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Abstract: Organic matter (OM) and nutrient nitrogen (N) play vital roles in the fertility and pro-
duction of soil in accordance with goals of efficient environmental protection. This study aimed to
show the extent to which N delivery can contribute to improving nitrogen fertilizer requirements
(NFR) through comparative analysis of OM and N. Systems determining the NFR in agricultural
practices have thus far been challenged to estimate the annual rate of mineralization of the soil. OM
and N turnover was investigated through an available evaluation consisting of 546 representatively
distributed permanent test and observation plots (TP) of the German Federal State of Saxony farms. A
solid database of at least 10-year field plot card records from 2001 to 2010 was selected for the analysis.
A program (BEFU) widely used in agricultural practice, along with the simplified process model
CCB, were applied. For the calculation of the amount of mineral N fertilizers used, the results of
three different methods for determining the NFR were compared with each other. The determination
of the farmers’ demand (=actual condition of the TP) with a mean value of 132 kg N ha−1 did not
show a large difference between the calculated values with 137 kg N ha−1 by the BEFU program.
Based on the available results for the most important crop species cultivated in Saxony, there were
clear differences in the considerations of the N delivery from the soil. The BEFU program was able to
calculate an average N delivery of 17 kg N ha−1 from tabulated data, whereas with the CCB process
model, 66 kg N ha−1 of mineralization was determined with a distinct higher deviation by taking
into account the 10-year field histories. Using the N delivery of the TP by the CCB model, a clear
reduction of the mean N fertilization level, to about 80 kg N ha−1, was therefore achieved. These
differences were particularly large for TP with organic fertilization (livestock), at a relatively low N
fertilization level, and for certain crop species. With a high standard deviation, the average savings
potential of mineral N fertilizers was 52–57 kg N ha−1. After including the corrected values for the N
mineral fertilization, a decrease in the N balances by an average of 20–25 kg N ha−1 was ultimately
achieved. In particular, the heavily oversupplied plots with D and E classification decreased by
approximately 50%. The results of our study demonstrate clear improvements; therefore, increased
efforts should be made in the future to optimize the determination of NFR using applicable methods
that consider N mineralization in agricultural practice and consultation.

Keywords: German Federal State of Saxony; farm field plot analysis; nitrogen-fertilizer recommen-
dation improvement; organic matter balance; nitrogen balance; nitrogen mineralization; BEFU and
CCB program application

1. Introduction

Central European agriculture is facing major challenges. Agriculture should supply a
continuously growing population with high quality food and increasingly provide renew-
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able resources for energetic and industrial use. In view of the ongoing non-agricultural
land consumption and limited resources, these requirements can often only be met by
increasing land intensity and productivity. At the same time, the environmental impacts of
agriculture are increasingly becoming the subject of social discussion. Consequently, there
are also increasing calls to minimize the negative effects of agricultural production on the
environment [1–3]. The long-term securing of the fertility and productivity of soil must
be in accordance with the goals of efficient environmental protection, in particular, that of
sustainable groundwater. For this reason, soil organic matter (OM) and the nutrient cycle
of agricultural holdings are the focus of this work.

As a result of the intensification of fertilization, reports of negative environmental
effects from agriculture have been increasing for some time, especially with regard to
the use of the nutrient nitrogen [3–5]. In the year 1991, the EU issued the directive on
the protection of groundwater and surface water from contamination, primarily through
fertilization from agriculture [6]. In Germany, the directive is implemented by the current
versions of the fertilizer ordinance.

For this purpose, e.g., in accordance with the German Fertilizer Ordinance [7], data
from farms are collected in the form of the so-called “nutrient comparison”, whereby
deductions are to be made for certain balance components. These results have generally
showed relatively low positive mean N balances. Since a significant proportion of up to
more than 50% of the arable land also showed negative balances, there was often no need
for further action apart from the usual agronomic indications of the advantages of growing
catch crops and reduced tillage [8–10].

Not only did uncertainties arise in the interpretation of such results from incomplete
balancing, but due to the lack of knowledge of the technical relationships, the responsible
administration often derived an incorrect need for advice and action within the framework
of “good professional practice”, e.g., in such a way that, in the case of negative nutrient
comparisons, warnings were provided on the dangers of decreasing soil fertility, and not
only on organic farming fields [11–13]. Despite several efforts on the part of the responsible
state institutions to implement these regulations, little progress has been made in this area
over the past 30 years.

To ensure high and stable yields, N must be in a plant-available form, i.e., as ammo-
nium or nitrate, and in sufficient quantities in the soil during the growing season. In the
course of OM mineralization, these mineral compounds are continuously released and
available to the plants. As with OM turnover, this release of soil N, known as “nitrogen
delivery”, is also subject to the influences of the climate, the soil, and cultivation. According
to the German fertilizer ordinance, the consideration of the nutrient delivery in systems
of nitrogen fertilization is part of “good professional practice” [14]. Despite intensive
research in recent decades, it has, so far, been difficult to estimate the available annual
mineralization rates of the soil. As a general rule, 1–3% of the organically bound nitrogen
can be assumed [15].

The methods used to date only consider a small proportion of the N amount of the OM
in the fertilizer recommendation [16]. To correct deficits, particularly in the nutrient release
from the OM turnover, a simplified process model was used. The CCB (CANDY Carbon
Balance [17]) directly calculates the development of the carbon (Corg) content in the soil
under the influence of various side effects and agricultural management. Finally, the rate
of release of organically bound N and, therefore, the N mineralization from agricultural
arable farming systems, can be quantitatively estimated from the Corg turnover.

On the basis of a field test plot (TP) network [8], an inventory of the long-term OM and
N balance was first created from arable land representatively distributed over the German
Federal State of Saxony. The recording and evaluation of the current situation in comparison
to improved methods for determining the N-fertilizer requirement (NFR) were carried out
with the BEFU (“Bestandesführung”) program, widely used in agricultural practice [18].
The aim of the study was to show the extent to which the N delivery can particularly
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contribute to improving for NFR methods through using comparative calculations based
on OM and N balances.

2. Materials and Methods
2.1. Permanent Field Plots

The Saxon State Office for Environment, Agriculture and Geology (LfULG) operates a
system of 1056 long-term TP on farms almost representatively distributed across the Ger-
man state of Saxony. Every year, the management data of the TP are recorded quantitatively.
Evaluations of the OM and nutrient status are made possible with the documentation of
resources used and the crop yields. In addition, soil samples are obtained annually in
spring and late autumn. A description of the TP and their cultivation can be found in [9].

The present work continues the analyses carried out by authors for the years 1998 to
2003. Management data from the years 1995 to 2010 were used. For the present study, TP
were selected with a duration of the existing field records of at least 10 years. The relatively
long running time of the test areas was chosen in order to take into account at least one
full crop rotation in the further evaluations and to minimize the influence of short-term
adjustments to the cultivation structures as much as possible. The results from the soil
examinations, such as the Nmin content (NH4

+-N, NO3
−-N, 0–60 or 90 cm depth [19]), were

available in MS Excel format. Overall, data from the agricultural management of 546 plots
or 5460 trading years and harvests were evaluated. During the study period, the following
crop species were grown on the TP:

- winter wheat 24.9%
- winter rape 18.3%
- winter barley 15.7%
- silage maize 10.5%
- spring barley 7.8%
- triticale 4.8%
- winter rye 3.5%
- sugar beet 3.1%
- grain maize 1.5%
- others 9.9%.

The main soil types account for the following numbers or proportions of the study
areas: sand (S), 7 areas (1%); poor loamy sand (Sl), 16 areas (3%); loamy sand (LS), 107 areas
(20%); high sandy loam (SL), 81 areas (15%); sandy loam (sL), 281 areas (51%); and loam (L)
54 areas (10%).

2.2. Application of Process Models

One focus of the project was to use the CCB program according to the implementation
in [17] to examine its possible application on arable land. The process model calculates the
Corg and total nitrogen (Nt) dynamics directly from the turnover of the OM in the soil. In
contrast to other process models mainly used in scientific research, such as the ROTHC [20],
the CCB only needs a few data on soil type, climatic and weather conditions, cultivation
and fertilization, which are already available on most farms or are easily obtainable. As a
result of the simulation, the development of the Corg and Nt content in the soil over time
and the dependent N mineralization or immobilization (Nm) can be predicted directly.

In the past, the model has been successfully tested and validated on the results of
standardized long-term field trials [17,21,22]. Compared to the experimentally determined
values from 65 long-term trials with 598 test variants, the CCB shows the following statisti-
cal certainties:

- Calculation of contents or differences of Corg: mean error (ME) = −0.0016–−0.0041%
Corg, root–mean–square error (RMSE) = 0.14–0.16% Corg, r = 0.74 (p < 0.001).

- Nt calculations: ME = −0.0101–−0.0108% Nt, RMSE = 0.021–0.026% Nt, r = 0.40
(p < 0.001).
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- From the change in the Corg content, conclusions can also be drawn about the OM
balance.

2.3. Organic Matter and Nitrogen Balancing

The BEFU or BESyD program was developed by the LfULG. It is widespread in
agricultural practice and advisory services and is viewed in several states of eastern
Germany as an officially recognized PC program for nutrient and OM (“humus”) balancing
and for NFR determining [18,23].

The site-adapted method (STAND)—according to [24], a further development of the
VDLUFA method [25,26]—was used to calculate the OM balance. The methods have been
described in detail in some papers and compared with one another [21,22,27]. The statisti-
cal certainty of the STAND method for Corg differences in the RMSE is 0.11% Corg, r = 0.74
(p < 0.001). The VDLUFA (“Verband Deutscher Landwirtschaftlicher Untersuchungs- and
Forschungsanstalten”, https://www.vdlufa.de accessed on 24 September 2021) classifica-
tion according to [26] was applied to evaluate the OM balance results (Table 1).

Table 1. Evaluation of OM balances according to VDLUFA.

OM Balance (HEQ ha−1 a−1) Group Evaluation

<−200 A Unfavorable effects on soil functions and yield

−200 to −76 B Tolerable in the medium term, especially on
soils enriched with OM

−75 to 100 C
Optimal in terms of yield security with low

risk of loss, long-term fixation of site-specific
OM contents

101 to 300 D Tolerable in the medium term, especially on
soils impoverished with OM

>300 E Not tolerable in the long term, increased risk
of N loss, low N efficiency

HEQ = Humus equivalents.

In addition, the N balance was also carried out by the BEFU program with the stored
parameter data sets. From the difference between the N input via mineral and organic
fertilization as well as the symbiotic N2 fixation on the one hand and the N output with the
main and by-products on the other hand, the program initially calculates net field balances.
By adding the N inputs from the atmosphere deposition, gross balances were ultimately
obtained.

The N deposition data were made available by the German Federal Environment
Agency [28]. According to this, annual N inputs from the atmosphere through dry and
wet depositions of 16–30 kg N ha−1 can be expected for the federal state of Saxony. The
statistical certainty for calculating the N balances between the experimentally determined
and calculated values is r = 0.79 (p < 0.001) [29]. To evaluate the N gross balances, a five-step
matrix, based on the VDLUFA system for classifying the OM balance or the basic nutrient
supply of soils was developed (Table 2 [21,30]).

https://www.vdlufa.de
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Table 2. Evaluation of the (gross) N balances.

N Balance (kg N ha−1 a−1) Group Evaluation

<−30 A Undersupply, increased yield risk

−29 to −1 B Short-term tolerable, especially after crops
with low-N stand and root residues

0 to 49 C Optimal in terms of yield security with low
risk of N losses

50 to 80 D Short-term tolerable, especially after crops
with N-rich stand and root residues

>80 E Increased risk of N losses, low N efficiency

2.4. Procedure for Determining Fertilizer Requirements

The methods currently used to determine the NFR are based on the Nmin method or
an extended N balance approach [16,31,32]. Site-adapted planning models of agricultural
practice, such as the BEFU program, in which the essential factors influencing the N
demand of the plants are taken into account, enable a crop- and field-plot-specific NFR
determination. The starting point of the calculation is a site-dependent N base or N target
value as a measure for the crop-specific and the respective yield expectation-dependent
N requirement. These values are derived from a large number of N fertilizer field trials
and updated regularly. They correspond approximately to the N uptake by the grown
vegetation of the crop species (main and by-product) and indicate the total amount of
available N that leads to an optimal yield. The most important N sources listed below are
still needed to determine the NFR [16,18,33]:

- Soil Nmin reserve at the beginning of vegetation;
- N-delivery during vegetation depending on the previous crop species, the organic

fertilization of the previous crop and the type of soil;
- N-supply from organic fertilization for the cultivated crop species, in particular as

ammonium-N, depending on the amount, the type and the application date;
- Plus/minus vegetation status, irrigation, weather, etc.

The NFR results from the difference between the N base value and the sum of Nmin, N
delivery and N supply from organic fertilization. With the size “N-delivery”, an attempt is
made to evaluate the N-release from the decomposition of the OM through mineralization
with the help of tabular compilations. Only easily detectable parameters are taken into
account, which are important for the conversion of the degradable OM of the soil, the so-
called “nutrient humus” [34]. These simple estimates are based on results from N fertilizer
trials and empirical values, which are intended to depict the N mineralization capacity of
the crop residues and organic fertilizers. In the tables, the substrate and site dependence of
the turnover of this OM fraction is expressed, whereby only the actual year of cultivation
and the previous year are taken into account. The following fertilizer proportions of the
total N content are no longer taken into consideration [14,33]:

- slurry and liquid digestate 30–40%;
- stable manure and solid digestate 60–65%;
- compost 90%.

The total Corg content or earlier management measures, which, under certain circum-
stances, continue to have an effect into the year under review and can strongly influence
the turnover rates of the OM, are not taken into account. Examples of this are a significant
change in cultivation, such as a previous plowing of grassland or a long-standing high
livestock population with corresponding slurry or stable manure. The after-effects of such
measures can, so far, only be recorded via the poorly differentiated previous crop effect. In
the CCB program, however, organic fertilization is treated as part of the total stock of OM.
The N quantities that have been added with organic fertilizers over many years end up
in the total N pool of the soil. The N release is calculated from the conversion of the OM
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depending on the type of soil (clay content), the temperature and the precipitation, and
reported as “mineralization”.

The basic differences between the two models’ approaches become apparent from the
following calculation examples. Figure 1 shows the average amounts of N delivery or N
mineralization calculated with the BEFU or CCB models for 10 years. In both programs, the
N supply from organic fertilization in the year of application is also considered. The arable
field with a cereal crop rotation selected for these simulated calculations initially received a
comparatively low slurry supply of approx. 30 kg N ha−1 (0.5 LU ha−1) annually before
sowing over a period of 30 years. According to the BEFU calculations, approximately
15 kg N ha−1 of this quantity are available as N delivery. In the CCB over time, it is about
60 kg N ha−1, as the decomposable OM reserve in the soil also supplies N.
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Figure 1. Comparison of the N delivery or mineralization between the BEFU and CCB programs
after a temporarily increasing slurry use, calculated over 10-year periods for a cereal crop rotation
with 30% winter rape, the by-product straw remains on the field.

Depending on the type of fertilizer, this comparison shows that, in the BEFU calcula-
tion, only approximately 30–50% of the annual supplied manure-N is taken into account
when determining the NFR. Due to the type of calculation, the predominant remainder of
the fertilizer quantities supplied is excluded from the assessment and is no longer included
in future determinations. In contrast, according to this example of a long-term supply, the
CCB takes into account not only the total manure N but also a site-dependent N release
from the soil reserve.

In the BEFU program, an increase in the annual slurry application after 30 years to
1 LU ha−1 (60 kg N ha−1) or 2 LU ha−1 (120 kg N ha−1) results only in a small increase
in the N delivery of 5 kg ha−1 or around 15 kg Nha−1 a−1. After the manure application
was quadrupled, the calculated N delivery will only be doubled. In the calculations of
the CCB, on the other hand, the quadrupling of the slurry N dose leads over time to a
drastic increase in the mineralization rates by more than three times. According to this
calculation, up to 150 kg N ha−1 in the first decade and a maximum of 180 kg N ha−1 in the
third decade would then be counted as delivery for the NFR determination. A subsequent
reduction in the slurry fertilization after 60 years will not cause the annual mineralization
rates to immediately fall back to the initial level, but to remain, on average and over the
first 10 years, about 30 kg N ha−1 above this value. Even 20 years after the slurry had been



Agronomy 2021, 11, 2492 7 of 24

decreased, a significant after-effect of the liquid manure, of about 10 kg N ha−1 a−1, can be
expected (Figure 1).

Contrary to the previous estimate from tabular works, the authors of [22] propose to
integrate the N mineralization predicted by the CCB model into the usual NFR calculation.
As usual, a crop-dependent basic N value (target value) is used for this procedure. The
Nmin content in the spring and the calculated amounts of N mineralization and supply
from organic fertilizers in the year of use are then deducted from this base value as follows:

N-base value
−Nmin values at the beginning of vegetation
−N delivery from soil (calculated from model CCB=mineralization, Nm)
−N supply from manure (calculated from model CCB=Nm)
−Other N supplies
=NFR (mineral fertilizer).

This basic approach was used to calculate the mineral NFR for the most widely grown
crop species in the TP on the basis of 10-year management data. These calculations were
carried out with the same basic N values of the crop species and the same spring Nmin
values as they were usually used with the BEFU program. In this way, the results of the
following three methods for determining the NFR could be compared:

- Determination according to the farmers’ needs (=actual condition of the TP);
- Determination of needs according to BEFU on the basis of the field card records of

the TP;
- Determination of needs with BEFU using the N mineralization of the TP according

to CCB.

2.5. Statistical Methods

The examined long-term test areas differ in their field sizes; therefore, calculations
were based on one hectare of field size. In order to aggregate individual test features
at the field level, the weighted mean value (MW mean) for absolute and relative values
and specification of the number of values (n) was mostly used. Scatter and bar diagrams
were created with the EXCEL program for the visual representation of the results. The
statistical relationships between the various parameters are described using the standard
deviation (s), correlation and regression analysis. Validation results between values were
determined experimentally and values calculated by models were determined by ME
(mean error), RMSE (root–mean–square error), the PEARSON correlation coefficient (r)
and the significance levels (p).

3. Results
3.1. Fertilizer Recommendations

Taking into account the 10-year study cycle of the field records, NFR were calculated
for six cultivated crops, which come from a total of n = 2424 harvest years and correspond
to a share of almost 70% of the total cultivation cycles and 390 TP. First, the available
harvest years of the TP were aggregated and evaluated separately for each crop species.
Table 3 shows the parameters used for a comparison as mean values for the three examined
methods of determining the NFR (program BEFU columns no. 3–5, program BEFU includ-
ing Nm from CCB no. 6 and no. 7 in comparison to the actual applied fertilizer values of
the TP no. 8). On average, for the sites and harvest years, the BEFU fertilizer requirement
calculated for the individual crops (column no. 5) deviates only slightly from the average
of the N-mineral fertilizer used by the farmers (no. 8). There is a considerable difference
between the average fertilizer use (no. 8) and the recommendation (no. 5) only for triticale.
In the weighted average of the TP (MW), there was a high level of agreement between the
NFR according to BEFU of 137 kg N ha−1 and the N level used of 132 kg N ha−1.

If the individual values of the sites and years of cultivation are considered, there are
usually only weakly directed relationships between the BEFU fertilization recommendation
and the fertilizer levels used (Table 3, column no. 9). Only for grain maize and, with
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restrictions, also in the case of sugar beets, are the recommendation and the actual use
of N-mineral fertilizers at similar levels. However, both crops were only grown to a
comparatively small extent.

In two examples for winter wheat and winter rape, the actual N mineral fertilizer use
was plotted against the BEFU requirement assessment (without representation). For winter
wheat grown on a large scale, the calculated mean values for the NFR and the amount of
fertilizer applied are in good agreement. For winter wheat, however, individual doses of
between 100 kg N ha−1 and 200 kg N ha−1 a−1 were usual in practice, even if only half the
amount of N or, in the opposite case, considerably higher doses would have been calculated
after the BEFU NFR determination. For winter rape, the recommendation varied between
50 kg N ha−1 and 250 kg N ha−1. In fact, more than 175 kg N ha−1 was rarely applied.
With 135 kg N ha−1 for this crop a lower N requirement of approximately 20 kg N/ha was
calculated than was actually applied through fertilization (without representation).
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Table 3. Calculated mean values and standard deviation of characteristics for determining NFR with the BEFU program
and using the N mineralization determined with the CCB model in comparison with the actual N mineral fertilizer use for
various crop species in the long-term TP network.

Column: 1 2 3 4 5 6 7 8 9 10

Crop
Species

N Base
Value

Nmin Value
(Spring)

BEFU N
Supply
Organic

Fertilization

BEFU N
Delivery

Soil

BEFU
Calculated

NFR

CCB N Min-
eralization

(Nm)

BEFU, CCB
Calculated

NFR

Practice
NFR

(Actual Use)

Correlation
BEFU

Require-
ment/Use

Correlation
CCB

Require-
ment/Use

(n =
Cultivation

Years)
(kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (r) (r)

winter
wheat

(n = 841)
210 52 (±28) 3 (±25) 6 (±5) 150 (±28) 30 (±56) 128 (±64) 147 (±44) 0.174

(p < 0.001)
0.302

(p < 0.001)

winter
barley

(n = 565)
180 40 (±19) 3 (±6) 1 (±3) 137 (±20) 55 (±61) 58 (±64) 116 (±38) 0.093

(p < 0.05)
0.243

(p < 0.001)

triticale
(n = 212) 190 39 (±21) 7 (±14) 7 (±14) 144 (±26) 102 (±82) 49 (±86) 88 (±40) 0.140

(p < 0.05)
0.188

(p < 0.01)

winter rape
(n = 668) 200 38 (±26) 9 (±9) 19 (±3) 135 (±29) 108 (±68) 54 (±73) 153 (±39) 0.034 0.281

(p < 0.001)

sugar beet
(n = 88) 170 64 (±29) 24 (±24) 36 (±3) 57 (±32) 88 (±48) 19 (±61) 67 (±30) 0.376

(p < 0.01)
0.227

(p < 0.05)

grain maize
(n = 50) 200 60 (±45) 44 (±52) 26 (±5) 71 (±74) 52 (±103) 87 (±119) 74 (±50) 0.646

(p < 0.001)
0.593

(p < 0.001)

MW
(n = 2424) - 45 17 (column 3 + 4) 137 66 80 132 - -

The N mineralization performance determined with CCB (Nm, Table 3, no. 6) includes
both the N release of the organic fertilization in the year of application and the N delivery
of the soil, which is calculated from the entire, partly long-term, history of management
measures of the field. The Nm values showed considerable differences between the crop
species, as well as within the same crop, which can also be seen from the specified standard
deviations. This variability reflects the clearly different site and cultivation conditions
with strongly changing application rates of organic fertilizer of the individual TP. After the
implementation of the CCB results in the determination of the NFR, the consideration of a
longer period of pre-management and actual fertilizer use also finally led to strongly vary-
ing N fertilization recommendations between the individual sites and years of cultivation
(Table 3, no. 7).

From the standard deviations listed, it can be seen that by using the CCB calculations
for N mineralization, both the heterogeneity of the site and the differences in cultivation
for all crop species were considered to a greater extent than is expressed in the variation
of the applied fertilizer amounts. According to these investigations, the BEFU program
apparently considered the lowest variability in cultivation conditions for all crop species. It
becomes clear that the individual history of the TP and the diverse reality could evidently
be better covered by the CCB program than with statistically determined tabular values,
which originate from cultivation trials at corresponding locations (see Table 3, BEFU no. 3
and 4, CCB no. 6).

Taking into account the Nm values, an average NFR of 128 kg N ha−1 with a high stan-
dard deviation of ±64 kg N ha−1 was calculated (Table 3, no. 7). On average, winter barley,
triticale and winter rape would have only required a fertilization of 50–60 kg N ha−1. Due
to the extensive mineralization performance of the soil, for sugar beet an additional N
fertilization of just 20 kg ha−1 would have been necessary on average, also with consid-
erable variation between the years of cultivation. In practice, a comparatively uniform
67 kg N ha−1 was supplied instead (Table 3, CCB no. 7, practice no. 8).
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In contrast to the BEFU calculations, statistical relationships were established between
the NFR, taking into account the N mineralization and the fertilizer use actually applied
on the TP for all crop species (Table 3 no. 10, winter wheat r = 0.302, p < 0.001, winter rape
r = 0.281, p < 0.001). Apparently, a certain contribution of the N mineralization has already
been considered by the farmers when calculating the N fertilization. Compared to the
determinations of the CCB, which come from the entire history of the TP, this contribution
was mostly still considerably underestimated.

The calculated NFR, taking into account the Nm values, and the actually provided
N amounts only agree well for winter wheat and grain maize. Including all the long-
term TP, the calculated NFR considering the CCB mineralization was approximately
52 kg N ha−1 a−1 lower than the amount supplied by the farmers (Table 3, MW no. 7
and no. 8). Overall, there was a closer correlation between the NFR, including the process-
based N mineralization and the actual fertilization behavior of the farmers than with the
approach of the BEFU method based on simple statistical derivations.

By using the calculated values for N mineralization, the following shift occurred in
the importance of the individual components for the N supply (see Table 3, average in %):
Component BEFU calculation CCB calculation
Nmin values 23 24
N delivery 8 -
N mineralization - 35
N mineral fertilization 69 42
N total input 100 100

While, in the BEFU calculation, the consideration of N delivery plays a minor role at 8%
and the N mineral fertilization was attributed the highest importance, the mineralization
according to the CCB calculation represented a component whose importance has been
estimated at 35% on average. The N mineral fertilization, on the other hand, was rated
lower. This was true for the weighted mean values presented, as well as for the standard
deviation of the values. By considering the CCB mineralization, this component is even
more important than the Nmin investigation in spring.

Although farm practice data usually have high variability, significant correlations
between the conventional method of determining NFR using the BEFU program and the
modified method were identified (Figure 2). There was a close linear regression between
the two methods, since they were based on the same N target and Nmin values. Differences
between the methods existed mainly in the level of N fertilization, since the NFR with
consideration of the CCB mineralization can usually be clearly lower than those of the
conventional BEFU method. In addition, there were also differences in the calculated NFR
between the crop species analyzed.

On average, over all tested crops and years of cultivation, the recommendation for
mineral N fertilization was 57 kg N/ha per year lower when using the modified method than
according to the method previously used. NFR above the crop-specific target values are not
mathematically possible when using the BEFU method. The NFR can also exceed the target
values in individual years with the CCB calculations. This was the case, for example, when
there is a strong temporary N fixation or negative release rates after a high straw fertilization.

Considerable differences can occur between the NFR taking into account the N miner-
alization and the actual N mineral fertilizer application. The search for further causes, using
the example of winter wheat and winter rape, revealed a significant influence through the
average amount of organic fertilization (Figure 3). The higher the N supply via organic
fertilizers on the TP, the lower the CCB NFR was compared to the actual mineral fertilizer
input of the practice. The total N content of the organic fertilizers was considered in the
CCB calculations. The higher and longer the organic fertilization was applied, the higher
the calculated N mineralization also was, depending on the turnover conditions of the
sites. High mineralization rates ultimately led to low N fertilization recommendations.
In practice, on the other hand, organic fertilization was often not adequately taken into
account in the determination of requirements, because of the lack of procedural options.
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Table 4 shows the results of NFR calculations, including the CCB N mineralization
when differentiating between stockless (without organic fertilization) and livestock-keeping
(with organic fertilization) management. Without livestock, the calculated N mineralization
was at relatively low levels depending on the site and cultivation conditions. Empirically, it
is known that winter rape had higher values (67 kg N/ha) than winter wheat (20 kg N/ha,
Table 4). With livestock, winter wheat had received an average of 77 kg N ha−1 a−1 through
organic fertilization in the 139 years of cultivation, with rapeseed it was 81 kg N ha−1 a−1.
As a result of the accumulating effect on the soil, as expected, the N mineralization cal-
culated by CCB increased steadily over the years with the use of organic fertilizers, an
equilibrium was reached after a long time in which the manure N was almost completely
reflected in the calculated mineralization rates of the rape or wheat plots (140 kg N/ha or
81 kg N/ha, Table 4).

Table 4. Calculated mean values and standard deviation of characteristics for determining the NFR using CCB N mineral-
ization in comparison with the actual N mineral fertilizer use on long-term TP with winter wheat and winter rape with and
without organic fertilization.

Crop Species N Base Value Nmin Value
(Spring)

N
Mineralization

(Nm, CCB)

NFR
(Calculated)

NFR
(Actual Use)

Correlation
Requirement/Use

(n = Cultivation Years) (kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (kg ha−1) (r)

Test Plots Without Organic Fertilization (Stockless)

winter wheat (n = 702) 210 51 (±28) 20 (±56) 139 (±57) 150 (±43) 0.241 (p < 0.001)

winter rape (n = 297) 200 35 (±25) 67 (±61) 98 (±55) 131 (±39) 0.268 (p < 0.001)

Test plots with organic fertilization (livestock)

winter wheat (n = 139) 210 58 (±28) 81 (±64) 71 (±68) 133 (±46) 0.316 (p < 0.001)

winter rape (n = 371) 200 41 (±25) 140 (±65) 19 (±67) 146 (±37) 0.187 (p < 0.001)

If this mineralization performance was fully taken into account in the determination
of the NFR, the mineral N fertilization in rapeseed could have been reduced by more than
3/4 to just 20 kg ha−1. For winter wheat, only 71 kg N ha−1 would have been required
instead of 139 kg N ha−1. However, by the conventional calculations the mineral fertilizer
application was not even reduced by 20 kg N ha−1. Compared to the total organic N
supply, only about 25% on average was taken into account when calculating the mineral
N fertilization.

3.2. Organic Matter and N Balancing

To describe the OM and N stocks, balances of both characteristics including N deposi-
tion rates and leguminous N2 fixation were established over a uniform 10-year period be-
tween 2001 and 2010. The mean N-balance of the 546 TP over this period was 41 kg N ha−1

with a standard deviation of ±40 kg N ha−1 a−1. The highest calculated 10-year balance
was 153 kg N ha−1, and the lowest was −160 kg N ha−1 a−1. OM (humus) balances ranged
from −508 HEQ to 750 HEQ ha−1, with a mean value of 66 (±134) HEQ ha−1. Highly
significant relationships of r = 0.235 (p < 0.001) or r = 0.325 (p < 0.001) were determined
between OM and N balances or N mineralization of the CCB, respectively, while there was
only a very low correlation of r = 0.069 (p < 0.100) between the OM and the conventional
determined N delivery of the BEFU. For every 100 HEQ ha−1, with a large variation the N
balances increased by 7.0 kg N ha−1 and the Nm values by 11.9 kg N ha−1.

The relatively close relationship between the OM and N balance is also evident from
the classification matrix used, in which both characteristics were assessed using similar
classifications (Figure 4). To characterize the actual situation, an optimal supply of OM was
found on slightly more than 50% of the plots, while, on a total of 37% of the TP, the OM bal-
ances were too high. For the nutrient nitrogen, about 47–48% of the investigated TP showed
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optimal N balances between 0–49 kg N ha−1 a−1 (balance group C). While too low balances
hardly appeared, for around 29% of the plots increased values of up to 80 kg N ha−1 and
for just 14–15% of the TP strongly increased N balances >80 kg N ha−1 a−1 were deter-
mined. The annual N balances were also elevated on about 45% of the investigated plots
with these results, to such an extent that N losses to the environment cannot be ruled out
or are even likely, in certain years, or after certain crop species.
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Figure 4. OM and N balance classes for describing the actual state and after taking into account the CCB N mineralization
and corrected mineral N fertilization of the TP (total = 546 plots, on 390 plots (71%) NFR were performed).

There was also a highly significant linear relationship of r = 0.823 (p < 0.001) between
the total nitrogen supply and the N balances. Among the N fertilizers used, mineral
fertilizers predominated in all N balance groups. The annual mineral N application
increased continuously from balance group A to group E, from about 25 kg N ha−1 to more
than 136 kg N ha−1 a−1 (Figure 5). At the same time, from balance group A to group E,
increasing amounts of organic fertilizers, mainly slurry and farmyard manure, were also
applied. In group A, about 20 kg N ha−1 a−1 (~1/3 LU ha−1) was applied with manure; in
groups B and C, 30 kg N ha−1 of manure was applied; and in group E, 60 kg N ha−1 a−1

(~1 LU ha−1) of manure was used. Therefore, TP, in balance groups E that were clearly
oversupplied with nitrogen, received both the highest mineral and the highest organic N
fertilization. It can be seen that a reduction of mineral N fertilization due to the increased
use of organic fertilizers in this balance group and partly, also in the balance class D, did
not take place or did not take place to a sufficient extent.
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A relatively high degree of correspondence was determined for the classes A–E
between the two different numbers of TP, so that there is a good basis for comparison in
order to be able to assess the effects of the improved determination of NFR, including the
CCB mineralization (see Figure 4). Since the correction of the estimated NFR determinations
usually reduced the N mineral fertilization, the N balances decreased by 20–25 kg N ha−1

to an average of 17 (±40) kg N ha−1 a−1. The classification is thereby changed in a
directed way. The most important result is that the TP portion for the classes D and E
has been reduced by approximately 50% (factors 1.7–2.2). From the long-lasting, still
moderately high organic fertilization in the TP of class B and slightly in A, there was also
a relatively high N delivery, which can explain the increase of these classes due to the
reduced mineral N supply calculated at that time. Together, the results of the N balancing
were clearly improved by the inclusion of the N mineralization of the CCB model in the
NFR determinations.

4. Discussion

One measure with a proven high success control in water protection advice is the
implementation of nutrient balances at the field plot level or as a farm gate balance [35].
The results have a high informative value if they are collected completely in the sense of,
for example, the PARCOM guideline [36], i.e., in the form of the gross balance [37,38]. In
this work, a grouping of the N balance results, experimentally validated on long-term
trials, was also performed, whereby suggestions from the literature were extended to an
evaluation scheme with five balance groups (A to E) [21,39,40].

This establishes direct comparability with the VDLUFA classification, which has
proven itself in practice for assessing OM balances [26] or for determining the lime require-
ment [41] of agricultural soils. The “optimum range” (balance group C) was defined at
N balances between 0–49 kg N ha−1 a−1. The same delimitation is also made by [42]. In
this range, there is sufficient certainty to achieve optimal crop yields; balanced OM supply
and high N efficiency are ensured. If this balanced group C is complied with, there can be
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neither undesirable OM depletion due to nitrogen deficiency nor permanent N surpluses
with their disadvantages for the environment.

A strictly balanced (gross) N balance should be considered as a lower limit, but often
cannot be maintained, as certain N losses are unavoidable in arable farming. A demand-
oriented nutrient management must compensate for these losses, otherwise N deficiency
situations may actually occur over time. The level of these unavoidable N surpluses
can vary within certain limits depending on site characteristics, weather conditions, crop
rotation, and fertilizer forms [43]. Classes A and B show an undersupply, whereas D and E
lead to an increasing oversupply with indications of possible environmental hazards [30].

In this work, the OM and N balances of a total of 546 permanent TP with records
from arable field plot cards of at least 10 years’ duration from farms in the federal state
of Saxony were evaluated in the manner shown. With the correspondingly complete
determination of the humus and nutrient balances, 36% of the TP were characterized by
high OM balances and 44% of the plots were found to have excessively high N balances.
Similar results were also found in other comparable studies from Saxony using different
evaluation methods [8,44,45]. Over the course of several decades, only minor changes have
occurred. Accordingly, the differences to the conditions of the official fertilizer ordinance
are between 30–40 kg N ha−1. Compared with other German Federal States, the balances
determined are overall at a comparatively average to low level [5,46,47].

The results show that on the one hand, a realistic representation can be assumed,
and, on the other hand, a partly clear need for action can be derived. These results
occurred, despite the fact that, in Saxony, only a supply of 30 kg N ha−1 a−1 took place
via organic fertilizers in the 10-year average of the TP examined here, which corresponds
approximately to 0.5 LU ha−1. Therefore, organic fertilizers contributed only about 27%
of the nitrogen supply; on the TP areas with organic fertilizers, it was almost 30% of the
supply with 41 kg N ha−1 (slurry, stable manure).

It is known that excessive organic fertilizer use inevitably leads to undesirable N
and OM surpluses in the medium term, unless straw can be harvested more frequently
at the same time or the OM reproduction capacity of the farming system can be reduced
in other ways, for example, by changing the crop rotation [45,47]. This is also evident
from the inventory of a part of the Saxon test plots, as well as from the calculation of
different scenarios for the OM balance. In contrast to the OM level, which showed certain
deficiencies on the light arable soils, in particular, the over-supply with nitrogen turned out
to be higher the lighter the soils were that needed to be addressed. The relative oversupply
was therefore not primarily caused on the light soils by an excessive supply of organic
fertilizers but rather by an inappropriately high mineral N fertilization.

Despite intensive consultation, organic fertilizer has still apparently been regarded as
waste and not as a valuable resource on many farms. This is a plausible explanation for
why the TP in N balance groups D and E received both the highest organic and the highest
mineral fertilization. On the other hand, it could hardly be seen that the use of organic
fertilization led to corresponding savings in mineral N fertilization. This high supply of
fertilizers, then, led to the fact that more than half of the nitrogen used in these fields was
not removed with the harvests but remained on the land and was essentially to be regarded
as losses. Such clearly too-low values in the nutrient efficiency were determined not only
on the sandy soils, but also in dry sites, especially with pronounced spring drought, with
increased use of organic fertilizers and with higher root crop and winter rape portions in
the crop rotation [48].

Nutrient balances are therefore primarily an instrument for identifying errors in the
nutrient management of the farms, whereby reference should first be made to the fertilizer
use. High N surpluses of >80 kg N ha−1 a−1 or strong deficits of <−30 kg N ha−1 a−1, as
results of the balancing, should give every farm manager reason to critically reconsider the
fertilization practice. However, in order to gain a realistic overview of possible losses, it
is necessary to record all essential nutrient inputs and outputs and to offset them against
each other. This also applies to organic fertilizers, which must be included in the field plot
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balance with their total nutrient content, even if initially only a small part of it is directly
available to the plants after application. The extent to which stable manure, slurry or other
organic fertilizers can be used to substitute mineral fertilization and thus to reduce costs
must be carefully examined from field to field; this must be carried out without on the
one hand endangering the set yield targets and on the other hand, accumulating excessive
amounts of OM in the soil, which could later lead to an uncontrollable N release.

The sensible integration of organic fertilizers into the fertilization planning, however,
places high demands on the operational OM and nutrient management. Correctly used,
they can help to stabilize the OM balance and to save mineral N fertilizers. In practice, con-
siderable uncertainties remain as to the extent to which nitrogen from organic fertilization
can be taken into account when determining fertilizer requirements. The present evalua-
tions have shown that the NFR calculation carried out usually lead to only an average of
approximately 25–30% of the nitrogen quantity supplied via the organic fertilizers being
achieved. The remainder of N, which becomes available in subsequent years, cannot yet
be taken into account in the determination of requirements because farmers do not have
suitable instruments for this purpose.

Therefore, in many cases, an increased soil N release has not been recognized, which,
depending on the site, has led to over-fertilization. It can be assumed that, for these
reasons, certain safety margins are still common in mineral N fertilization in order to
prevent possible deficiency situations and feared yield losses [49]. In Saxony, in addition
to a generally excessive fertilization of certain crops (e.g., winter rape), the causes were
identified as an overestimation of the expected or intended yield level, especially on the
light soils of the eastern German drylands. Moreover, optimal N utilization is only possible
if all growth factors are at the optimum. Additional irrigation could possibly help at these
sites [44,48].

It is well known that as a result of organic fertilization measures the majority of the
N content initially enters the soil’s N store in organically bound form. Depending on the
prevailing environmental conditions (soil, climate), a steady supply of organic fertilizers
leads to increasing N supply rates over the years until a balance is reached between the
supply and decomposition of OM and the mineralization of nutrients [34,50–53]. The gross
ammonification can thereby show values of more than 20 kg N ha−1 day−1, which are
sufficient without additional N applications to amply cover the uptake peaks of maize of
4.4 kg or of potatoes of up to 8 kg N ha−1 day−1 [54,55].

Farms regularly using such manure build up a corresponding N pool in this way,
which finally becomes noticeable in the course of the years in a regularly higher N delivery.
According to the calculations carried out here, a doubling of the N release through mineral-
ization can already be expected with manure applications of an average of 0.7 LU ha−1 a−1

(corresponding to 40 kg N ha−1 a−1) compared to cultivation methods with the same crop
rotation but without organic fertilization. In absolute values, the release on heavy soils
is far greater than on light sites. As also shown by simulation calculations, this effect
continues to have an impact for several years to decades even after organic fertilization has
been discontinued due to slowly decreasing release rates, depending on the level of OM
and N accumulation achieved.

The results of special evaluations of long-term field experiments from recent times
lead to the conclusion that more or less all of the OM added to the soil from crop and
root residues and from organic fertilization is subject to conversion and decomposition in
time sequences of several decades, and that the nutrients released via mineralization are
then principally used for plant growth. As a function of the supply level, experimentally
determined total efficiencies were calculated from this work, which, on the one hand show
higher values for nitrogen than previously assumed by [56,57], and, furthermore, show
hardly any differences between mineral and organic N sources [34,58,59].

The results of static long-term field experiments with combined increasing organic
and mineral N fertilization can also explain the yield reactions of the crop species on farms
with the use of organic fertilizers. Due to the increasing delivery of periodically used
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organic fertilizers over time, there is a steady increase in the yield of the crops grown in the
crop rotations following the law of diminishing yield growth [60]. In this context, the yield
deviation of the crop rotation between the variants decreases with increasing mineral N
fertilization, e.g., in an IOSDV trial on loamy soil in Hungary from initial s = 0.66 t DM
to s = 0.53 t DM ha−1 after 12 trial years [61]. As the duration of the trial progresses, the
N delivery capacity can increase to such an extent that, in the variants with additional
mineral N fertilization, either no more yield effect is achieved and thus maximum yields
are reached, or the fertilization level can be reduced markedly in some cases to achieve
optimum yields [62–68].

An important key to optimizing N fertilization is, therefore, to predict the N delivery
or mineralization from the soil as precisely as possible. Until now, the most common
methods for determining NFR have been used for this purpose, being kept up to date by
the German Federal State institutions depending on legal regulations [33,69]. As a rule, the
N delivery is estimated from tables that have been determined using statistical methods,
taking into account the soil type, the cultivated, and the previous crop species as well as
the type, amount, and application date of the organic fertilizer. The lower the “mineral
fertilizer equivalent” (MFE) of the organic fertilizers is estimated, the smaller this counted
portion is. MFE is the proportion of the nitrogen content of organic fertilizers that is more
or less directly available to plants in the year of application [70–73]. Nutrient losses during
application and through leaching, as well as the N fraction present in organic fixation, are
not counted. In the year of application, the MFE thus indicates how high the direct effect of
the nitrogen in organic fertilizers is to be assessed in comparison to mineral N fertilizers.

Numerous experiments [72,74,75] have clearly shown that organic fertilizers generally
do not have the same N fertilization effect in the year of application as the same mineral
N fertilizer amount. In the current recommendations for determining NFR according to
“good professional practice”, for example, in the BEFU program used here [18,33], this is
taken into account by means of appropriate reductions depending on the type of organic
fertilizer, the application date, the crop to be cultivated, and, if necessary, the organic
fertilizer applied to the previous crop species. For example, in the specifications of the
fertilizer regulations [7,14,76], it is assumed that the N not counted from farm manure is
then bound in the OM of the soil and/or must be accepted as a source of loss.

In the case of the various types of slurry and liquid digestate, this proportion is
between 20–40%, with stable manure 40–80% and, in the case of composts, it can even be
approximately 90% of the nitrogen contained in these fertilizers, which is then no longer
taken into account for any further requirements. If the fertilizer demand is determined
once or at most twice, according to this scheme, obviously useful results for the estimation
of the NFR are found. However, if organic fertilizer is applied periodically or annually,
the calculations according to MFE lead to increasingly inaccurate results the longer this
cultivation lasts. In a long-term field trial, for example, it was shown that an N calculation
according to MFE for stable manure and slurry variants led to constantly higher yields
than in the corresponding mineral comparison variants due to the increasing delivery
supply [77].

If this N portion, which is not or not immediately available to plants, is not taken into
account, or is compensated for or even replaced by mineral fertilization, as the current
rules previously provide, the use of organic fertilizers, consequently, always leads to higher
N balances than after the sole use of mineral N fertilization. This result could also be
confirmed by the inventory of the nitrogen household of the Saxon TP carried out here. As
soon as N-quantities of >40 kg ha−1 a−1 were applied with the organic fertilization, the
majority of the plots were assigned to the N balance groups D and E.

This insufficient consideration of the nitrogen supplied with farm manure in the
NFR is to be regarded as a major cause for the high N balances determined with risks
for N discharges into the environment of Saxon agriculture. As already mentioned in
the introduction of the disadvantages of nutrient comparisons, it can also be deduced
from these results that the goals for improving the environmental impact of agriculture
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will hardly be met by the new fertilizer ordinance [14] with this conventional form of
determining the NFR; [78,79] have also come to similar assessments for various reasons.

As a typical value, it can be assumed that approximately 1–3% of the organically
bound nitrogen in the soil is subject to mineralization per year [15]. Considering the
average OM contents of 2–4% in agriculturally used soils, this corresponds to an N delivery
of between 50 kg ha−1 and up to over 300 kg N ha−1 a−1. The wide range of possible rates
reflects the influence of soil moisture, temperature, and management. Despite intensive
research, it has not been possible to narrow down this range to the point where it is possible
to predict the N delivery with sufficient certainty on the basis of easily detectable properties.
Efforts to determine the extent of N mineralization, e.g., by chemical, mechanical or other
laboratory methods, have therefore remained largely unsuccessful to date [80–87].

In addition, trying to derive an improvement in NFR determination using soil test
results, sensors, precision, and smart farming methods, as well as by more accurately
considering the current weather of the cropping year [16,88–91], seems to being slowly
exhausted as well, with only little progress made in test phases, for example. In principle,
simulation models can better represent the complexity of N turnover [53,92]. However,
most of the methods currently under scientific development for quantifying N delivery
have hardly been tested under field conditions. They are often too complex for use in
agricultural practice, or the necessary data basis is lacking [93–97].

In systems with high levels of organic fertilization, the early spring Nmin values also
increase somewhat depending on the fertilizers used, which can usually already be taken
into account when determining NFR. As a result, only a small proportion of the N delivery
is considered, because the majority of the mineralization that occurs usually takes place
after the Nmin test date, parallel to rising temperatures during the vegetation period. A
comparison between livestock-less and livestock-rich TP has shown that the Nmin values in
spring increase by only 6–7 kg N ha−1, while the calculated mineralization amounts have
increased by 61–73 kg N ha−1. Similar increases in Nmin values are obtained in long-term
experiments at comparable levels of organic fertilizer supply [64,68,77]. An extremely high
accumulation of soluble N compounds only occurs after simultaneously high mineral and
organic fertilizer supply.

It is also possible to qualitatively record this increased subsequent delivery in the
course of the vegetation by using certain methods, such as a late Nmin determination or
the use of rapid tests (nitrate test, N-tester [90]). However, from a temporal perspective, a
quantitative consideration in fertilization planning is hardly possible with such methods.
Increasing N mineralization rates also result in a higher annual variability of the mineral-
ization, which can only be taken into account in the calculations by recording the climatic
differences. This is another aspect that may appear to be important when determining
the NFR, but its forecast reliability is difficult and, moreover, has hardly been noticed
until now.

The CCB model [17] used in this work requires only a few data already available in
the field plot cards of most farms to estimate the N mineralization rates depending on
soil type and current or mean weather data (precipitation, temperature). The program
calculates the N delivery (N mineralization, Nm) directly from the turnover of the active
part of the soil OM (=“nutrient humus”), whereby the organic fertilizer is considered as
part of this soil OM portion after application. Using the results of many long-term field
trials, there is a high statistical accuracy in most cases between the change in Corg and Nt
contents over time (which contain around 95% of the soil N content) and the calculated
changes in the CCB model after an average of 26 trial years [22], so it can be assumed that
the extent of mineralization can be calculated with sufficient confidence. The longer the
time period of the calculated cultivation and fertilization data from the field history is
available and can therefore be taken into account, the more accurate will be the calculations
for N mineralization but also for checking nutrient management with the help of balancing
and efficiency evaluations.
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As a rule, the CCB model calculates higher values of N delivery than the conventional
usual methods, e.g., when determining NFR with the BEFU program. The differences
clearly rise with increasing organic N fertilization and the number of years of applica-
tion. In the average of the cultivated crop species, with BEFU, a mean delivery value of
17 kg N ha−1 and with the CCB model, a value of 66 kg N ha−1 a−1, could be determined.
These results could be obtained although the TP of agricultural practice used are character-
ized by a relatively high statistical dispersion. From the standard deviations listed, it could
also be seen that by using the CCB, the site-specific and cultivation-related heterogeneity
of the fields could be represented much better than with the BEFU program.

As already listed in the above-mentioned static combination field trials, the mineral N
fertilization quantities of the farm TP could also be reduced clearly in some cases, after inte-
gration of the N mineralization determined with the CCB model into the NFR. On average,
of the TP investigated for this purpose with a minimum 10-year duration, the savings could
amount to around 50 kg N ha−1 a−1, which would be of considerable importance, both
from an economic point of view and for reasons of environmental protection. A reduction
potential of 30–50 kg N ha−1 was arrived at in a previous study [49]. After incorporating
the corrected level of N mineral fertilization into the N balancing, the average N balances
could be reduced by at least 20 kg N ha−1 a−1. Above all, the oversupplied test plots of
classes D and E were significantly reduced.

5. Conclusions

It can be concluded from the findings that, more than any other influencing factor, the
consideration of N mineralization has contributed to an improvement of the N management
of the cultivation methods. It could be shown that the situation on farms is much more
similar to the conditions on special long-term field trials than to those of short-term
trials with an annual change of location, usually used to improve N fertilization systems.
Therefore, there is a need for action to revise the procedures for determining NFR to
consider the N delivery from OM turnover, from the current year as well as previous
cultivation years. Therefore, it is necessary to expand the records in the field plot cards
in order to document this cultivation history. In the next phase, both the suitability of N
mineralization methods and the magnitude of inclusion should be tested separately in
long-term field experiments and on-farm trials to further optimize the NFR.
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