_L: Maximum certainty equivalent generating N rate with low

risk aversion; NCE_H: Maximum certainty equivalent generating N rate with high risk aversion.
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and Weersink (2008: 56) for corn in Canada stating that ‘to take ad-

vantage of the good years is appropriate since the cost of over-appli-

cation is low compared to the cost of under-application’. The premiums

further flatten the profit functions, which often allow N rates within a

substantial range to achieve an acceptable profit for the farmer, even

though the profit functions are not as flat as the functions discussed by

Pannell (2017). The flatness of the profit functions has implications for

farmers and policy makers (Pannell, 2006; Pannell, 2017). For farmers,

a flat profit function means that the potential economic benefit of

searching for the right economic optimum is limited. For policy makers,

it means that policies addressing the N ferzilizer level do not result in

high opportunity costs for farmers.

5. Conclusions

Price premiums for wheat provide an incentive for higher N input

rates when premiums are paid according to grain qualities. Premiums

flatten the profit function, providing few arguments for lowering N

input from a farm economic perspective, even in presence of risk

aversion. Within a limited range, increased N rates do not substantially

increase the downside risk of production, whereas the opportunity costs

of deviating from optimal N rate remain moderate. As a result, farmers

may tend to overapply N fertilizer to take advantage of the economic

benefits unless regulations inhibit this. However, this applies not for all

sites investigated but depends on site conditions and previous land use.

Finally, optimal fertilizer levels vary depending on the farmer’s goals,
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Fig. 3. Expected profit (EP) and certainty equivalent (CE) with respective optimal N fertilizer rates, conditional value at risk (CVaR), and the change in EP with

deviations from optimum on Giebelstadt and Gersthofen; NAvg: Economically optimal N rate based on average yield and protein response and average price ex-

pectation for bread wheat; NYM: Yield maximizing N rate; NEP: Maximum expected profit generating N rate; NCE_L: Maximum certainty equivalent generating N rate
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which probably include more aspects besides profit maximization under

risk constraints. These include compliance with environmental regula-

tions, the complexity of the decision making and other goals, which

deserve further attention to identify optimal fertilizer levels for farmers.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.agsy.2019.02.010.
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Abstract: Nitrogen use in agriculture has been intensified to feed the growing world population,
which led to concerns on environmental harms, including greenhouse gas emissions. A reduction
in nitrogen fertilization can abate greenhouse gas emissions, however, it may result in crop yield
penalties and, accordingly, income loss. Assessment tools are necessary to understand the dynamics
of nitrogen management issues both in environmental and economic aspects and both at low and
high aggregation levels. Our study presents a model approach, estimating yield-zone-specific costs
of greenhouse gas mitigation by moderate reduction of mineral nitrogen fertilizer application.
Comparative advantages of mitigating greenhouse gas emissions by nitrogen fertilizer reduction
were simulated for five yield-zones with different soil fertility in the state of Brandenburg,
Germany. The results suggest that differences in yield response to nitrogen fertilizer lead to
considerable differences in greenhouse gas mitigation costs. Overall cost-efficiency of a regional
greenhouse gas mitigation by nitrogen fertilizer reduction can be substantially improved, if crop
and yield-zone-specific yield responses are taken into account. The output of this study shall help to
design cost-efficient agro-environmental policies targeting with specific crop yield response functions
at different sites.

Keywords: reactive nitrogen; yield response function; normalization; comparative advantage;
GHG abatement

1. Introduction

Nitrogen (N) use in agriculture is of concern due to the dilemma of agricultural intensification
to cope with the global food demand and the efforts to reduce emission of reactive N, which is one
of the vital environmental challenges [1]. To feed the growing world population, mineral N fertilizer
production and application have grown ten-fold in the second half of the last century [2]. Every kg of
mineral N fertilizer application increases the global stock of reactive N which keeps partly circulating
(i.e., manure recycling) in agricultural systems. Increasing use of N fertilizers causes impacts on soil,
air, water, biodiversity and climate change [3]. The application of mineral N fertilizers is the biggest
source of global anthropogenic N2O emissions [4] which are the fastest growing source of agricultural
greenhouse gas (GHG) emissions [5]. N2O emissions are expected to rise further and this may offset
GHG mitigation efforts from other sectors [6]. At farm level, more than half of GHG emissions
generated in crop production originate from N fertilizer application [7,8]. Besides, production of
fertilizers is an energy intensive process that is responsible for a considerable amount (0.6–1.2%) of
total GHG emissions worldwide [9] with the highest contribution from N fertilizer production [10].
Thus, if emissions due to mineral N fertilizer production were accounted for, in addition to N2O
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emissions due to application, the importance of N fertilizer in total agriculture induced GHG emissions
would be even higher [11].

Measures to tackle the N use dilemma mainly focus on how to achieve more efficient N use [7,12].
However, it is particularly challenging to increase N use efficiency, since reactive N is bound and
cycled in various chemical pathways in agricultural soils [3] and easily distributed by hydrologic
and atmospheric transportation [13]. Roughly half of the N added into agricultural systems in
Europe is lost to the surrounding environment [3]. Facing the high impact of N fertilizer use on
the environment and especially global warming, reduction of N fertilizer seems to be an effective GHG
mitigation measure. Reduction in N fertilizer related GHG emissions can be achieved by changing
input management or change in cropping systems (selection of crops with lower N input). A direct
reduction of N input supply into agricultural systems is an obvious mitigation measure which was
suggested 20 years ago (e.g., Kroeze [14]). Denmark implemented an N input quota system in the early
1990s setting norms for the N fertilization equal to the economic optimum N rate which was subject
to further reduction up to 15% below the economic optimum [15]. Furthermore, GHG mitigation
options based on N input management were often suggested as technological approaches such as
variable rate technology in precision farming [16,17]. While the acceptance level of such technologies
still remains in a tardy progress at the global scale [18], the returns of investments in precision
farming technologies are often low [19,20]. One reason for the limited economic returns of precision
farming practices is the flatness of profit functions around the assumed economic optimum [21].
However, flat profit functions also provide an opportunity to reduce N input and thus associated GHG
emissions, without affecting farm profitability heavily. In the same vein, McSwiney & Robertson [22]
stated that mitigation of N2O emissions by N fertilizer reduction could be achieved without causing
a strong yield penalty. Furthermore, Meyer-Aurich et al. [23] reported that a moderate reduction of N
fertilizer can be an effective measure to lower GHG emissions; and such straightforward N fertilizer
reduction—without any technology investment—requires more attention as an alternative to mitigate
GHG emissions in agriculture.

N fertilizer reduction has been considered from GHG mitigation point of view at different
scales. For instance, Domínguez et al. [24] evaluated the EU-wide implications of a reduction in
N fertilizer input—while maintaining output constant—via eliminating assumed over-fertilization
and/or achieving more balanced N fertilizer management between mineral and organic N fertilization.
Mérel et al. [25] assessed the effects of an N fertilizer tax on N mitigation at the intensive (input
intensity adjustments) and extensive margins (acreage reallocation) at the regional scale. While there is
information at aggregated levels in terms of to what extent and at what costs N fertilizer reduction
offers GHG mitigation potentials, there is little information on cost-efficient GHG mitigation at different
sites considering different yield responses to stepwise reduction of N fertilization. Such indication
of GHG mitigation costs could enable comparability of GHG mitigation potentials by N fertilizer
reduction among sites, since site-dependent climate and soil characteristics result in differences in crop
yield potentials which in turn may lead to different GHG mitigation costs. This was already shown for
GHG mitigation potentials and costs of biogas production in Brandenburg, if different feedstock are
grown at sites with different yield potentials [26].

In terms of N fertilizer, yield and GHG interactions, the first step towards understanding
site-dependent GHG mitigation potentials and opportunity costs of reducing N supply would
be to understand crop yield response to N fertilizer reduction. On the one hand, reduction in
N fertilization abates GHG emissions—first, due to reduced energy demand for less N fertilizer
production and secondly because of fewer N inputs into agricultural soils, resulting in fewer N2O
emissions. On the other hand, it can be expected that yield penalties occur, which may be a major
constraint for farmers to reduce N fertilizer [27]. The magnitude of yield penalty depends on yield
response to reduced N application. Thus, cost estimation of GHG mitigation by N fertilizer reduction
requires the estimation of GHG mitigation potential and thereby the economic returns of reduced N
fertilization. While the former can be estimated by means of emission factors per kg N input, the latter
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requires the identification of production functions relating crop yield to N fertilizer application.
Yield response functions can be estimated on the basis of long-term field experiments; however,
such empirical data do not exist for all crops at all sites. In this context, this study aims to identify
the comparative advantage of different sites (yield-zones) in Brandenburg with specific crop yield
responses to N fertilizer to mitigate GHG by N fertilizer reduction. Hanff & Lau [28] suggested
yield-zone-specific N fertilizer rates but information on yield-zone-specific response to reduced N
supply is not available. Therefore, we estimated yield-zone-specific response functions based on
a normalization approach [29], which enables transferring yield response to N fertilizer from sites with
empirical data to the yield-zones lacking that information. The normalization approach was applied in
earlier studies addressing environmental issues regarding N use in agriculture [30–32]. For instance,
Baudoux [31] evaluated environmental and economic implications of a complete renunciation of
mineral N fertilization. However, to our knowledge the comparative advantages of specific sites to
mitigate GHG emissions by moderate N fertilizer reduction have not been shown yet.

In this context, our paper presents a model approach to estimate yield-zone-specific costs
of GHG mitigation by mineral N fertilizer reduction. In addition, it provides a basis to analyse
implications of different GHG mitigation policies on N fertilizer reduction, e.g., N fertilizer tax,
incentives, or N fertilizer cap. The output of this study has potential to contribute as an aiding tool to
identify cost-efficient agro-environmental policies.

2. Materials and Methods

2.1. Methodological Concept

We constructed a model which reflects yield and economic response to N fertilizer reduction
in yield-zones with different yield potentials in order to identify comparative advantages for GHG
mitigation. A normalization approach following Krayl [29] was employed to transfer yield response
to N fertilizer from sites with known input-output relations to yield-zones lacking that information.
The workflow of the methodological approach is shown in Scheme 1.

 

Scheme 1. The workflow of the methodological approach. Normal rectangles are the data and
assumptions taken, and the curve edged rectangles are the calculations performed.
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We applied our model to estimate winter wheat (further referred to as wheat) and winter rye
(further referred to as rye) yield response to N fertilizer reduction in five yield-zones in the state of
Brandenburg, Germany. Wheat and rye are dominant cereals in Brandenburg, while wheat is grown
predominantly in high yield-zones, rye is grown rather in low yield-zones. Therefore, modelling both
cereals with respect to GHG mitigation potentials provides representation of all possible yield-zones
in the region, and, thus respective comparative advantages.

Yield response functions with respect to N fertilizer were estimated based on long-term
experiments for wheat and rye (see Section 2.2) and transferred by the normalization approach to the
five yield-zones in Brandenburg (see Section 2.3). Yield-zone-specific yield response functions were
estimated to provide the base for the subsequent estimations of GHG emission response to N fertilizer
reduction (see Section 2.3). Costs of yield-zone-specific GHG mitigation were estimated combining N
fertilizer reduction induced GHG mitigation (see Section 2.4) with the economic returns (see Section 2.5).
In addition, an uncertainty analysis was executed to identify the most influential parameters on and
the ranges of GHG mitigation costs by N fertilizer reduction (see Section 2.6). Considering a constant
regional demand for wheat and rye, we applied a system expansion to include possibly emerging GHG
emissions by offsetting yield penalties due to N fertilizer reduction (see Section 2.7). Furthermore,
we conducted a case study on regional optimization of GHG mitigation by N fertilizer reduction in
wheat and rye production in Brandenburg (see Section 2.8).

2.2. Data

Empirical data on crop yield response to N fertilizer were taken from two long-term experiments
located in north-eastern Germany (Table 1). Data for wheat (Triticum aestivum L.) yield response
were taken from 1986 until 1999 in Dahlem [33]; and for rye (Secale cereal L.) yield response from
1996 until 2010 in Thyrow [34]. The annual average precipitations were 545 mm and 495 mm and
the annual average temperatures were 9.3 ◦C and 8.9 ◦C for Dahlem and Thyrow, respectively.
The experiments were designed with various fertilizer treatments. For wheat, four different mineral
N fertilizer application rates were used. Wheat was in rotation with barley (Hordeum vulgare L.) and
potato (Solanum tuberosum L.) and 30 t of farmyard manure was applied on potato cultivation in the
rotation triennially. For rye, three different mineral N fertilizer application rates were used; and rye
was in rotation with winter barley (Hordeum vulgare L.), oil seed rape (Brassica napus L.), cocksfoot
(Dactylis glomerata L.) and potato. The rotation received organic fertilizer as straw after harvesting
winter barley and rye.

Information on yield and N fertilizer relationships in the yield-zones were derived from
Hanff & Lau [28]. They provided input-output patterns including yield potentials and N fertilization
rates for five differentiated yield-zones in Brandenburg. Yield-zones are categorized based on a soil
fertility index where yield-zone-1 has the highest and yield-zone-5 has the lowest yield potential.
We assumed that the data on N fertilizer can be interpreted as the recommended N fertilizer intensity
to reach an expected economic optimum yield level in respective yield-zone. Table 2 presents
yield-zone-specific N fertilization rates and corresponding yield levels.

Table 1. Yield response data with respect to N fertilizer for wheat from Dahlem (1986–1999) based
on [33] and for rye from Thyrow (1996–1999) based on [34].

Wheat Rye

Fertilizer (kg N ha−1) Average Yield (Mg ha−1) Fertilizer (kg N ha−1) Average Yield (Mg ha−1)

0 3.25 0 2.11
60 5.28 60 4.57
110 5.68 120 5.20
160 5.98
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Table 2. Yield-zone-specific N fertilizer rates and corresponding crop yield levels in five yield-zones in
Brandenburg according to Hanff & Lau [28].

Yield-Zones in Brandenburg

1 2 3 4 5 1 2 3 4 5

Wheat Rye

Yield (Mg ha−1) 7.70 6.50 5.00 3.80 2.30 7.40 6.60 5.30 4.00 2.50
Fertilizer (kg N ha−1) 170 144 111 84 51 145 130 104 78 49

2.3. Estimation of Yield-Zone-Specific Yield Response Functions

Yield-zone-specific yield response functions were modelled in three steps: (i) estimation of yield
response functions based on the empirical data; (ii) transforming them by the normalization approach
and (iii) transferring the normalized yield response functions to the yield-zones in Brandenburg
(Figure 1).

−

−

 

= + +
− −

= + +

− − − −

Figure 1. Workflow for modelling yield-zone-specific yield response functions.

Quadratic polynomial functions were estimated by ordinary least square method (Equation (1))
using the data on crop yield response to N fertilizer for wheat and rye from the considered long
term field experiments (Dahlem and Thyrow). Meyer-Aurich et al. [35] reported that quadratic
functions showed the best statistical fit for wheat yield response to N fertilizer. Nonetheless,
functional specification of yield response to N fertilizer does not have a strong impact on economic
assessments [36].

Y = aN2 + bN + c (1)

where Y is yield (Mg ha−1), N is N fertilization rate (kg N ha−1), a is the quadratic coefficient, b is the
linear coefficient and c is a constant.

We deployed the normalization approach transforming the above-mentioned crop specific
polynomial function to build crop specific yield response functions for each of the five yield-zones in
Brandenburg (Equation (2)).

Y = ai N
2 + bi N + ci (2)

where i denotes yield-zone.
For the transfer of yield response functions, reference points of both sites were required and all

quantities of yield and N rate were subject to be relative to these reference points. We used economic
optimum N rate and corresponding yield level as reference points in the normalization approach.
Economic optimum fertilizer rate maximizes profit and was found by solving the first order derivation
of the yield response function. At the economic optimum N rate (Nopt), marginal product is equal
to the input-output price ratio (PN/PY) (Equations (3)–(5)). The economic optimum N rates and the
corresponding yields (Yopt) were calculated using coefficients of respective yield response functions
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for wheat and rye at fixed price ratio (5.96 € kg−1 N/€ kg−1 wheat; 7.80 € kg−1 N/€ kg−1 rye) of N
fertilizer (input) and crops (output).

dYopt

dNopt
=

PN

PY
(3)

dYopt

dNopt
= 2aNopt + b (4)

Nopt =

PN
PY

− b

2a
(5)

The coefficients of the normalized production function were derived from the coefficients of the
empirically estimated yield functions a, b, c (in Equation (1)) for wheat from Dahlem and rye from
Thyrow; and transformed into (Equation (6)) where Ynorm is the normalized production function with
normalized N application rate (Nnorm) and normalized coefficients anorm, bnorm and cnorm.

Ynorm = anormN2
norm + bnormNnorm + cnorm (6)

Ynorm was defined as Y divided by Yopt and Nnorm was found as N divided by Nopt. By using these
relations, Equation (1) was reformulated as:

YoptYnorm = aN2
optN

2
norm + bNoptNnorm + c (7)

By dividing Equation (7) by Yopt, we re-arranged the equation and generated Ynorm function as:

Ynorm =

(

aN2
opt

Yopt

)

N2
norm +

(

bNopt

Yopt

)

Nnorm +
c

Yopt
(8)

From Equation (8), we identified normalized coefficients (Equations (9)–(11)) by comparing
Equation (8) with Equation (6):

anorm =
aN2

opt

Yopt
(9)

bnorm =
bNopt

Yopt
(10)

cnorm =
c

Yopt
(11)

Once the empirically estimated yield response functions were transformed into normalized
yield response functions, they were transferred to the yield-zones of Brandenburg, where only Nopt

and Yopt were known. We transferred the normalized yield response functions for wheat and rye
to the five yield-zones in Brandenburg. Following the assumption of the normalization approach,
the second-degree derivations of the normalized yield response functions at respective Nopt points
were equal (Equation (12)).

Y′′

norm = Y′′

norm_i (12)

Given this assumption, we calculated the quadratic coefficient of respective yield-zone in
Brandenburg as follows:

ai =
anormYopt_i

N2
opt_i

(13)

After the quadratic coefficient of the yield response function of the yield-zones was determined
based on the normalization approach, we calculated the linear coefficient derived from Nopt calculation
in Equation (5):
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bi =
PN

PY
− 2ai Nopt_i (14)

Once quadratic (a) and linear (b) coefficients of the production function of each yield in
Brandenburg were determined, we calculated the constant (c) given the economic optimum N rate
(Nopt_i), the yield (Yopt_i) at Nopt_i and the prices of input and output based on Equation (2):

ci = −ai N
2
opt_i − bi Nopt_i + Yopt_i (15)

Following normalization of the yield response functions based on the empirical data and
transformation of the normalized functions into five different yield-zones in Brandenburg, yield response
functions for wheat and rye in each yield-zone were constructed. Consequently, yield response
on adjusted N fertilization intensities could be drawn in differentiated yield-zones, so that
yield-zone-specific marginal GHG mitigation costs could be identified accordingly.

2.4. Partial Budgeting of GHG Emissions of N Fertilizer

For the partial budgeting of GHG emissions, we included direct and indirect N2O emissions
due to mineral N fertilizer application and CO2 emissions generated due to mineral N fertilizer
production. Calcium ammonium nitrate (CAN) with 27% N content was chosen as the mineral N
fertilizer type which is commonly used in Brandenburg. It was assumed that no manure was applied
to fields of wheat and rye and above-ground crop residues were removed from fields. Change in
below-ground biomass was ignored, since root biomass was expected to be only marginally affected
by moderate adjustments of N fertilization. Table 3 shows the emission factors considered in the
calculation. N2O emissions were estimated according to the Intergovernmental Panel on Climate
Change (IPCC) guideline [37].

Table 3. GHG emission factors regarding mineral N fertilizer production and application.

GHG Emission Factors (kg CO2e kg−1 N) Source

Direct emissions (EFD) 4.68

[37]Indirect emissions:
Volatilization (EFV) 0.47
Leaching/Runoff (EFL) 1.05

Fertilizer production (EFP) 3.70 [8]

Sum (EFTotal) 9.91

Direct N2O emissions considered in this study included N2O emissions occurring due to N
mineralization directly from soil where N fertilizer was applied to. Indirect emissions considered
consist of N2O emissions via volatilization, leaching and runoff of N added. N2O emissions were
converted into CO2e according to the global warming potential (GWP) as reported in [38]. The 100-year
GWP (298) was applied for the conversion. For the GHG emissions regarding the production
of N fertilizer (CAN), the average of European production technology was taken according to
Bentrup & Palliere [8]. The total emission factor (EFTotal) including production and application of
mineral N fertilizer added up to 9.91 kg CO2e kg−1 N. GHG emissions (GHGi,c) of mineral N
fertilization in each yield-zone (i) were calculated according to Equation (16).

GHGi,c = (EFD + EFV + EFL + EFP) Ni,c (16)

Total GHG emissions (GHGi,c; kg CO2e ha−1) of mineral N fertilization (Ni,c) were calculated for
each yield-zone (i) and crop (c) using emission factors EFD (emission factor for direct N2O emissions;
kg CO2e kg−1 N), EFV (emission factor for volatilization of N2O; kg CO2e kg−1 N), EFL (emission
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factor of leaching and runoff; kg CO2e kg−1 N) and EFP (emission factor for CAN production;
kg CO2e kg−1 N).

2.5. Net Return over N Fertilizer and Yield-Zone-Specific GHG Mitigation Cost Functions

In our calculation for net return, we performed a partial budgeting. N fertilizer was the only
production factor that was adjusted affecting yield. Net return over N fertilizer applied (€ ha−1) was
calculated as the difference between revenue of crop sales and cost of N fertilizer applied (Equation (17)).
Table 4 presents the prices of N fertilizers and crops considered in this study.

NRi,c = PYYi,c − PN Ni,c (17)

where NRi,c—Net return, PY—Price of crop (€ Mg−1), Yi,c—Yield (Mg ha−1), PN—Price of N fertilizer
(€ kg−1 N), Ni,c—N fertilizer rate (kg N ha−1), i—Yield-zone and c—Crop.

Table 4. Mineral N fertilizer price (PN) and crop prices for wheat (PW) and rye (PR) according to
Hanff & Lau [28].

PN (€ kg−1 N) 0.96
PW (€ Mg−1) 161
PR (€ Mg−1) 123

Crop and yield-zone-specific GHG mitigation cost functions were estimated by coupling change
in net return and change in GHG emissions when N fertilizer application was reduced (Equation (18)).

GHG_costi,c =
NRi,c_R − NRi,c_A

GHGi,c_R − GHGi,c_A
(18)

where GHG_costi,c—Crop (c) and yield-zone-specific (i) cost of GHG mitigation, NRi,c_R—Crop
and yield-zone-specific net return in reference scenario (status quo), NRi,c_A—Crop and yield-
zone-specific net return in alternative scenario (N fertilizer reduction), GHGi,c_R—Crop and yield-zone-
specific greenhouse gas emissions in reference scenario (status quo) and GHGi,c_A—Crop and
yield-zone-specific GHG emissions in alternative scenario (N reduction).

2.6. Uncertainty Analysis

In order to identify the most influential parameters on and the range of GHG mitigation costs,
we carried out an uncertainty analysis on cost estimation of GHG mitigation by N fertilizer reduction.
We considered uncertainties of the prices of N fertilizer and crops, the emission factors related to
the N transformation processes and the standard deviation of crop yields at the economic optimum.
The standard deviations of crop and yield-zone-specific yields were estimated based on the assumption
that the coefficient of variance for a given crop would be the same in yield-zones as well as in Dahlem
and Thyrow for wheat and rye respectively. The coefficients of variance were calculated in Dahlem
(wheat) and Thyrow (rye) based on the empirical data and used to estimate the standard deviation
of yields in the five yield-zones in Brandenburg. A normal distribution with the respective standard
deviation was modelled for each crop and yield-zone. Apart from the standard deviation of yields,
all parameters were modelled in a Monte Carlo simulation with a log-triangular distribution (Table 5),
5000 iterations were run using @Risk (Palisade Corporation Software, Ithaca, NY, USA). A multivariate
regression analysis was conducted to identify the influence of uncertainty of input parameters on GHG
mitigation costs. The expected value (mean) and the standard deviation of GHG mitigation costs in
each yield-zone were estimated based on the simulation results.
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Table 5. Parameters for the uncertainty analysis; EF1: Direct N2O-N emission factor as a function of
EFD; EF4: Indirect N2O-N emission factor and FRACG: Volatilization for mineral fertilizer from N
volatilization as a function of EFV; EF5: Indirect N2O-N emission factor from leaching and runoff and
FRACL: Nitrogen losses by leaching and runoff as a function of EFL; EFP: Emission factor of mineral N
fertilizer production; Crop prices (€ Mg−1) for wheat (PW) and rye (PR), PN: Mineral N fertilizer price
(€ kg−1 N), Y: Yield (Mg ha−1).

Variable
Parameters

Source
Default Min Max

EF1 0.01 0.003 0.03 [37]
EF4 0.01 0.002 0.05 [37]
EF5 0.0075 0.0005 0.025 [37]

FracL 0.3 0.1 0.8 [37]
FracG 0.1 0.03 0.3 [37]
EFP 3.70 3.02 9.56 [37]
PW 161 100 238 [28]
PR 123 76 210 [28]
PN 0.96 0.81 1.07 [28]

Y See the text above (2.6)

2.7. System Expansion

A system expansion was applied for N fertilizer reduction to include GHG emissions (EFY,c)
that were assumed to be generated at a different site to offset yield penalties due to N fertilizer
reduction in the considered yield-zones in Brandenburg (Equation (19)). The European Union average
of GHG emissions per kg product for retail sale of wheat (409 kg CO2e Mg−1 product) and rye
(299 kg CO2e Mg−1 product) were taken from ProBas database [39].

GHG_sei,c = (EFD + EFV + EFL + EFP)Ni,c + EFY,cY_pi,c (19)

In system expansion, total crop (c) and yield-zone-specific (i) GHG emissions (GHG_sei,c;
kg CO2e ha−1) included emissions to compensate yield penalties (Y_pi,c; kg product ha−1) coupled
with the emission factor per kg product (EFY,c), in addition to GHG emissions (GHGi,c) highlighted in
Section 2.4.

2.8. Case Study

In order to simulate a comparative investigation, we conducted a case study on optimization of
regional costs due to N fertilizer reduction to mitigate GHG emissions. As regional GHG mitigation
goal 33.5 Gg CO2e was set, which is equivalent to 10 kg ha−1 on average for the given total wheat and
rye production area in five yield-zones in Brandenburg. No land use change was allowed. The extension
of land use of the respective crops is given in Table 6.

Table 6. Land use of two major cereals in Brandenburg [28].

Yield-Zones in Brandenburg (ha)

1 2 3 4 5

Wheat 56,100 50,900 20,600 9470 3650
Rye 7960 36,700 49,900 57,300 45,500

We applied two strategies to reach the GHG mitigation target: Uniform reduction (the same
reduction rate for both crops in all yield-zones) and smart reduction considering comparative
advantages of crop- and yield-zone-specific GHG mitigation costs.
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Uniform reduction implies equal amount of mineral N reduction per hectare to reach an overall
reduction target. In other words, the overall reduction target was distributed to every hectare evenly
independent of site qualities, crop selection and input and output prices (Equation (20)).

Nred_uni =

GHGred_target
EFTotal

∑
n
i ∑

m
c L

(20)

Nred-uni—Uniform N fertilizer reduction (kg ha−1), GHGred_target—GHG mitigation target of the
region (kg CO2e), EFTotal—Total emission factor (kg CO2e kg−1 N), L—Land use (ha) for every
yield-zone (i) and crop (c).

Smart reduction was defined as cost-minimizing yield-zone-specific N fertilizer reduction that
considered the individual yield response to N for each crop, yield-zone, cultivated areas and
input and output prices. The total reduction was achieved by considering the yield response to
reduced N fertilization for wheat and rye in every yield-zone. The loss in total net return of the
region was minimized as the objective function of a nonlinear optimization; while GHG mitigation
induced reduction for N supply was held as constraint reflecting the mitigation goal (Equation (21)).
Additionally, land use of wheat and rye in respective yield-zones were held constant.

Objective : MINIMIZE
n

∑
i

m

∑
c

Li,c∆(PYYi,c − PN Ni,c) (21)

subject to : Li,c_A = Li,c_R and
n

∑
i

m

∑
c

∆Ni,c =
GHGred_target

EFTotal

Li,c—Land use of crop (c) in respective yield-zone (i), PY—Price of crop (€ Mg−1), Y—Yield
(Mg ha−1), N—N fertilizer rate (kg N ha−1), PN—Price of N fertilizer (€ kg−1 N), Li,c_A—Land use of
crop in respective yield-zone in the alternative scenario (N fertilizer reduction), Li,c_R—Land use of
crop in respective yield-zone in the reference scenario.

3. Results and Discussion

3.1. Model Results

According to the regression analysis, Table 7 presents the coefficients of yield response functions
based on the long-term field experiments in Dahlem for wheat and Thyrow for rye.

Table 7. Coefficients of estimated quadratic polynomial functions of yield (Mg ha−1) response to N
fertilizer (kg ha−1) for wheat (Dahlem) based on [33] and rye (Thyrow) based on [34]; a: Quadratic
coefficient, b: Linear coefficient, c: Constant.

Dahlem (Wheat) (R2 = 0.66) Thyrow (Rye) (R2 = 0.79)

a −0.000139 −0.000254
b 0.0386 0.0562
c 3.30 2.11

The coefficients of the modelled yield functions for five yield-zones in Brandenburg are presented
in Table 8. The normalization approach enabled to depict differentiated yield response functions of the
yield-zones in Brandenburg reflecting differentiated yield potentials.

According to our model calculations, wheat and rye yield responses to N supply followed
a similar pattern. Rye yields were consistently lower than wheat yields within the same yield-zone.
Yield response to N in low yield-zones was stronger compared to high yield-zones for both wheat and
rye (Figure 2). Accordingly, yield penalties due to N fertilizer reduction were higher in low yield-zones,
for instance, 20 kg ha−1 N fertilizer reduction from the respective economic optimum caused the yield
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penalty for wheat 154 and 234 kg ha−1 in the highest (W1) and the lowest yield-zone (W5) respectively.
Higher yield penalties occurred due to stronger yield responses to N fertilizer reduction towards the
low yield-zones. Furthermore, rye yield responded stronger to N fertilizer reduction compared to
wheat. Yield penalties for rye were higher than for wheat at every N reduction level within the same
yield-zone. For instance, 20 kg ha−1 N fertilizer reduction resulted in yield penalties ranging from 219
to 342 kg ha−1 in the highest (R1) and lowest (R5) yield-zone respectively.

Table 8. Coefficients of modelled yield-zone-specific quadratic polynomial functions of yield (Mg ha−1)
response to N fertilizer (kg ha−1) for wheat and rye; a: Quadratic coefficient, b: Linear coefficient,
c: Constant.

Yield-Zones in Brandenburg (Wheat)

1 2 3 4 5

a −0.000087 −0.000102 −0.000132 −0.000175 −0.000287
b 0.0354 0.0353 0.0352 0.0353 0.0352
c 4.19 3.53 2.71 2.07 1.25

Yield-Zones in Brandenburg (Rye)

1 2 3 4 5

a −0.000157 −0.000174 −0.000219 −0.000294 −0.000465
b 0.0534 0.0532 0.0533 0.0536 0.0534
c 2.96 2.64 2.12 1.60 1.00
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Figure 2. Yield response functions with respect to nitrogen (N) fertilizer; W: wheat; R: rye;
1–5 yield-zones.

N fertilizer reduction led to net return loss, since cost savings due to less N fertilizer use did not
compensate for the costs of yield penalties. Change in net return was bound to respective yield penalty
and crop price. Even though rye yield was strongly affected by N fertilizer reduction, the total loss in
net return for the same level of N fertilizer reduction was slightly lower for wheat than for rye due to
the higher crop price for wheat (Figure 3). The reduction of 20 kg ha−1 N fertilizer from the respective
economic optimum affected the net return between 6 and 18 € ha−1 for wheat and between 8 and
23 € ha−1 for rye.

Differences in yield response to N strongly affected GHG mitigation costs. Parallel to loss in net
return, costs of GHG mitigation were slightly lower for wheat compared to rye (Figure 4) within the
same yield-zone.
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Figure 3. Economic response to reduced N fertilizer application; W: wheat; R: rye; 1–5 yield-zones.
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Figure 4. Costs of greenhouse gas (GHG) mitigation by nitrogen fertilizer reduction; W: wheat; R: rye;
1–5 yield-zones.

The marginal costs of GHG mitigation at N fertilizer reduction rate of 20 kg N ha−1 increased
from 28 € Mg−1 CO2e in the highest yield-zone to 93 € Mg−1 CO2e in the lowest yield-zone for wheat
and from 39 € Mg−1 CO2e to 115 € Mg−1 CO2e for rye (Table 9). The expected value (mean) of GHG
mitigation costs based on the Monte-Carlo simulation increased gradually from high yield-zones to
low yield-zones, while the mean was found considerably higher for rye than for wheat compared
to respective default values. This can be explained by rather less favorable site conditions for rye
production which was incorporated by means of yield functions in our model where rye yield responds
stronger to reduced N input. Besides, rye yield has higher standard deviation than wheat. The standard
deviation of GHG mitigation costs increase from high yield-zones to low yield-zones and it is relatively
lower for wheat than rye. The results suggest lower uncertainty for GHG mitigation costs by N
fertilizer reduction for wheat in high yield-zones.
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Table 9. Costs of GHG mitigation (€ Mg−1 CO2e) at 20 kg ha−1 N fertilizer reduction; Default: Costs
estimated through the defaults values given under Section 2; Expected value (mean) and standard
deviation (SD) of simulations: Values acquired from the Monte-Carlo simulations with 5000 iterations.

Yield-Zones in Brandenburg

Wheat Rye

€ Mg−1 CO2e 1 2 3 4 5 1 2 3 4 5
Default 28 33 43 57 93 39 43 54 73 115

Mean (simulations) 31 36 45 58 93 51 55 66 85 128
SD (simulations) 22 24 26 29 39 32 33 36 42 55

The crop-specific N fertilizer reduction showed differences in GHG mitigation costs, since crop
yields reacted differently to N fertilizer reduction even within the same yield-zone. Besides, crop prices
had a high influence on GHG mitigation costs. With higher N fertilizer reduction, GHG mitigation
costs increased linearly (Figure 4).

Our findings indicate that the cost level of GHG mitigation by moderate N reduction could
be considered in the lower bound compared to other GHG mitigation measures. Smith et al. [40]
published a wide cost range of GHG mitigation measures (1–2500 $ Mg−1 CO2e), while the range
for nutrient management measures, such as improved timing and placement of N fertilizers and
avoiding over-fertilization, was reported between 8 and 15 $ Mg−1 CO2e depending on the climate
zone. Scholz et al. [41] identified mitigation costs of GHG emissions by biogas production in the
state of Brandenburg (Germany) between 288 € Mg−1 CO2e and 1135 € Mg−1 CO2e. Teichmann [42]
made an ex-ante simulation on the effects of biochar to mitigate GHG emissions. The author reported
a wide range of GHG mitigation costs, from 68 € Mg−1 CO2e to over 4000 € Mg−1 CO2e, depending
on the feedstock used for biochar production. Similarly, GHG mitigation measures in meat and dairy
production systems reflect a wide range (1:3 quartile) from 58 $ Mg−1 CO2e to 856 $ Mg−1 CO2e [43].
There are also studies showing much lower GHG mitigation costs or even negative costs (cost savings)
due to, for instance, improved nutrient management [44,45]. Nevertheless, if such measures do not
result in any cost, a wide adoption would be expectable which has not been largely observed [45].
A possible reason for this paradox is that GHG mitigation measures estimated in studies can be more
costly in practice due to omitted transaction or learning costs [45]. Furthermore, uncertainties on costs
and benefits of precision farming technologies could play a role [20].

One possible reason for the relatively low opportunity costs for GHG mitigation by moderate N
fertilizer reduction can be explained by the flat profit functions, as reported in Pannell [21]. Marginal
adjustments in N intensity around the economic optimum do not result in high costs, since marginal
benefit diminishes towards the economic optimum rate and does not drop steeply immediately, so that
the returns do not severely vary in both directions (intensifying or reducing) around that rate. It is
noteworthy to mention that we assumed that grain quality of wheat was not affected by moderate N
fertilizer reduction. Wheat price of feed quality is around 10 € Mg−1 lower than baking quality [28].
Loss in grain quality would increase the GHG mitigation costs due to reduced N fertilizer application.

The results of the multivariate regression analysis indicated that the variance of crop prices was
the most influential factor followed by the N fertilizer price variance in determining the overall variance
of the cost estimation of GHG mitigation (Table 10). The uncertainties of the variables for direct N2O
emissions (EF1) and for mineral N production (EFP) had a higher impact on the overall uncertainty
than other variables related to N transformation processes. The impact of standard deviation of crop
yield on the overall variance within the assumed ranges was close to zero, even though they showed
an impact on the change in output mean. This can be explained by the fact that GHG mitigation
costs were calculated for each Monte Carlo simulation comparing the mitigation scenario (reduced
N fertilizer) with the reference scenario respectively for the same yield-zone and crop, a marginal N
fertilizer reduction at slightly higher or lower yield level resulted in—on average—very low impact.
The uncertainty analysis in this study was conducted to provide a figure of the range of the GHG
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mitigation costs, as well as an overall notion of the importance of the considered input parameters
and, therefore, has limitations for a more detailed analysis of the distribution of the outcome.

Table 10. Regression coefficients of uncertainty variables from stepwise multivariate regression analysis
for GHG mitigation costs by 10 kg ha−1 reduction of N fertilizer for wheat and rye in five yield-zones;
Prices of crops (€ Mg−1), PN: Mineral N fertilizer price (€ kg−1), EF1: Direct N2O-N emission factor,
EFP: Emission factor of mineral nitrogen fertilizer production, EF5: Indirect N2O-N emission factor from
leaching and runoff, FRACL: Nitrogen losses by leaching and runoff, EF4: Indirect N2O-N emission
factor from N volatilization, Y: Yield (Mg ha−1), FRACG: Volatilization for mineral N fertilizer.

Yield-Zones in Brandenburg

Wheat Rye

Variable 1 2 3 4 5 1 2 3 4 5

Prices of crops −0.91 −0.91 −0.90 −0.89 −0.85 −0.91 −0.91 −0.90 −0.88 −0.85
N fertilizer price 0.25 0.25 0.23 0.22 0.18 0.19 0.18 0.17 0.16 0.13

EF1 0.17 0.19 0.23 0.27 0.35 0.23 0.24 0.26 0.30 0.36
EFp 0.10 0.11 0.13 0.15 0.20 0.13 0.14 0.15 0.17 0.21
EF5 0.05 0.06 0.07 0.08 0.10 0.07 0.07 0.08 0.09 0.10
EF4 0.04 0.04 0.05 0.06 0.07 0.05 0.05 0.05 0.06 0.07

FracL 0.03 0.04 0.04 0.05 0.06 0.04 0.04 0.05 0.05 0.06
FracG 0.03 0.03 0.04 0.04 0.05 0.04 0.04 0.04 0.05 0.05

Y 0.00 0.00 0.00 −0.01 0.00 0.00 0.00 0.00 0.00 0.00

In the analysis of system expansion, the inclusion of additional GHG emissions due to
compensation of yield penalties affected the cost-efficiency of GHG mitigation for both crops in
all yield-zones negatively. Nevertheless, the comparative advantage of N fertilizer reduction in high
yield-zones was relatively improved when compared with low yield-zones (Figure 5). Note that the
system expansion did not include GHG emissions due to a possible land use change. It can be expected
that additional GHG emissions due to a possible land use change would affect the cost-efficiency of
GHG mitigation in the same direction as described above.
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Figure 5. Costs of GHG mitigation in the system expansion; W: wheat; R: rye; 1–5 yield-zones.

3.2. Case Study

In the case study, it was observed that if crop and yield-zone-specific marginal costs of GHG
mitigation by N fertilizer reduction were taken into account, regional economic loss could be minimized.
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The results of the scenario analysis indicated that smart N fertilizer reduction offered a potential to
improve the cost-efficiency of GHG mitigation even further. This alternative N fertilizer reduction
strategy resulted in 19% cost savings for GHG mitigation and induced overall economic loss of
the region compared to the uniform reduction (Table 11). With the smart N fertilizer reduction
strategy, the marginal cost of GHG mitigation was reduced by approximately 5 € Mg−1 CO2e,
(from 27 € Mg−1 CO2e to 22 € Mg−1 CO2e) for the given land use patterns and the mitigation target.

Table 11. Scenario analysis for optimized regional N fertilizer reduction (W: wheat; R: rye; 1–5 yield-
zones; NR: Net return; Uni: Uniform).

N Reduction (kg ha−1) Total N Reduction (kg) Loss in NR (€ ha−1) Total Regional Loss in NR (€)

Land Use (ha) Uni Smart Uni Smart Uni Smart Uni Smart

W1 56,100 10 16 561,000 915,370 1.39 3.71 78,129 208,008
W2 50,900 10 14 509,000 705,921 1.64 3.15 83,399 160,413
W3 20,600 10 11 206,000 220,684 2.12 2.43 43,697 50,148
W4 9470 10 8 94,700 76,445 2.82 1.83 26,658 17,371
W5 3650 10 5 36,500 17,945 4.62 1.12 16,871 4078
R1 7960 10 12 79,600 93,529 1.93 2.67 15,394 21,253
R2 36,700 10 11 367,000 388,632 2.15 2.41 78,755 88,312
R3 49,900 10 8 499,000 421,135 2.69 1.92 134,358 95,698
R4 57,300 10 6 573,000 360,424 3.61 1.43 207,004 81,902
R5 45,500 10 4 455,000 180,715 5.72 0.90 260,323 41,065

Sum 338,080 3,380,800 3,380,800 944,587 768,249

4. Conclusions

The results indicate the feasibility of our model’s approach, which can be applied to various
aspects of N fertilizer and GHG mitigation. The approach provides a modelling tool to simulate
the yield and economic responses of stepwise reduction of mineral N fertilizer and assess their
implications for yield-zone-specific GHG mitigation potential and costs. Our application of the model
to Brandenburg implies that moderate reduction of mineral N fertilizer can mitigate GHG emissions
at reasonable opportunity costs as they are in the lower-bound of wide-ranged mitigation costs
across the agriculture related measures. High yield-zones show advantages over low yield-zones in
terms of cost-efficient GHG mitigation. Therefore, N fertilizer reduction should be applied rather
to high yield-zones as long as marginal mitigation costs do not exceed the one in the subsequent
lower yield-zone. N reduction in wheat production offers GHG mitigation at lower costs with lower
uncertainty compared to N fertilizer reduction in rye production. Our study assumes no change in
grain quality due to moderate N fertilizer reduction. If N fertilizer reduction results in grain quality
loss, GHG mitigation costs would increase due to higher income loss.

N fertilizer reduction in a given region can be optimized considering crop and yield-zone-specific
yield responses (smart reduction) and, thus, the total cost-efficiency to mitigate regional GHG emissions
can be improved. A total GHG mitigation target of 35.5 Gg CO2e was achievable with the smart N
fertilizer reduction strategy with 19% cost savings—compared to uniform reduction—in wheat and rye
production in Brandenburg. Our model can be used in further studies for policy analysis comparing
different GHG mitigation strategies aiming N fertilizer reduction, e.g. incentives, N fertilizer tax, or N
application cap, targeting policies to different sites with different yield potentials.
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Kosteneffiziente Vermeidung von Treibhausgasemissionen 
durch Düngereduktion: standortspezifische Analyse mit 
simulierten Ertragsfunktionen 

Yusuf Nadi Karatay1,2, Andreas Meyer-Aurich1, Uwe Hunstock1, Tommaso Stella3 und 
Claas Nendel3 

Abstract: Stickstoffdüngung (N) in der Landwirtschaft ist essenziell, um die wachsende 
Weltbevölkerung ernähren zu können. Der vermehrte N-Düngereinsatz beinhaltet allerdings hohe 
externe Kosten, u. a. aufgrund von Treibhausgasemissionen (THG). Eine Reduktion der N-
Düngung kann die Vermeidung von THG-Emissionen ermöglichen, allerdings gleichzeitig 
Ertragseinbußen und damit Einkommensverluste verursachen. Die Höhe der Kosten hängt davon 
ab, wie Erträge auf reduzierte N-Düngung reagieren. Ertragseinbußen aufgrund reduzierter 
Düngung können von Standort zu Standort unterschiedlich sein. Unsere Studie geht den 
Forschungsfragen nach, ob eine N-Düngereduktion als eine kosteneffiziente THG-
Vermeidungsmaßnahme berücksichtigt werden kann und ob Standorte unterschiedlicher 
Ertragspotenziale im Hinblick auf THG-Vermeidungskosten komparative Vorteile aufweisen. 
Unsere Ergebnisse zeigen, dass die Unterschiede der Ertragswirkungen zu unterschiedlichen 
Vermeidungskosten der THG-Emissionen durch N-Düngereduktion führen. Die Kosteneffizienz 
der THG-Vermeidung mit N-Düngereduktion kann gesteigert werden, wenn standortspezifische 
komparative Kostenvorteile berücksichtigt werden. Demzufolge kann z. B. eine optimale regionale 
N-Düngereduktion für ein gemeinsames THG-Vermeidungsziel erzielt werden. 

Keywords: Stickstoff, N-Düngung, THG, Klimawandel, komparative Kostenvorteile 

1 Einleitung 

Stickstoff (N) ist essenziell für die landwirtschaftliche Produktion und wird insbesondere 
in Form von mineralischem N-Dünger in wachsendem Maße eingesetzt, um die 
Agrarproduktion im Hinblick auf die wachsende Weltbevölkerung zu steigern [RV09]. 
Der vermehrte N-Düngereinsatz bedingt allerdings hohe externe Kosten, u. a. verursacht 
durch die Folgen von Umweltbelastungen und Treibhausgasemissionen (THG) [Su11]. 
Eine Reduktion der N-Düngung kann die Vermeidung von THG-Emissionen 
ermöglichen, allerdings gleichzeitig Ertragseinbußen und damit Einkommensverluste 
verursachen [KM18]. Die Höhe der Kosten hängt davon ab, wie die Erträge auf 
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reduzierte N-Düngung reagieren, welche von Standort zu Standort unterschiedlich sein 
kann.   

Um die standortspezifischen marginalen Vermeidungskosten der THG-Emissionen mit 
N-Düngereduktion berechnen zu können, muss die Ertragswirkung der N-Düngung 
geschätzt werden. Diese kann mit empirischen Daten langjähriger Feldversuche, mit 
statistischen Modellen oder mit den Modellen, die das Pflanzenwachstum prozessbasiert 
und dynamisch simulieren, geschätzt werden. In unserer Studie haben wir mithilfe des 
Pflanzenwachstumsmodells MONICA (Model for Nitrogen and Carbon in Agro-

ecosystems) die Ertragswirkung der N-Düngung auf Standorten mit unterschiedlichen 
Standorteigenschaften (Ertragspotenzialen) im Bundesland Brandenburg simuliert.  

Der Beitrag geht der Forschungsfrage nach, ob eine N-Düngereduktion als eine 
kosteneffiziente THG-Vermeidungsmaßnahme berücksichtigt werden kann. Dazu wird 
untersucht, ob Standorte unterschiedlicher Ertragspotenziale im Hinblick auf THG-
Vermeidungskosten komparative Vorteile aufweisen. 

2 Material und Methoden 

2.1 Pflanzenwachstumssimulation mit MONICA und Schätzung der 
Ertragsfunktionen 

In unserer Studie wurde mit Hilfe des Pflanzenwachstumsmodells MONICA die 
Ertragswirkung des N-Düngers auf Standorten mit unterschiedlichen Standort-
eigenschaften (Ertragspotenzialen) im Bundesland Brandenburg für 30 Jahre (1981-
2010) simuliert. MONICA ist ein dynamisches, prozessbasiertes Simulationsmodell, das 
in täglichen Zeitschritten die wichtigsten pflanzenwachstumsrelevanten Prozesse in 
Boden und Pflanze und deren Interaktion simulieren kann. Die detaillierte 
Modellbeschreibung ist in [MO18] zu finden. Für die Simulationen greift MONICA auf 
eine interne Datenbank mit Parametern für individuelle Ackerkulturen zurück. Diese 
Parameter wurden in mehreren Studien kalibriert und das Modell wurde umfangreich 
getestet (siehe z. B. [Ne11]; [Ne14]). Zusätzlich benötigt das Modell Information zum 
Boden, zum Wetter und zur Bewirtschaftung (Saat-, Dünge- und Erntetermine, 
Düngemenge etc.).  

Für die Bodenparameter wurden Daten von der Karte „BÜK300“ (Bodengeologische 
Übersichtskarte im Maßstab 1 : 300.000) abgeleitet. Die BÜK300 ist eine digitale 
bodengeologische Karte für Brandenburg. In der substratspezifisch gegliederten Legende 
der BÜK300 werden 99 Einheiten dargestellt, in denen die Leitbodenformen-
gesellschaften abgebildet sind. Die Leitbodenformengesellschaften enthalten 289 
Flächenbodenformen, die mit chemischen und physikalischen Eigenschaften belegt 
wurden [BÜK07]. Die notwendigen Parameter für die Ertragssimulation wurden aus 
diesen Eigenschaften der Flächenbodenformen abgeleitet und MONICA zugeführt. Bei 
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den Berechnungen wurde möglicher Einfluss durch Grundwasser nicht berücksichtigt. 
Die grundwasserbeeinflussten Bodenformen sowie für Forst, Siedlung und Bau-
wirtschaft genutzte Bodenformen wurden daher nicht berücksichtigt. Abgeleitete Boden-
parameter von allen anderen Flächenbodenformen wurden für die Simulation des 
Pflanzenwachstums von Winterweizen in Abhängigkeit von sieben N-Düngergaben (30-
250 kg N/ha) herangezogen. Ab 60 kg N/ha wurden die N-Gaben geteilt, um 
praxisähnliche Düngestrategien abzubilden. Auf eine Teilung hoher Gaben in drei oder 
vier Teilgaben wurde jedoch verzichtet, um keine Artefakte der Düngestrategie zu 
provozieren. Für die Vermeidungskostenanalyse wurden die Ertragswirkungen von 
zwanzig Standorten mit den zehn höchsten und zehn niedrigsten Ertragspotenzialen 
gewählt. 

Wetterdaten für die Simulationen wurden von der Station Potsdam des Deutschen 
Wetterdienstes (DWD) (1980-2010) entnommen. Als Saattermin wurde jeweils der 15. 
Oktober und als Erntetermin der 31. August festgelegt. Zwei Düngetermine wurden 
berücksichtigt und nach langjährigen Mittelwerten aus DWD-Phänologiedaten definiert. 
Für den ersten Düngetermin wurde der 25. März angenommen, für den zweiten Termin 
wurde der Beginn des Schossens für Winterweizen gesetzt (29. April).  

Basierend auf den Simulationsergebnissen wurden standortspezifische Ertragsfunktionen 
als quadratisches Modell mit Plateau (SAS, Version 9.4) geschätzt. Diese Ertrags-
funktion nimmt an, dass der Ertrag auf die N-Düngung nach dem Bodenertragsgesetz 
reagiert, also bis zu einem Plateau (Maximalertrag) mit abnehmender Zuwachsrate 
steigt, und auf dem Plateau verbleibt. Eine weitere Steigerung der N-Düngung führt in 
dieser Annahme jedoch nicht zu einer Ertragsabnahme. 

2.2 Treibhausgasemissionen durch N-Düngereduktion 

Die THG-Emissionen wurden partiell für N-düngerrelevante Emissionen nach [KM18] 
bilanziert. Diese beinhalten direkte und indirekte Lachgasemissionen, und die 
Emissionen, die bei der Herstellung der N-Dünger entstehen. Als mineralischer N-
Dünger wurde die Verwendung von Kalkammonsalpeter (KAS) mit 27 % N-Gehalt 
angenommen, der in Brandenburg häufig verwendet wird. Es wurde außerdem 
angenommen, dass kein organischer Dünger auf Weizenfelder ausgebracht wurde und 
oberirdische Ernterückstände nach der Ernte von den Feldern entfernt wurden. Die 
Lachgasemissionen wurden gemäß der Richtlinie von Intergovernmental Panel on 

Climate Change [IPCC06] geschätzt. Die in dieser Studie berücksichtigten direkten 
Lachgasemissionen schlossen die Lachgasemissionen ein, die durch N-Mineralisation 
direkt aus dem Boden entstehen, wo der N-Dünger eingebracht wird. Die betrachteten 
indirekten Emissionen bestehen aus Lachgasemissionen durch Ausgasung, Auswaschung 
und Abfluss von N. Im Gesamten wurden 9,91 kg CO2ä/kg N angerechnet. Für weitere 
Details siehe [KM18]. 
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2.3 Wirtschaftlichkeit und Vermeidungskosten von Treibhausgasemissionen 
durch N-Düngereduktion 

Die N-Düngung wurde in Abhängigkeit vom standortspezifischen Maximalertrag 
(Plateau) in Abhängigkeit vom Entzug berechnet und diese als standortspezifische Höhe 
der N-Düngung im Basisszenario angenommen. Der Entzug wurde mit dem Faktor 
0,022 kg N/kg Weizenertrag, abgeleitet von [HL16], kalkuliert. Damit wurde die N-
kostenfreie Leistung als Marktleistung durch den erzielten Ertrag abzüglich der N-
Düngekosten berechnet. Die Preise für Winterweizen und N-Dünger (KAS) wurden aus 
[HL16] entnommen. Um den Effekt der N-Düngereduktion auf Wirtschaftlichkeit bzw. 
Vermeidungskosten untersuchen zu können, wurde in einem Szenario eine N-Dünge-
reduktion in Höhe von 10 kg N/ha von der jeweiligen Ausgangssituation simuliert. Die 
geschätzten Ertragsfunktionen anhand der MONICA-Simulationsergebnisse wurden für 
die Ertragswirkung auf die N-Düngereduktion angewendet. 

3 Ergebnisse und Diskussion 

Anhand des Pflanzenwachstumsmodells MONICA wurde die Ertragswirkung der N-
Düngung simuliert (Abb. 1). Diese zeigte an produktiveren Standorten bereits bei 
niedrigen N-Düngemengen starken Ertragszuwachs. Nach etwa 160 kg N/ha Düngung 
wurde an diesen Standorten der Maximalertrag (das Plateau) erreicht. An Niedrigertrags-
standorten wurde das Plateau jedoch erwartungsgemäß erst mit höherer N-Düngung 
erreicht. Dieser Unterschied kann mit dem höheren N-Nachlieferungspotenzial der 
Böden an Hochertragsstandorten erklärt werden. 

 
Abb. 1: Simulation der Ertragswirkungen durch N-Düngung mit dem Pflanzenwachstumsmodell 

MONICA an Niedrigertragsstandorten (NES) und Hochertragsstandorten (HES) 
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Die Untersuchungen zeigen, dass die Unterschiede der Ertragswirkungen zu 
unterschiedlichen Vermeidungskosten der THG-Emissionen aufgrund einer N-Dünge-
reduktion führen (Tab. 1). An Niedrigertragsstandorten wurden starke Ertragseinbußen 
(von 170 bis 250 kg/ha) gefunden. Dementsprechend hat die Düngereduktion zu 
geringeren N-kostenfreien Leistungen (18-31 €/ha Einkommensverlust) geführt. Daher 
sind die Kosten für THG-Vermeidung mit N-Düngereduktion an Niedrigertrags-
standorten entsprechend hoch (180-310 €/Mg CO2ä). An Hochertragsstandorten war 
keine Ertragsänderung zu betrachten (Tab. 1). N-kostenfreie Leistungen haben 
zugenommen (10 €/ha), weil mit weniger N-Düngung dieselben Ertragshöhen erreicht 
wurden. Dadurch ergab die N-Düngereduktion an diesen Standorten negative 
Vermeidungskosten. 

 Basisszenario Szenario: Düngereduktion 10 kg N/ha 

 N-Düngung 
(kg N/ha) 

Ertrag 
(Mg/ha) 

NkfL 
(€/ha) 

∆Ertrag 
(Mg/ha) 

∆NkfL 
(€/ha) 

THG-VK  
(€/Mg CO2ä) 

NES 68 – 130 1,37 – 5,48 156 – 818 -0.17 – -0.25 -18 – -31 180 – 310 
HES 174 – 187 7,82 – 8,46 1194 – 1297 0 10 -97 

Tab. 1: Auswirkung der N-Düngereduktion auf Erträge und N-kostenfreie Leistung (NkfL), und 
dadurch entstehende Vermeidungskosten (VK) von Treibhausgasemissionen (THG) 

NES: Niedrigertragsstandorte; HES: Hochertragsstandorte; ∆: Änderung 

Moderate N-Düngereduktion wurde in [KM18] als relativ günstige THG-
Vermeidungsmaßnahme gefunden, wobei sie den Referenzpunkt für die N- 
Düngereduktion als das ex-post berechnete ökonomische Optimum gelegt haben. Zum 
Düngezeitpunkt wird der genaue Verlauf der Ertragswirkung zu den Landwirten 
unbekannt, weil sich die Witterung auf diesen Verlauf jedes Jahr anders auswirken kann. 
In der Praxis wird die Ertragserwartung als Referenzpunkt gesetzt und dieser mit Ab- 
und Zufuhr des Stickstoffs im System für die Bestimmung der N-Düngung bilanziert. 
Allerdings zeigen unsere Ergebnisse, dass Überdüngung an Hochertragsstandorten und 
Unterdüngung an Niedrigertragsstandorten vorkommen können. Diese beeinflussen die 
Vermeidungskosten stark, da an Hochertragsstandorten am Plateau zu düngen ineffizient 
sein kann, bzw. an Niedrigertragsstandorten eventuell das ökonomische Optimum wegen 
umweltrechtlicher Begrenzungen nicht ausgeschöpft werden kann. 

4 Fazit und Ausblick  

N-Düngereduktion kann eine kosteneffiziente THG-Vermeidungsoption sein, wenn sie 
nicht zu hohen Ertragseinbußen führt. Die Kosteneffizienz der THG-Vermeidung mit N-
Düngereduktion kann weiter verbessert werden, wenn standortspezifische komparative 
Kostenvorteile berücksichtigt werden, da eine gezielte standortspezifische N-Dünge-
reduktion die marginalen Kosten minimieren kann. Demzufolge kann z. B. eine optimale 
regionale N-Düngereduktion für ein gemeinsames THG-Vermeidungsziel erzielt werden. 

90



 

112  Yusuf Nadi Karatay et al. 

 

Außerdem kann N-Düngereduktion positive Umweltwirkungen aufgrund verringerter 
Nitratauswaschung haben, was bislang überwiegend als die Hauptmotivation 
diesbezüglicher Politiken der N-Düngereduktion verwendet wurde. Wenn das THG-
Vermeidungspotenzial von der N-Düngereduktion mit dem Potenzial der Nitrataus-
waschungsvermeidung mitberechnet werden kann, kann der Beitrag der N-Dünge-
reduktion zur Verringerung der externen Kosten der N-Düngung noch weiter steigen.  
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6 Synthesis 

Optimal N fertilizer application is a complex matter due to the various actors with different 

interests involved. Generalized solutions for an overall implementation are difficult, since N 

use provides costs and benefits at different scales with numerous interconnections among the 

scales (Erisman et al., 2015). The present doctoral research addressed the four main issues 

regarding the economics of mineral N fertilizer use at farm level:  

1. Economically optimal N fertilizer rates, 

2. Site-specific application,  

3. Uncertainty and risk effects, and  

4. GHG emissions.  

Their implications on economic consequences of N fertilization were analyzed by using case 

studies in the form of research papers included in the thesis (Chapter 3-5). In terms of 

methodology, this doctoral research was mainly guided by  

a) estimating economic response to N fertilizer by estimating production functions;  

b) assessing implications of uncertainties (e.g. crop prices) on these functions using 

Monte Carlo simulations;  

c) evaluating the role of risk consideration based on calculating certainty equivalents for 

different levels of risk aversion, and  

d) analyzing opportunities of N fertilizer reduction for cost-efficient GHG mitigation 

combining economic response with GHG mitigation potential and optimizing site-

specific reduction of N fertilizer for a given GHG mitigation target in a region. 

As a first step for estimating the economic response to N fertilizer application and, 

accordingly, identifying economic optimum, yield response functions were estimated. For the 

latter, different methods were used. Yield response functions were estimated directly based on 

empirical data from field trials from eight sites (Paper II); following a theoretical 

(normalization) approach that enables to transfer empirically estimated yield response 

relationship to other sites (five yield-zones) lacking empirical data (Paper III); using the 

results of the normalization approach for estimating the production functions, and applying 

them at sub-field levels (Paper I, IV, VI); and utilizing a crop growth simulation model for 

twenty management zones with different yield potentials (Paper V). Estimation of yield 
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response is a widely used approximation mimicking real-world relationship of yield and a 

production factor. Yet, in practice, this relationship is highly complex and it is hardly possible 

to make precise ex-ante evaluation, since many uncertain factors have impacts on yield 

response. Therefore, all methods estimating yield response functions have drawbacks. For 

instance, even though crop growth simulation models are powerful tools to examine yield 

response for a wide range of combined effects, they are generally unable to capture mono-

cropping related diseases or negative effects of excess N input on yield. The normalization 

approach is useful to generate yield response functions in the absence of empirical data, 

assuming the same marginal increment of yield for additional N input at a reference point (i.e. 

yield maximum or economic optimum) independent of the site. This may hold for N rates 

around the reference points, on the other hand at lower N rates, it needs to be used with care, 

since the aforementioned assumption leads to a similar shape of production functions 

(curvature) at lower N rates. Lastly, empirical data are, certainly, the best way to make 

estimation of yield response, yet long-term field experiments are not available at every site, 

since they are often costly to manage. In addition, it takes time to have sufficient data to 

derive response functions, so that there is also a time constraint. Such empirical data are often 

gathered from controlled field trials, not from practicing farms, so that not all real-world 

interdependencies including management failures can be covered based on field experiments. 

Chapter 3 investigated the profitability of site-specific N management for multiple research 

questions. Overall, it showed that site-specific N management (SSNM) led to only a slight 

increase in wheat yield compared to uniform fertilization. The limited positive yield effect 

with SSNM found here is not surprising, as it has been reported in previous studies (e.g. 

Diacono et al., 2013). However, it may have a stronger positive impact on yield in case there 

are several mixed management zones with extreme differences in N requirement. 

Furthermore, if a poorly-managed reference system is chosen, positive effects of SSNM on 

yield can be expected to be greater. This specific issue was not investigated in the thesis, since 

comparing a worst case management system with SSNM could overestimate expected 

benefits of SSNM. Here, SSNM confirmed a considerable effect on protein content of wheat 

grains, while grain quality is a key factor to enable receiving quality premiums for wheat 

(Gandorfer and Rajsic, 2008; Meyer-Aurich et al., 2010b). Usefulness of PF technologies for 

meeting a certain grain quality was outlined in earlier studies (e.g. Long et al., 2000; 

Bongiovanni et al., 2007; Morari et al., 2018). The SSNM options investigated in this thesis 

improved net return of N fertilization by 17-32 € per ha depending on the PF technology used 
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(Paper I). This economic benefit is higher than the average in other studies on the SSNM, 

where product quality induced premiums were not considered (Colaço and Bramley, 2018; 

Gandorfer and Meyer-Aurich, 2017; Griffin and Lowenberg-DeBoer, 2005). Moreover, 

economic benefit is highly related to farm type and size. If farm size is bigger and/or the 

heterogeneity of the field is greater, SSNM may improve the economic advantage to a higher 

extent. Doubling and halving the farm size led to changes in the net return (11-37 € per ha) of 

SSNM in comparison with uniform management (Paper I). Further differences in 

management and land use systems (including crop rotations) can have impacts on profitability 

of SSNM. 

Besides achieving higher profitability, farmers may consider other advantages of PF 

technologies such as risk reduction (Pannell, 2017). Risk mitigation is a possible additional 

benefit of PF and therefore was investigated in this thesis. In Chapter 3, the site-specific N 

management investigated the risk implications of temporally varying N mineralization and 

changing price patterns of wheat. SSNM implied advantages especially on minimum protein 

levels under varying N mineralization, and reduced the risk of not achieving baking quality, 

thus, secured the higher wheat price with a higher probability rate. By reducing the negative 

temporal effects of N mineralization on protein content, SSNM partially avoided costs of 

over-fertilizing, which should also yield positive environmental effects. Due to additional 

costs of the technology, minimum economic returns were often lower with SSNM options. 

Nevertheless, SSNM options overall substantially reduced the probability of lower net returns, 

and thus, showed lower downside risks compared to the uniform N management. A slight 

increase in N fertilizer led to a limited change in economic return under average conditions, 

whereas considerable effects on risk mitigation of slight N fertilizer increase were observed 

when stochastics on N mineralization and wheat price were considered. In the case of N 

fertilizer restrictions, higher expected value for economic return was found with site-specific 

N fertilization in comparison to uniform fertilization, by ensuring higher crop quality (Paper 

IV). Economic advantage of site-specific N fertilization was found to be higher with 

increasing N fertilizer restriction.  

It is important to investigate the potential of SSNM to adapt to climate variability and whether 

this can generate additional benefits of SSNM. Due to climate change, extreme weather 

events are expected to increase in the future, such as drought and excess rain (Smit and 

Skinner, 2002; Howden et al., 2007). Climate change can have implications on agriculture, for 
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instance it can have direct and indirect effects on N supply from the soil N pool (Doltra et al., 

2014; Patil et al., 2012) which can, in turn, lead to higher temporal variability of N 

mineralization in the soil. The implication of this possible change on SSNM profitability was 

also investigated in Chapter 3. Findings in Paper VI indicate that increased variance of N 

mineralization slightly increased the profitability of SSNM relative to uniform management. 

Chapter 4 addressed the issue regarding the flatness of profit functions. As suggested by 

Pannell (2007), the estimated profit functions were found indeed often flat. However, the 

flatness changes over sites and years, especially when product quality and accordingly price 

premiums are considered that cause shifts in profit functions for a certain year. However, 

these shifts are smoothened, when uncertainties regarding weather and price development are 

included. Farmers’ risk aversion also implies changes on profit functions, such as a risk averse 

decision-maker has overall a lower level of the expected profit function than a risk neutral 

decision-maker. 

This doctoral research provided insights into risk-efficient N management: by exploring the 

implications of price premiums for grain qualities and farmers’ risk attitude on economic 

response to N fertilizer in wheat production from eight sites in Germany, when uncertainties 

on yield & protein responses to N fertilizer and changing price patterns were considered 

(Paper II). Results showed that price premiums create incentives to apply higher N fertilizer 

rates without strongly increasing the downside risk. Aiming at wheat baking quality by 

increased N fertilizer rates was often found profitable, even in cases where the probability of 

achieving baking quality was low. Therefore, the expected profit maximizing N rates 

considering the abovementioned uncertainties were mostly observed to be higher than the 

profit maximizing rate for the reference case with average response functions and average 

input/output price ratio. Higher risk aversion attitude did not strongly change this outcome. 

Farmers with high risk aversion attitude are still expected to apply higher N rates beyond the 

average economic optimum, since expected profit maximizing N rates are mostly higher than 

those for an average situation independent of farmers’ risk attitude. Henke et al. (2007) 

concluded a similar effect of uncertainties on optimal N rates, whereas farmers’ attitude 

towards risk aversion was not considered in their study. 

Although profit functions estimated in this thesis are not as flat as the ones discussed by 

Pannell (2006 and 2017), Chapter 4 indicates in the majority of the cases studied that quality 

premiums further flatten the profit functions allowing higher N rates to achieve acceptable 
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profit levels for farmers without increasing the downside risk considerably. Even though the 

overall picture was found similar for all eight sites investigated, the analysis conducted here 

used empirical data of five years; therefore, a generalized conclusion may have its limitation. 

The impacts of uncertainties and farmers’ risk aversion can vary for different site conditions 

and crops, since the results drawn here highly depend on previous management and land use 

systems as well as site characteristics. Besides that, cost and risk efficiency of higher N 

fertilizer rates require further comparative studies for a bigger picture covering different crops 

with and without quality aspects. 

It can be concluded that N management in arable farming needs to be handled crop-focused 

and site-specific with consideration of the impacts on environment and climate, rather than 

targeting only the highest expected profit reachable. Furthermore, in this thesis, N fertilizer 

management is evaluated with the assumption that other production factors are not binding. 

However, crop growth depends on various factors, and economic return on N fertilizer use is 

only maximized if other nutrients such as phosphorus, potassium and micronutrients, are not 

limiting. This needs to be taken into account when interpreting the findings.  

In contrast to wheat, some crops, such as barley for beer production, require low 

concentration of protein content in grains (O'Donovan et al., 2011). Cost and risk efficiency of 

N fertilizer application can be applied for malting barley growers aiming at being below a 

certain threshold of protein concentration. They may not fully reach economic potential, if 

they strictly apply lower N fertilizers than needed as an insurance measure. This would in turn 

require more land to grow. Considering the implication of N fertilizer on malting barley 

quality, similar to wheat but a reverse effect, the trade-offs are to be explored between an 

increase in N fertilizer application for barley together with related possible higher 

environmental impacts, increased risk exceeding the threshold and ,thus, quality loss, change 

in farm profit, and potential of increased yield while sustaining quality and, thus, reduced 

demand for land. 

Economically optimal fertilizer levels do not only vary across sites and crops, but they also 

depend on farmers’ objectives. Profit maximization and risk minimization of economic 

shortfalls are only two of them. Motivation for farming management decisions includes many 

more aspects including complex interdependencies between other production factors, such as 

irrigation, management of other nutrients, complying with agro-environmental regulations, 

and/or improving working conditions (e.g. reducing working hours). Such relationships 
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deserve further research attention investigating case-specific economically optimal N 

management for farmers with different needs and priorities. Additional non-monetary benefits 

would further increase the importance of integrating appropriate PF systems, if their benefits 

can be internalized in economic returns, e.g. opportunity costs of additional labor.  

Chapter 5 investigated the potential and costs of GHG mitigation via N fertilizer reduction 

using two different approaches to estimate yield response functions: normalization approach 

and a crop growth simulation model. Consideration of effects of N use on crop yields is 

decisive for estimating respective marginal abatement costs (Vermont and De Cara, 2010). 

The modelling approach in Chapter 5 combined possible yield effects of N fertilizer reduction 

in five differentiated yield-zones for wheat and rye production with calculation of respective 

opportunity costs. Furthermore, strategies were assessed for an optimal overall N reduction 

for the region in terms of economic losses, yield reductions and GHG emissions. 

Paper III and V depicted differentiated yield response functions, so that implications of N 

fertilizer reduction could be investigated comparatively. Reducing N fertilizer was found 

considerably cheap, for instance as found in Paper III, 6 €/ha and 8 €/ha economic loss with 

20 kg N/ha reduction for wheat and rye in yield-zone I, respectively. Thus, its GHG mitigation 

is rather a low-cost option (28 € and 39 € per ton of CO2-e for the aforementioned references) 

being in the lower bound of a broad range of costs of the alternatives (e.g. Smith et al., 2008). 

Nevertheless, potential of GHG mitigation is still limited, since after a certain reduction, the 

costs rise exponentially, for instance 20 €/ha economic loss at 40 kg N/ha reduction for wheat 

in the yield-zone I (Paper III). Choice of system boundaries for the GHG mitigation cost 

analysis is also decisive. If emissions associated with yield penalties are considered, 

mitigation costs increase further. An alternative approach to this challenge could be 

sustainable intensification (e.g. Burney et al., 2010; Meyer-Aurich et al., 2013), so that N 

rates are increased at some sites in order to free some other land for other purposes such as 

cultivation of energy crops or agroforestry. Moreover, Chapter 5 further explored how N 

fertilizer reduction for a given regional mitigation target can be optimized. Since cost 

structure of GHG mitigation by N fertilizer reduction differs at different sites and for different 

crops, an overall reduction can be conducted site-specifically: the case study suggests that 

optimization can be conducted by relatively lower N fertilizer reduction where it leads to high 

yield penalties, and relatively higher N fertilizer reduction where it leads to lower yield 

penalties. That way, total costs for GHG reduction target, translated as total N fertilizer 
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reduction target, can be minimized by optimizing reduction allocation according to site and 

crop-specific yield response. GHG mitigation in wheat and rye production in Brandenburg of 

33.5 Gg CO2-e was achievable with optimized N reduction considering crop and site-specific 

features which reduced mitigation costs by 19% compared to uniform N fertilizer reduction 

(Paper III). 

Flat payoff functions create a potential for a cost-efficient GHG reduction by reducing N 

fertilizer application. Therefore, GHG mitigation can be uncostly achieved by moderate N 

fertilizer reduction for wheat and rye (Paper III), since slight yield penalties do not strongly 

affect profitability. In some cases, economic losses due to possible yield losses can even be 

compensated by cost savings due to less input expenditure (Paper V). However, this needs to 

be investigated for other crops that may have stronger yield responses to N fertilizer 

reduction. Cost-efficiency of this GHG mitigation option would diminish if N fertilizer 

reduction leads to lower crop quality and thus results in lower crop price. 

The relationship between agriculture and climate change is multidimensional. Agriculture 

suffers by climate change, but it also significantly contributes to it, and it can also be part of 

the solution (FAO, 2009). Specifically, there are trade-offs and synergies in climate change 

adaptation and mitigation (Smith and Olesen, 2010). For instance, N fertilizer reduction can 

mitigate GHG emissions but that reduction in the long run can cause high economic losses to 

a specific wheat farming system that aims at high baking quality. However, investment, such 

as PF techniques, can help to adapt to changing climatic conditions and, at the same time, be 

useful to reduce over-application of N fertilizer. Also, a combined effect of direct N fertilizer 

reduction with other nutrient management measures, such as improved timing and placement 

of N fertilizers, type of N fertilizers, or nitrification inhibitors should be further explored on 

GHG mitigation studies. 

Besides N2O being a potent GHG, it considerably causes the depletion of stratospheric ozone 

(Ussiri and Lal, 2013), and nitrate loss causes – among others – water pollution (Erisman et 

al., 2015); therefore, synergies are expected of N fertilizer reduction for climate and 

environment from various perspectives. In Germany for instance, nitrate concentrations in the 

groundwater are still not at the appropriate level (<50 mg of nitrate per liter) as defined by the 

EU Nitrates Directive (EC, 1991), thus the European Court of Justice condemned Germany in 

2018 for its insufficient regulation to improve the situation (ECJ, 2018). Various legislative 

changes are expected in respective ordinances, including limiting the overall N supply at farm 
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level – in regions with high nitrate pollution risk – further below a certain threshold, e.g. 20% 

below the N fertilizer demand (BMEL, 2019), similar to the N input quota system 

implemented in the beginning of 1990s in Denmark (Dalgaard et al., 2014). However, farmers 

are concerned of possible strong effects on farm profitability of the N fertilizer cut. 

Specifically, a major concern on reducing N fertilizer rates is the probability of steadily 

lowering N fertilizer causing a lower productivity after some years, even though a moderate 

reduction may not lead to high economic loss in short-term. This is a valid argument and an 

understandable concern. 

When long-term field trials for yield response to N fertilizer are monitored, it can be seen that 

lower N rates do not necessarily show a declining trend for yields at the same N rate over the 

years. For instance, as it can be seen from the data published in Köhn et al. (2000), lower N 

rates led to lower yield levels for wheat, but lower fertilizer rates over 14 years did not 

continuously decline yields; they were high in some years and low in others indicating 

weather influences on yield, and accordingly a yield instability. Furthermore, Basso et al. 

(2019) found that yield stability plays an important role in reducing N losses and emphasized 

that by identifying stable high and low, and unstable yield areas, N fertilizer reduction can be 

conducted without strong impacts on corn yield, if N rates are adjusted to crop yield stability 

classes. Other strategies to reduce total N fertilizer application include the one suggested by 

Tian et al. (2018). The study found that N fertilizer can be reduced by reducing and 

postponing basal N fertilization without high yield penalties for wheat. Nevertheless, for 

crops as in the case of wheat, crop quality is as important as crop quantity which may be 

negatively affected by N fertilizer reduction. Hawkesford (2014) reported that yield increase 

for wheat is possible without increase in N inputs, but quality would be negatively affected, 

and therefore the author suggests utilizing cereals not as protein crops, but rather as 

carbohydrate sources. There are also innovative biotechnological solutions, such as selective 

reduction of some proteins that do not contribute to baking quality, thus reducing N demand 

and accordingly reduce N fertilization, without affecting wheat quality (Zörb et al., 2018). 

Regarding long-term yield effect of N fertilizer reduction, it is understandably a matter of how 

strong the reduction is performed. At lower N input rates, a new range of nutrient balance can 

be achieved for lower N input due to lower N removal of lower yield, but in heavily reduced 

N input cases, both crop quality and quantity can have a diminishing trend. This depends on 

site-specific conditions, especially on N delivery potential of the soil pool, which after a while 
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can be exhausted, and then a trend of diminishing yield level at the same N rate might be 

observed. Therefore, there is a need for further scientific evidence addressing the N problem 

with possible agronomic, economic and environmental consequences for N fertilizer 

reduction. In the absence of persuasion or legislative limitations, farmers might tend to remain 

fertilizing at high N rates, since costs of over-application for many cases are lower than the 

ones due to under-application, e.g. Rajsic and Weersink (2008). At the global scale, increasing 

total yields and yet reducing total N fertilizer application could be achieved, if overall 

fertilizer reallocation among world regions was possible, since some regions suffer from too 

little N fertilizer whereas others from its over-application (Erisman et al., 2015; Galloway et 

al., 2008). 

It needs to be stressed that this thesis focused on N management in agriculture from the 

mineral N fertilizer application point of view, whereas implications of organic fertilizer use 

were not explicitly investigated. The main reason for this was to limit the scope to mineral N 

fertilizers that are still the major source of N in many agricultural systems worldwide. 

Additionally, mineral N fertilizers generally pose higher risks for environment and climate, 

since they are more labile compared to complex structures and chemical bounds of organic 

fertilizers. However, key implications of N input are similar, independent of the N source. 

Thus, the findings in this thesis can generally be interpreted as implications of N fertilizer use 

in agriculture. 
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7 Conclusions 

An understanding of the economic consequences of N fertilizer application helps to identify 

cost-efficient management options and policy approaches for achieving high profits, reducing 

risks, and mitigating negative environmental impacts. This doctoral research provided 

comprehensive insights into different aspects of the economics of mineral N fertilizer 

management. It identified and discussed potential motivations and incentives for applying 

higher N fertilizer rates, and tradeoffs between profit maximization, risk mitigation, and GHG 

abatement. Based on the case studies investigated in this thesis, the following specific 

conclusions can be drawn. 

i) Economically optimal N fertilizer rates change considering crop quality aspect and 

temporal variability; and these have strong implications on risk mitigation:  

Economically optimal rates of N fertilizer are typically not consistent over time and sites, 

as production functions are site-specific and have temporal stochastics due to weather 

influences, as well as prices that vary from year to year. In case of price premiums that are 

granted for a specific crop quality (i.e. protein content in wheat), there are shifts upwards 

in economic response at higher N fertilizer rates. This can mitigate the riskiness of 

fertilizing higher N rates. Hence, farmers aiming at higher protein content in wheat would 

tend to fertilize at higher N rates than the average economic optimum, maximizing the 

expected profit considering the aforementioned uncertainties. 

ii) Site-specific N management – tailored with precision farming techniques – can aid on 

tackling the optimal N application challenge under uncertainties, and it can contribute to 

higher profitability and risk mitigation:  

Site-specific application of N fertilizer can improve farm profitability, when it does not 

only positively affect crop yield or fertilizer use, but also crop quality (i.e. protein content 

in wheat). SSNM has the potential to mitigate downside risk of too low economic returns 

or economic shortfalls particularly by adjusting N supply according to plant development 

in later stages of crop growth. The profitability of SSNM increases, when N use intensity 

is limited due to legislative restrictions, by allocating total available N fertilizer across 

subfields in a more cost-efficient way. SSNM has also the potential to more efficiently 

tackle increasingly variable N mineralization from the soil pool which is a potential 
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consequence of climate change. Hence, when economic assessment of SSNM is 

conducted, its effects on crop quality and risk mitigation potential need to be considered. 

Furthermore, the advantage with SSNM with the opportunity to deal with the increasingly 

variable N mineralization would be improved even further, when this uncertainty needs to 

be coped with limited N fertilizer supply allowed by the legislation. 

iii) Farmers’ risk attitudes affect optimal N application rates under uncertain situations:  

From a risk mitigation point of view, price premiums for wheat, coupled with grain 

protein contents, create incentives to fertilize N at high rates. Even farmers with high risk 

aversion attitude could keep applying higher N rates, since expected profit maximizing N 

rates are mostly higher than those for an average situation independent of farmers’ risk 

attitude. Moreover, higher N rates do not considerably lead to higher downside risk of 

wheat production and opportunity costs of deviating from optimum are relatively low. 

Hence, the low risk level gives motivations for farmers to maintain higher N fertilizer 

rates securing crop quality, so that over-application of N fertilization is possible, unless 

there is a legislation preventing it. However, this relationship may not be valid for all 

crops and sites, depending on price structures, as well as site characteristics. 

iv) N fertilizer reduction can be a cost-efficient GHG mitigation measure: 

The costs of GHG mitigation by reducing N fertilizer use depend on whether and how 

much yield penalties occur. There is a good potential to reduce N fertilizer moderately 

from higher N fertilizer levels without causing high yield penalties, since the yield 

response at higher rates is rather smooth. Hence, the flat profit functions create a chance to 

reduce N fertilizer without having high opportunity costs, unless it has an impact on crop 

quality. Both the yield and economic effects of N fertilizer reduction are considerably 

lower at high productive sites compared to lower productive sites. Furthermore, as the 

magnitude of costs also depends on crop-specific response, N fertilizer reduction can be 

less costly, for instance, with wheat than with rye. 

The specific findings above offer an opportunity to develop policy approaches considering 

site and crop differentiated economic responses for reduced N fertilizer usage to mitigate 

nutrient loss, including mitigation of GHG emissions, in a cost-efficient manner. Considering 

the environmental harms, it is not sustainable to continuously intensify N use in agriculture. 
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Every kilogram of reactive N that leaves the agricultural system creates – among others – 

water pollution and causes GHG emissions and, thus, N fertilizer rates per hectare need to be 

reduced in intensive farming systems. 

Conclusions drawn here have implications both for farmers and policy-makers. Farmers 

require a good understanding of both economic benefits and costs of their N management 

decisions. For farmers, even though higher N rates often do not increase the riskiness of 

economic losses when quality premiums are granted; the economic return of higher N rates is 

often still limited. This insight can also encourage policy-makers to implement agro-

environmental policies on adjusting N rates since this often does not cause high economic 

losses for farmers, i.e. when reduced from high N rates. 

Policy approaches to reduce N fertilizer rates can be done by persuading and convincing 

farmers by communicating scientific evidence through consulting/extension services. These 

may include –state financed– field trials such as on-site model farms. N fertilizer reduction 

can also be handled via restriction with legislation or incentive payments. Some farmers 

might require a financial support to cut back fertilizer as monetary compensation in case of 

high yield losses, or crop insurance can be promoted as an alternative measure to stimulate 

willingness to reduce N fertilizer application. Other potential policy instruments include tax 

on N fertilizer use or on farm-gate N surplus which is subject to create a new economic 

optimum leading less fertilizer application and accordingly to contribute for reduction of 

negative environmental impacts. Without any legislative measures or financial incentives, 

farmers may keep over-fertilizing in intensive farming systems, since they often do not suffer 

greatly by keeping high N rates compared to under-fertilizing, especially in case of crop 

quality price premiums are granted. Nonetheless, excess N causes externalities whose costs 

concern the entire society, including farmers. Other policy approaches can promote 

technology driven measures, for instance, case-specific effective precision farming 

technologies to reduce N fertilizer application and thus reducing its related environmental 

impacts. Site-specific N fertilizer has further advantages, such as it can reduce the transaction 

costs of N fertilizer reduction, as it can easily be monitored and registered site-specifically by 

the geographically positioning techniques. Additionally, site-specific N management can 

create synergies between climate change adaptation and mitigation. It can help to mitigate 

GHG emissions by reduced N fertilizer use and at the same time help to tackle the challenges 
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regarding stochastics on N availability and usability in soils due to climate change and adjust 

N rates dynamically according to plant needs. 

Overall, this thesis provides important insights on chances and drawbacks of adjusting N 

fertilizer rates. It makes a direct contribution in identifying cost- and risk-efficient N 

management options and provides a basis for effective policy approaches to reduce GHG 

emissions by selective N fertilizer reduction. A deeper understanding of the economic 

consequences of N fertilization is required for comparative studies assessing different crops, 

climatic and site conditions. Studies, such as the present doctoral thesis, investigating 

complexities of economics of nutrient management in agriculture from various perspectives, 

are useful for both decision-makers and policymakers. An added value of integration of such 

studies shall assist decision-makers to choose the best economic application rate of various 

nutrients for a given season and site with the lowest environmental and climate harm. For 

farmers, these findings can assist finding a balanced fertilizer application levels without 

sacrificing high income, but yet reducing environmental impacts. For policy-makers, they can 

assist developing policies stimulating better targeted environmental protection while 

maintaining high agricultural productivity and sustaining high income level for farmers. 

Further research is required to investigate empirical evidence for downside risk mitigation 

potential of SSNM, to examine the implications of risk aversion on optimal N rates for 

different crops with and without quality impact, and to explore the GHG mitigation potential 

and costs by N fertilizer reduction at national and global scale. Furthermore, 

interdependencies between optimal water and N use management require further attention 

from profitability and risk mitigation perspective, considering the potential climate change 

impacts on weather events. Possible added-values of SSNM for this upcoming challenge are 

to be explored. Moreover, investigation with consideration of multiple negative externalities 

due to N use in agriculture, such nitrate leaching, ammonia and GHG emissions, can offer a 

bigger picture to pinpoint opportunities and synergies with regard to N fertilizer reduction. 
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