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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 down-
side 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 eco-
nomic 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: vari-
able 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 com-
pared 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 eco-
nomic 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 farm-
ing 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.
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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 intui-
tive, 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). Profit-
ability analyses of PF technologies have often been conducted based on short-term field tri-
als or simulations, whereas data on long-term response to site-specific farming are becom-
ing available (e.g., Yost et  al. 2017, 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) pro-
posed using site-specific yield functions for the economic assessment of site-specific nutri-
ent management, which has been commonly used since then in the profitability analyses. 
They found a net economic benefit of around 7$ ha−1 for using site-specific N application 
compared to uniform N management, while Lawes and Robertson (2011) calculated about 
11€ ha−1 net return after the additional costs for PF were deducted. Schneider and Wagner 
(2008) reported 16€ ha−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 vari-
ation of profit for wheat compared to the conventional system, whereas it reduced the tem-
poral variation of profit. Various profitability analyses of site-specific N fertilization strate-
gies often showed that investments in PF technologies do not cover their costs or result in 
low economic return (OECD 2016; Gandorfer and Meyer-Aurich 2017). In a recent review, 
Colaço and Bramley (2018) reported a wide range of sensor-based N application’s prof-
itability 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, 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 concen-
trations 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 (Bon-
giovanni et al. 2007; Gandorfer and Rajsic 2008; Meyer-Aurich et al. 2010a, b). Bongio-
vanni 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 mois-
ture, 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 
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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 technolo-
gies 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 tem-
poral 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 recom-
mending 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 gadg-
ets/software) (Lowenberg-DeBoer 1999). Production, price/market, and financial risks are 
directly related to profitability of PF technologies, thus, have been given attention and ana-
lyzed 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 gen-
erated 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 possibil-
ities to consider site-specific variability in the field may be attractive for risk-averse deci-
sion 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 out-
comes (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 
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monetary measure of farmers’ welfare under risk. It can be calculated based on variance 
and mean of expected net returns (Monjardino et  al. 2015). Hardaker et  al. (2004) pro-
posed 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. Monjar-
dino et al. (2015) assessed the implication of farmers’ attitude to risk on N fertilizer appli-
cation 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 use-
ful 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 prof-
its (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 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 prob-
ability distribution) has discontinuities, VaR shows drawbacks, since VaR values can vary 
greatly with a slight increase in probability level, whereas CVaR shows rather more stabil-
ity in such cases. Therefore, the CVaR approach offers benefits by indicating risk implica-
tions 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 out-
comes 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 
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advantages to detect abovementioned systematic effects, which are important for the eco-
nomic 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 premi-
ums 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 pat-
terns 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 sub-
fields. These represent sites with high and low yield potentials. Considering the costs of PF 
investments, downside risk can be a meaningful indicator for farmers’ decision on technol-
ogy adoption. The conceptual framework enables to evaluate 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 func-
tion and consequently calculate the expected net return and the CVaR for the downside risk 
analysis.

Materials and methods

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 vir-
tual model field. Empirical yield response data were used to build yield response functions 
to simulate the implications of N fertilization on economic returns for the model field that 
consists of subfields with different yield zones based on a model approach (normalization 
method) following Karatay and Meyer-Aurich (2018). For the yield response transforma-
tion, information on input–output relations for N fertilizer supply and crop yields for differ-
ent yield zones in the federal state of Brandenburg (Germany) were employed in order to 
generate specific yield response functions for the respective yield zones, which were then 
incorporated as subfields in the present model.

In comparison to uniform N management, two site-specific N management options 
were assessed: variable N rate application using yield mapping (monitoring) and the 
other using N sensor conducting real-time proximal sensing. Partial budgeting was per-
formed regarding N fertilization for winter wheat considering two grain quality levels 
on a virtual field with two subfields representing a high and a low yield zone. For the 
downside risk assessment, simulation is essential in the present study, since there is not 
enough site-specific data covering temporal uncertainties on yield and protein, in order 
to directly estimate associated outcome distributions. Therefore, Monte Carlo simula-
tions were used to depict uncertainties on N mineralization and price patterns for the 
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risk analysis conducted in this study. Furthermore, sensitivity analyses were executed to 
investigate the effects of assumptions made on the results in this study. The workflow of 
the methodological concept is shown in Fig. 1.

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 manage-
ment options and their yield and protein responses to N fertilizer, the third for the eco-
nomic return analysis based on the partial budgeting approach, the forth for the down-
side risk assessment on the basis of Monte Carlo simulations, and the last part for the 
sensitivity analyses.

Fig. 1  Workflow of the methodological approach
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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).

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 fer-
tilizer 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.

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 fer-
tilizer 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).

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

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
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Estimation of site‑specific yield and protein response functions

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

where ƒ(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:

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 func-
tion, 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.

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 aver-
age protein response from Ellmer et al. (2001) and Erekul et al. (2005):

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).

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 

(1)f (N) = aN2 + bN + c

(2)f (N) = aiN
2 + biN + ci

(3)g(N) = �N + �

Table 3  Coefficients of the empirically estimated (Dahlem) and the modelled quadratic (yield zones) func-
tions of yield (Mg ha−1) response to N fertilizer (kg ha−1) for wheat; a—Quadratic coefficient, b—Linear 
coefficient, c—Constant (Karatay and Meyer-Aurich 2018)

Dahlem Yield zone

High Low

a − 0.000139 − 0.000087 − 0.000132
b 0.0386 0.0354 0.0352
c 3.30 4.19 2.71



457Precision Agriculture (2020) 21:449–472 

1 3

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 invest-
ment for equipment and operational costs of the PF technology for information gather-
ing 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€ ha−1 a−1, respectively (OECD 2016). The cost-esti-
mations for the PF technologies were made according to the annuity method, for which 
6 years as depreciation time with 6% interest rate were assumed. Additional costs for the 
PF technologies contain hardware/software expenditure 14,800€ and 22,350€, and ser-
vice provider fee 2€ ha−1 a−1 and 800€ a−1 for the yield mapping system and the sensor 
system, respectively.

Net return over N applied (€ ha−1) was calculated as:

NR—net return, PW—price of wheat (€ kg−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 
fertilizer (€ kg−1 N), i—subfield, λ—share of subfield in the total area as percentage, and 
KPF—investment and operational costs of PF technologies (€ ha−1).

The reference optimum N rates were calculated according to respective yield and pro-
tein 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 Bavar-
ian State Research Center for Agriculture (Landesanstalt für Landwirtschaft, LfL 2018) 
over a period of 10 years.

(4)NR =

n
∑

i

�i
[

PW (g(N)) ⋅ f (N) − PNN
]

− KPF

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

As the mineral N fertilizer type, calcium ammonium nitrate with 27% 
N content, was considered at the price (PN) of 0.96€ kg−1 N

Year Wheat price (€ Mg−1)

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

As a further management option, site-specific N management system with an N sen-
sor  (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 appli-
cations were ensured reaching baking quality (minimum 13% of protein content).

Uncertainty and risk analyses

In order to provide an array of possible net returns resulting from the analyzed manage-
ment practices (uniform,  SSNMYM and  SSNMNS), Monte Carlo simulations (10 000 itera-
tions) 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 applica-
tion, 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 



459Precision Agriculture (2020) 21:449–472 

1 3

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 keep-
ing 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.

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 function at the x-axis).

The average of the Nminer terms from all years was used as the expected N mineraliza-
tion 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).
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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
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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 min-
eralization 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 repre-
sent 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.

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(%):

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” (Pali-
sade 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 respec-
tive output (yield, protein content, and net return) considering uncertain N rates due to var-
ying 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 deci-
sion (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.

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).

By means of “@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 from “0” to “100−a” deploying the function RiskTruncateP(0, 100−a).

CVaR does not require assumptions on the utility function and risk aversion coef-
ficients, and it focusses on the lower partial moments of the distributions of possible 

(6)Ntotal = Nfertilizer +
(

Nminer − Nminer_ref

)

(7)Ntotal =
[

Nfertilizer + DRNminer(%) ⋅
(

Nminer_ref − Nminer

)]

+
(

Nminer − Nminer_ref

)

(8)CVaR(a) =
1

100 − a

100−a

∫
0

F(NR)
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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.

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 applica-
tion were accounted for a smaller (250  ha) and a larger cropping area (1000  ha) as 
14.04€  ha−1 to 5.01€  ha−1, respectively, and for a sensor system as 21.38€  ha−1 and 
5.35€ ha−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 maximiz-
ing rates according to the estimated yield response functions as defined in the “Profit-
ability calculation” subsection. 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.

Fig. 3  Graphical illustration of 
conditional value at risk (CVaR) 
in a cumulative probability distri-
bution function of net return
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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 uni-
form 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 meas-
ures, the subfields received differentiated optimal N rates according to each subfield’s yield 
response, at the rate of 173 kg N ha−1 and 113 kg N ha−1 for high and low yielding zones, 
respectively.

Results from the Monte Carlo simulations show that compared to the uniform N man-
agement, 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 meas-
urements. 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 manage-
ment systems across time. Other statistical values regarding the crop yield were found sim-
ilar among the N management options in the present study.

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

Yield (Mg/ha)

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
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Site-specific N applications resulted in slightly higher expected value (mean) of protein 
content compared to uniform fertilization (Table 6). Nevertheless, higher values of mini-
mum 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, espe-
cially 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 noti-
fied 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).

SSNM options showed advantages for default net returns (6 to 9€ ha−1) for which uncer-
tainties 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. Expected value (mean) of net 
return was improved by more than 17€ ha−1 with the SSNM using yield mapping com-
pared 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%) increased the expected net return by almost 8€ ha−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 additional 6€  ha−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 

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
 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
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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.

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 profitabil-
ity of SSNM alone. The economic advantage was achievable through higher protein con-
tent 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 arise (> 200€ ha−1), when bak-
ing quality was reachable only by the SSNM options. Furthermore, the SSNM with N sen-
sor 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 2005; Gandorfer 
and Meyer-Aurich 2017; Colaço and Bramley 2018).

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%

Net return (€/ha)

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
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Risk implications

Apart from increase in profitability, farmers can have other objectives such as risk reduc-
tion (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 invest-
ments 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 to 17€  ha−1) compared to the  SSNMYM which showed 
higher CVaR values (18, 10 and 19€ ha−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 measures, 18 to 20€ ha−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) esti-
mated all other farming costs except for N fertilizer management at 909€  ha−1 for an 
average wheat grower in Germany. When these costs are considered in the present anal-
ysis, the expected net profits would range between 49 and 64€ ha−1 for the site-specific 
management options, and 32€  ha−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 552€ ha−1 loss for 
the uniform management and 360 to 559€ ha−1 loss for the site-specific options. None-
theless,  SSNMNS(75%) resulted in considerably less economic shortfall for the mini-
mum compared to other measures, due to its advantage to maintain the protein above 
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 eco-
nomic 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 out-
comes 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 
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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 uni-
form 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.

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 var-
iability in yield—as described in “Uncertainty and risk analyses” section—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 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 minerali-
zation 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. 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)
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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, 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 man-
agement—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 cor-
rectly applying PF techniques are perceived only from a simple perspective.

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
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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 manag-
ing 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 economic benefit would range from 11€ ha−1 to 20€ ha−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 options would vary between 15€ ha−1 
and 37€ ha−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 uni-
form management was raised from 137 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 lev-
els. 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 
expected net return by approximately 9€ ha−1 considering the uncertainties on N minerali-
zation and price patterns. It also yielded in lower downside risk for uniform management, 
where CVaR (95, 90, 85) values were found 18, 6, 21€ 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 (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 
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can be applied without significantly increasing risk which may however -in turn- cause 
environmental harms.

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 dis-
tribution 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 ref-
erence N rates assumed for. Higher N rates with uniform management reduce the advan-
tage 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 con-
ducted based on modelled response functions, whereas in this approach not all variabil-
ity 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 investi-
gated 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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