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Abstract
This study examined the suitability of three different indicators as entry points for agricultural
regulation for limiting excess nitrogen (N) fertilizer inputs in Germany: net soil surface balance,
gross farm-gate balance, and fertilization planning. Data on about 6000 farms in Germany were
grouped into types for comparative analysis. The design of the regulatory approaches and the
reliability of constituent parameters were then examined, and proportions of affected farms and
mean N reduction requirements were identified. This revealed that: (a) design and purpose of the
regulatory approaches differ, but the data requirements are very similar; (b) the parameters
involved differ in reliability and integrity; and (c) the limits for maximum N fertilizer input at farm
level vary with approach and farm type.

List of abbreviations

BMEL Bundesministerium für Ernährung
und Landwirtschaft (Federal Ministry
of Food and Agriculture)

BNF biological nitrogen fixation
COM European Commission
DüV Düngeverordnung (Fertilizer

Application Ordinance)
EU European Union
FADN farm accountancy data network
FarmB farm-gate balance
FertP fertilization planning
MINAS mineral accounting system
N nitrogen
NIRS near-infrared spectroscopy
NUE nitrogen use efficiency
SoilB soil surface balance
StoffBilV Stoffstrombilanzverordnung

(Ordinance on Substance Flow
Analysis)

1. Introduction

1.1. Background
Crop targeted and balanced N fertilization is neces-
sary for optimal plant nutrition and at the same
time to reduce environmental impacts. Loss of react-
ive N compounds from farms is a major ecological

challenge, these compounds threaten biodiversity,
climate, and human health (Sutton and Bleeker
2013). The EU Nitrates Directive (91/676/EEC) aims
to reduce nutrient losses from agricultural activ-
ities in order to protect groundwater and surface
waters from nitrate emissions (European Commis-
sion 1991). In Germany, the Directive is implemented
through the Fertilizer Application Ordinance (DüV)
(DüV 2020). On the background of the judgement
of the European Court of Justice from 21 June 2018
for inadequate implementation of the Nitrates Dir-
ective, the DüV was amended in 2020 (Kuhn et al
2020). The amended version abolishes the need for
nutrient comparison in a nutrient SoilB, and tight-
ens the rules on FertP. For regions exceeding the
nitrate threshold value for groundwater of 50 mg
NO3 L−1 or above 37.5 mg NO3 L−1 with an increas-
ing trend (e.g. in high livestock regions in North-
western and Southern Germany, or low precipita-
tion region in East Germany), strict and harmonized
measures to reduce water pollution by nitrates must
be implemented (Wolters et al 2021). Since 2021,
the quantity and quality of measuring stations for
the classification of nitrate sensitive areas has been
increased, and a standardized methodology has been
prescribed (BMEL 2020). In order to achieve the Ger-
man target for sustainable Nmanagement embedded
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in the German Sustainable Development Strategy,
the Ordinance for Substance Flow Analysis (StoffB-
ilV 2017), a FarmB framework, was introduced in
2018 (The Federal Government 2020). This study
compared the three regulatory approaches (SoilB,
FertP, FarmB) as performance indicators for nutri-
ent management in terms of structure, control, and
enforcement, and the effects on N management at
farm level. The current state of the approaches and
their potential, similarities, and differences in agri-
environmental policy were also compared.

Nutrient policy in the EU, and especially in
Germany, is undergoing major changes (Klages et al
2020a), most recently through the abolition of SoilB
in German regulations (Klages et al 2020b). At mem-
ber state level, the gross nutrient balance in 2017
was only 62 kg N ha−1 per utilized agricultural area
(UAA) in Germany, while it was 187 kg N ha−1 in the
Netherlands (Eurostat 2020a). However, the Nether-
lands has already implemented fertilization planning
as a regulatory approach, according to COM require-
ments, while in Germany two regulatory approaches
(FertP and SoilB) were applied contemporaneously
until 2020. Due to the degree of nitrate pollution,
lack of improvements in German groundwater bod-
ies, and a dispute about required measures, Germany
was challenged with infringement in 2013 (Salomon
et al 2016) and found guilty in 2018 (European Court
of Justice 2018). Around 20% of EU-wide infringe-
ment cases in 2019 were within the environment
policy area (European Commission 2019b), many
relating to the Nitrates Directive, e.g. in Germany,
Greece, Belgium, and Austria (European Commis-
sion 2019a). This illustrates the enormous bureau-
cratic effort required to ensure implementation of the
Nitrates Directive in EU Member States.

Germany is at a turning point: SoilB has been
abolished by the national legislative authority and
FertP has been strengthened, as it is considered the
preferred approach under the EU Nitrates Direct-
ive. However, FarmB is legitimized by the national
targets set for sustainability and climate protec-
tion, and, thus, by the sovereign of Germany, the
Bundestag. The Federal Government has set the goal
of 70 kgNha−1 for FarmBof the agricultural sector to
meet sustainable standards in the context of water and
air quality, biodiversity and climate protection (The
Federal Government 2020). This requires a N surplus
reduction of about 20 kg N ha−1 (DESTATIS 2020).
A policy-relevant question addressed in this paper
is which performance indicator is best for nutrient
management.

FertP, SoilB, and FarmB are approaches of agri-
environmental policies whose results are indicat-
ors for multiple purposes, e.g. monitoring or con-
trol (Klages et al 2020a). Fertilization planning and
nutrient balancing inherently provide diverging views
on the fertilization process: fertilization planning
is performed ex ante in order to limit N excesses

through timely and needs-based application, while
nutrient balancing of N inputs and outputs is per-
formed ex post. Nutrient balancing provides inform-
ation about (a) production efficiency, e.g. on field
(=UAA) (SoilB) or farm (FarmB) level, (b) environ-
mental pressure (OECD 2013), and (c) links between
nutrient use in agriculture, nutrient losses to the
environment, and sustainable1 soil nutrient usage
(Eurostat 2017).

1.1.1. Soil surface balance (SoilB)
SoilB, a net soil surface balance related to account-
able N inflow of the applied fertilizer, was a legally
binding approach for German farmers until 2020. For
calculation of SoilB, standard values had to be used,
e.g. excretion factors for N and phosphates depend-
ing on animal category, development stage, feed com-
position, and nutrient concentrations in harvested
crops. Individual estimates were also accepted, e.g.
for nutrient concentrations in roughages in com-
pliance with minimum values. N removal by har-
vested/grazed roughage crops was estimated consid-
ering animal category, development stage, type of
husbandry and animal numbers. Substantial losses
(15%/25%) could be deduced from the calculated N
removal from the field/grassland by roughage. Also,
manure- and digestate-specific gaseous N losses were
deduced from standard excretion figures for volatil-
ization in housing and storage (15%–45%), during
field application (5%–10%), and on pasture (75%),
depending on animal species. Since these are max-
imum factors to be used, lower ones can also be
taken due to better application or aeration techno-
logy (DüV 2017, 2020, Häußermann et al 2020).
An additional N input, BNF, was mostly deduced
from tables as a function of leguminous species cul-
tivated on arable land or their proportion in grass-
land (equation (1)). The target for net SoilB was an
N surplus ⩽50 kg N ha−1 as a 3 year mean (DüV
2017). The N surplus in SoilB was taken as an agri-
environmental indicator of potential N emissions and
a ‘pressure indicator’ of potential nutrient losses to
the environment, i.e. it indicated the potential threat
of reactive N compounds to the environment with
its different media. Nutrient surpluses can lead to
eutrophication and surface and groundwater pollu-
tion (Leip et al 2015, SRU 2015, Jansson et al 2019),
while nutrient deficiencies can decrease soil fertil-
ity and increase erosion (Eurostat 2020b). Indicators
such as field NUE can be deduced from SoilB (Löw
et al 2020).

SoilB
[
kg Nha−1

]
=

Napplied −Nremoved

utilized agricultural area
. (1)

1 In this context, sustainability means ‘preserving and/or improv-
ing the level of production without degrading natural resources’
Eurostat (2017).
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Napplied =
∑

mineral fertilizer,organic fertilizera,

soil additives, BNF.

Nremoved =
∑

marketed crops, fodder and forage

crops, pasture.

a= considering standard factors for losses due toN emis-
sions from volatilization in housing and storage, and
manure application to soil (=net).

1.1.2. Farm-gate balance (FarmB)
FarmBwas added toGerman agri-environmental reg-
ulations in 2018 (StoffBilV 2017). At present, FarmB
only applies to large livestock farms, but will likely
be extended to almost all farms from January 2023.
The aim is to meet the national sustainability tar-
get of a maximum surplus of 70 kg N ha−1 by 2030
(The Federal Government 2020). In FarmB, nutri-
ent accounting is based on invoices, delivery notes,
and product declarations for nutrients (e.g. mineral
fertilizers, feedstuffs) or standard values (e.g. nutri-
ent content of animal products, excretion factors). All
products containing N or phosphates that enter the
farm from external sources are considered ‘inputs’
and all products containing N and phosphates that
leave the farm are considered ‘outputs’. Gaseous losses
are not considered, as FarmB is a gross calculation.
BNF on arable land is considered an input, whereas
atmospheric N deposition is not directly considered
(equation (2)). The actual gross farm-gate balance
threshold is an N surplus ⩽175 kg N ha−1 as 3 year
mean. Also, a farm-individual maximum N surplus
can be calculated (StoffBilV 2017), which corres-
ponds to the SoilB threshold (Klages et al 2017). In
addition, loss factors are granted for organic fertilizers
and roughage produce, andmust be added to it. How-
ever, the impact is diminished by adding a 10% mar-
gin on the permitted maximum farm-individual bal-
ance value (StoffBilV 2017). FarmB aims to document
nutrient flows on livestock farms in a transparent and
comprehensible manner (BMEL 2019). The FarmB
value is thus an indicator of the environmental pol-
lution caused by N compounds, and is actually con-
sidered themost integrative and transparent indicator
in nutrient management (Oenema et al 2003, Bach
and Frede 2005, SRU 2015). Further indicators, e.g.
farm NUE, may also be deduced from FarmB (Löw
et al 2020).

FarmB
[
kg Nha−1

]
=

Nimported −Nexported

utilized agricultural area
.

(2)

Nimported =
∑

mineral fertilizer, organic fertilizera,

soil additives, seeds and planting material,

fodder, animals, BNF.

Nexported =
∑

plant products, animal products,

animals, mineral fertilizer, organic

fertilizera, soil additives, seeds and

planting material.

a = organic fertilizer quantities produced (=gross).

1.1.3. Fertilization planning (FertP)
Since 2020, FertP is the main regulatory control
approach for on-farm fertilizer management and
for enforcement of Nitrates Directive in Germany
(Awater-Esper 2019). This is in accordance toNitrates
Directive Article 5 and annex III defining the required
component of action programs for vulnerable zones
(European Commission 1991). Germany applies the
NitratesDirective at national level, and has designated
regions with elevated nitrate pollution where fertil-
ization is limited to 80% of the fertilization demand
calculated according to FertP (DüV 2020).

FertP is a mandatory, site-specific tool based on
crop-specific nutrient demand values and nutrient
availability from soil and previous crops. Depending
on farm-specific (quantitative and qualitative) yield
potential for the preceding 5 year period, individual
on-farm nutrient demand can differ from the stand-
ard value. Actual fertilization demand is reduced by
standard values representing the nutrient supply from
soil, due to soil type or previous organic fertilization,
based on soil analysis for plant-available N in spring.
An overview of the exact methodology can be found
in equation (3) and in section 2.1. The resulting fer-
tilization demand for a growing season can be met by
organic, organo-mineral, and mineral fertilizers, but
must not be exceeded. Thus, FertP establishes a farm-
specific maximum total N application. However, this
requires knowledge of the nutrient concentration in
the applied fertilizers. Formanure or digestate, stand-
ard values from DüV can be used as an alternative to
laboratory test results (DüV 2020). Contrasting SoilB,
additional deductions (=minimum effectiveness) are
calculated for N from organic fertilizers applied.

FertP
[
kg Nha−1

]
= N demandcrop + additions

− deductions. (3)

Additions=
∑

yield differencea,b, coveringa,

difference in raw proteinb.

Deductions=
∑

yield differencea,b, Navailable in

the soila, Nresidualfrom organic

fertilizers in previous yearsa,b.
Nresidualfrom soil reservea,b, Nresidualfrom BNFb,

previous cropsa, difference in raw proteinb

3



Environ. Res. Lett. 16 (2021) 055009 P Löw et al

Table 1. Comparison of the three agri-environmental approaches considered regarding time, space and indicator usage.

Indicator, legal
reference

Statutory
framework

Temporal scale,
dimension Spatial scale Reference unit

Aim for
indicator use

Fertilization
planning, §4
DüV (2020)

Nitrates
Directivea, NEC
Directiveb, c

Ex ante, 1 year Parcel, or
homogeneous
land unit

Area (ha) Planning and
consultancy,
monitoring,
control

Soil surface
balance, §8 DüV
(2017)

EC Nitrates
Directivea, NEC
Directiveb

Ex post, 3 year Agricultural
area utilized

Area (ha) Benchmarking,
monitoring,
control

Farm-gate
balance, §6
StoffBilV (2017)

German
Fertilizer Lawd,
§11a

Ex post, 3 year Farm Farm, area (ha) Benchmarking,
monitoring,
control

a European Commission (1991).
b European Commission (2001).
c European Commission (2016).
d DüngG (2009).

a = valid for arable crops and vegetable growing.
b = valid for grassland, permanent pasture and

multi-cut fodder crops.
Under the Nitrates Directive, fertilization plan-

ning is the main control approach for limiting N
inputs to EU farms. Nutrient balancing is currently
only mandatory in Switzerland, Romania, and partly
in Germany, but fertilization planning must be recor-
ded in all EU countries (Klages et al 2020a). In
the Netherlands, N balances are drawn up at the
farm-gate level of dairy farms. This is not mandat-
ory but an agreement between the milk processing
industry and producers, requiring digital reporting of
N balances (‘ANCA tool’) as a precondition for mar-
ket access to the national milk processing industry
(Aarts et al 2015, Holster et al 2015, Klages et al
2020a).

1.2. Research gap and objectives
In previous studies, FADN data have been used to
generate farm-gate N balances for certain regions in
EUMember States, e.g. in Flanders, Belgium (Nevens
et al 2006), and in Hesse and Baden-Württemberg,
Germany (Gamer and Zeddies 2006, Bach 2013,
StickstoffBW 2015, 2017). In these studies, mineral
fertilizer quantities were derived from fertilizer costs
using N-coefficients, as documentation of detailed
quantities only began in 2016/17. The present study
is unique in using (a) exact data on the quantit-
ies of mineral fertilizers applied and (b) a broad
spectrum of German farm types to (c) qualitat-
ively and quantitatively compare and evaluate three
important past and future agri-environmental per-
formance indicators embedded in German regulatory
law.

The overall aim was to show the systemat-
ics and identify similarities and differences in the
three performance indicators for farm nutrient
management (table 1), qualitatively with regard to

robustness and integrity2, and quantitatively with
regard tomaximumpermittedN fertilizer application
rate. Accurate nutrient balances and fertilization
plans were generated, primarily based on farm
accounting records, and used to estimate discrep-
ancies between actual application rates of N fertil-
izers and maximum permitted rates for the farm type
according to the regulatory performance indicator.
Thus, (a) the strictness of the approaches was evalu-
ated and (b) reduction requirements in fertilizer use
or scope for action on different farm types was iden-
tified, (c) taking into consideration data uncertainty
and parameter reliability of the different parameters
of the approaches. The hypotheses tested were:

Hypothesis 1 (H1.). Different performance indicators
can be used to establish restrictions on fertilizer
inputs which lead to comparable results in theory.

Hypothesis 2 (H2.). The design of the requirements
based on the different indicators leads to differing
impacts in practice.

Hypothesis 3 (H3.). The underlying data and assump-
tions used to compute the indicators lead to sys-
tematic differences of the three indicator-based
regulatory approaches in terms of data uncertainty
and reliability.

Hypothesis 4 (H4.). The conclusions on the hypo-
theses H1 to H3 vary according to farm types.

2. Material andmethods

2.1. Data
We used FADN data covering approximately 10 000
farms in Germany, representing different farm types
and regions with comprehensive structural and fin-
ancial data. Prior to analysis, an accuracy check on all

2 Integrity in this contextmeans incorruptibility and accuracy of an
approach according to guidance in the Paris Agreement UNFCCC
(2016).
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data was made using a plausibility program provided
by the Federal Ministry of Food and Agriculture
(BMEL). For details, see BMEL 2018a, 2018b.

From the data, six farm types were identified
using the EU/BMEL farm typology based on finan-
cial outputs: (a) arable farms, (b) dairy farms, (c)
other cattle and grazing livestock farms, (d) mixed
production systems, (e) pig and poultry farms, (f)
permanent crop farms. For pig and poultry farms,
only agricultural farms havingUAAare listed, and not
industrial farms. The key data for the farm types were
weighted using type-specific extrapolation factors, to
ensure consistency with sectoral totals (Hansen et al
2009, Haß et al 2020). These factors, derived from the
national farm survey (DESTATIS 2017), were strati-
fied using farm size, financial output, and farm type,
to reduce the standard error in the results. SoilB,
FarmB, and FertP were calculated to determine the
permitted N fertilizer input for the financial year
2018/20193, that may be applied either by mineral
fertilizers or by the plant-available organic fertilizers.
Farms with animals may reach the limit with organic
fertilizers alone.

Since previous 5 year yield is considered for
FertP, only farms with long-term representation in
FADN were included (n = 6112). The required para-
meters are approach-specific and differ in terms of
data reliability. FarmB and SoilB use similar data,
but the system boundaries (farm-gate or soil sur-
face) differ. FertP uses another logical access to the
data, but the parameters used are also quite sim-
ilar to FarmB and SoilB. Assessment of parameter-
and approach-specific data reliability, focusing on
data origin, revealed differences (table 2). For further
details on the source of data and the implementation
based onGerman FADN see table A1 (available online
at stacks.iop.org/ERL/16/055009/mmedia).

2.2. Statistical analysis
For explorative data analysis, the equivalent functions
in Microsoft Excel Professional Plus 2010 were used.
Mean and standard deviation for different farm types
were calculated based on the functions in SAS (SAS
9.4) commercial statistics software.

3. Results

The impact of the respective performance indic-
ators (as kg N ha−1) was calculated. Farm type-
specific exceedance of the maximum surplus of
50 kg N ha−1 for SoilB, and of the maximum surplus
of 175 kg N ha−1 and the farm-individual maximum
surplus for FarmB, as legally binding thresholds, was
then identified (DüV 2017, StoffBilV 2017). We also
compared the amount of N applied above the N
fertilizer requirement according to FertP, where the
threshold value is the balance between foreseeable

3 Themajority of farms (95%) base their accounts on the fiscal year.

N requirements of the crops and the N supply to
crops from soil and fertilizers. Land application of N
fertilizer must not exceed the calculated N fertilizer
requirement, which can be interpreted as a threshold
level of zero.

Figure 1 shows the results of FarmB and SoilB for
representative farms in the FADN network, as box-
plots (10th to 90th percentile). For FarmB, pig and
poultry farms (119 kg N ha−1; mean surplus) and
dairy farms (95 kg N ha−1) had considerably higher
N surpluses than the other farm types. For SoilB, only
pig and poultry farms (76 kg N ha−1) showed dis-
tinctly higher N surpluses. Both approaches revealed
large variations in N surplus, even within farm type.
However, due to the high gross N surplus in FarmB,
the N input-limiting effects of the two approaches
differed considerably. Figure 2 shows N applied com-
paredwithN permitted according to FertP, where val-
ues exceeding the 0-line indicate the exceedance of
permitted N input thresholds and values below show
that the permitted N input is not fully utilized.

The pattern for FertP and SoilBwas generally sim-
ilar (figure 2). For dairy farms (30%, 12 kg N ha−1;
share of affected farms of this type, mean N reduc-
tion requirement related to total farm area of the farm
group), permanent crop farms (30%, 10 kg N ha−1)
and arable farms (16%, 6 kg N ha−1), FertP was the
most limiting approach. SoilB was most demanding
for pig and poultry farms (68%, 35 kgN ha−1), mixed
production systems (28%, 11 kg N ha−1), and other
cattle and grazing livestock farms (18%, 8 kg N ha−1)
(figure 2). On average for the agricultural sector, 27%
of the farms were affected with a mean reduction
requirement of 10 kg N ha−1 for FertP, whereas the
corresponding values were 23% and 9 kg N ha−1 for
SoilB.

The current threshold in FarmB (175 kg N ha−1

surplus) was not demanding for most of the farm
types. Only pig and poultry farms showed con-
siderable surpluses greater 175 kg N ha−1 (21%,
12 kg N ha−1) (figure 3). On average for the agricul-
tural sector, 6% of farms were affected by the FarmB
threshold, with a mean reduction requirement of
2 kg N ha−1. However, the farm-individual determ-
ination of the maximum N surplus gave comparable
reduction requirements to FertP and SoilB. On aver-
age for the agricultural sector, 30% of the farms were
affected by FarmB farm-individual threshold, with a
mean reduction requirement of 15 kg N ha−1. Pig
and poultry farms (64%, 41 kg N ha−1) were most
affected, followed by dairy farms (34%, 19 kgN ha−1)
and other cattle and grazing livestock farms (25%,
12 kg N ha−1). Arable farms (17%, 5 kg N ha−1) and
permanent crop farms (8%, 4 kg N ha−1) were least
affected. For details of all N reduction requirements,
see table A2.

The maximum N fertilizer input permitted by
FarmB, SoilB, and FertP varied greatly between farm
types, and showed differences in distribution among
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Table 2. Overview of the required parameters in the three performance indicators and data reliability.

Parameter Indicator Characteristics

Farm-gate
balance (§6
StoffBilV 2017)

Soil surface
balance (§8 DüV
2017)

Fertilization
planning (§4 DüV
2020)

Data reliabilitya

score
Inputs
Mineral fertilizer X X X 1
Manure: imported X X X 0
Manure: internal use n.a. X X −1
Digestate: imported X X X 0
Compost, sewage sludge,
other organic fertilizer:
imported

X X X 1

Fodder: imported X n.a. n.a. 1
Livestock X n.a. n.a. 0
Biological N fixation X X X −1
Seeds, plant material X n.a. n.a. 1
Outputs
Yield of marketed crops X X X 1
Yield of fodder and forage
crops for farm-internal use

n.a. X X (forecast) −1

Livestock X n.a. n.a. 0
Animal products X n.a. n.a. 1
Manure: exported X X X 0
Digestate: exported X X X 0
Seeds, plant material X n.a. n.a. 1
Gaseous N lossesb n.a. X X 0
Further location, crop and
farm characteristics
Cultivated area X X X 1
Crop- and yield-specific N
demand value: marketed
crops

n.a. n.a. X 1

Crop- and yield-specific N
demand value: fodder and
forage crops

n.a. n.a. X −1

N supply from manure
application in previous year

n.a. n.a. X 0

N supply from soil
N available in soil (Nmin) n.a. n.a. X −1
Humus content n.a. n.a. X −1
Previous crops, catch crops n.a. n.a. X 1
Crop residues n.a. X X −1

Atmospheric N deposition is reported in an appendix to the FarmB according to (StoffBilV 2017), but is not part of the calculated

balance.
a Data reliability score: high, e.g. receipt-based = 1; medium = 0; low, e.g. self-reported by farmers and hard to verify =−1.
b Gaseous losses due to N emissions from volatilization in animal housing and manure storage, manure application to the land, and total

N emissions from animal excretion on pasture.

n.a. = not applicable, not an element of the respective indicator.

farm types. Farms with livestock were generally
more affected by statutory thresholds. Regarding the
approach-specific need for reduction, impacts of the
three approaches on the permitted N input showed
strong similarities, especially for SoilB and FertP.
Unsurprisingly the FarmB generalized threshold level
of 175 kg N ha−1 was meaningless for most farms,
but the farm-individual threshold gave more restrict-
ive results, especially for farms with livestock.

Table 3 shows selected parameters used in cal-
culation of the three performance indicators and

an assessment of associated data uncertainties and
reliability. Uncertainty is subject to the accuracy of
determination of nutrient amounts, based on area,
volumes of fertilizers, and farm products, and spe-
cific nutrient contents. By defining the uncertainty
margin based on legal requirements on the accuracy
of declared nutrient contents (Klages et al 2017), the
effects on the respective performance indicator were
revealed. The baseline scenario for FarmB, SoilB, and
FertP shows aggregated average values for the agricul-
tural sector calculated based on German FADN data

6
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Figure 1. Three year mean farm-gate balance value (FarmB, left) and soil surface balance value (SoilB, right) of the farm types
studied. (Dashed lines = legally binding thresholds.)

Figure 2. Differences of observed nitrogen (N) input and de jure permitted N input according to fertilization planning (FertP, left)
and soil surface balance (SoilB) with a threshold of 50 kg N ha−1 (right). (Difference = observed minus de jure permitted N
input.)

(table 3). Data reliability is ranked based on the level
of documentation, from receipt-based accounting of
traded commodities to estimates of farm-internal N
flows (The WAgriCo Project 2008).

4. Discussion

In the following, parameters required for calculat-
ing FarmB, SoilB, and FertP and the respective data
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Figure 3. Differences of observed nitrogen (N) input and de jure N permitted N input according to farm-gate balance (FarmB)
with a threshold of 175 kg N ha −1 (left) and with farm-individual determination of the maximum N surplus (right).
(Difference = observed minus de jure permitted N input.)

uncertainty and reliability are compared. First, ele-
ments common to three or two of the approaches are
presented, followed by elements specific to a single
approach. Consequences for the different perform-
ance indicators are then discussed.

4.1. Elements of all three approaches
Data on UAA, area of cultivated crops, and num-
ber of livestock are required for all approaches, in
order to calculate related nutrient amounts, check the
data for plausibility, or relate the result to cultivated
area.

4.1.1. Mineral N fertilizer
This input shows high data certainty deriving
from defined nutrient contents for mineral fertil-
izer. Receipt-based reporting of fertilizer purchases
provides high reliability for this key element of N
input. An important condition for verification is the
control of enterprises involved in fertilizer sales.

4.1.2. Manure and digestate imports and exports
Nutrient amounts in organic fertilizers, imported or
exported, can be either determined by laboratory
analysis or calculated based on standard excretion
factors for pre-defined livestock categories and stand-
ard factors for gaseous housing and storage losses of
N, predominantly ammonia (DLG 2016, DüV 2020).
These values are used for the declaration on receipts
for exported amounts. There is no fast and reliable
method for determining nutrients in manure on the
fly, except NIRS (Millmier et al 2000, Huang et al
2007), which is not yet accepted as a standardmethod

in Germany (Severin et al 2019). Calculations based
on N excretions per livestock unit and gaseous losses,
or based on testing of samples, lead to high variability.
Thus, data uncertainty is relatively high. Data reliab-
ility is also limited, because classification of livestock
categories and manure sampling are performed by
farmers. For FarmB, exports and imports are part of
the balance. For SoilB and FertP, exports are deducted
from the amount of farm-internalmanure and digest-
ate, and imports are added to the remaining internal
amount. While exporting farms might be keen to
declare high amounts of nutrient exports, importing
farms are reluctant to accept more nutrients declared
than they receive. These opposing interests help to
control the consistency of declarations. A precondi-
tion is the inclusion of all farms in nutrient account-
ing, including livestock farms and biogas facilities
with no farmland. The latter are only addressed by
FarmB (StoffBilV 2017). Organic fertilizers impor-
ted from other sectors, such as compost and sewage
sludge, play a minor role in total N balances and are
not represented in table 3. These fertilizers are regu-
larly analyzed before export to farms.

4.1.3. Biological N fixation
While data on the area of legume crops are quite exact
and reliable, yield-dependent rates of BNF vary, so
the data are more variable and less reliable. For grass-
land and mixed green forages, the need to determine
the proportion of leguminous plants such as clover,
and the yield increases uncertainty and reduces data
reliability. The different ways of assessing the amount
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of BNF in the three approaches lead to additional
variation.

4.1.4. Yield of marketed crops
Marketed crops are reported on the basis of receipts,
so that volume and commodity type are defined.
Therefore, data certainty and reliability are relatively
high. If protein content is not reported, standard val-
ues for N content must be used. Problems may arise
if the commodity type is not sufficiently specific for
attributing the correct nutrient content. In FarmB,
marketed crops are the most important element of N
exports. In SoilB, yields are normally not differenti-
ated into marketed crops and those use as fodder and
forage. In FertP, yields are the basis for deriving crop-
and yield-specific N demand. Information on yields
ofmarketed crops can help to check yield data in SoilB
and FertP for plausibility.

4.2. Elements of SoilB and FertP
4.2.1. Manure for internal farm use
For this element of SoilB and FertP, the same con-
straints as for manure and digestate imports and
exports apply (see above). In intensive livestock
farms, N amounts in manure are high, and thus also
uncertainty of SoilB and FertP is high. Themost com-
mon method for determining the amount of nutri-
ents is the calculation based on standard factors. As
there is no receipt-based accounting andmutual con-
trol between farms, as is the case for export and
import of manure, declared amounts of nutrients in
on-farm animal excretions and digestatesmay be even
less reliable compared to traded manure.

4.2.2. Yields of fodder and forage crops for internal
farm use
Fodder and forage are important N exports in SoilB
of livestock farms, and an important basis for cal-
culation of N demand in FertP. Crop area is reli-
ably declared, but yields are difficult to quantify and
vary widely, especially for forage crops and grass-
land. As internal flows, amounts are not documented
by receipts, and even at farm level exact informa-
tion is difficult to obtain. For dairy and cattle farms
with high amounts of farm-internal production and
use of forage, nutrient uptake by forage crops is reg-
ularly overestimated. Analysis of SoilB data within
theWAgriCo-Project showed that higher proportions
of maize and grassland in total farm land lead to
high N removals in SoilB, which is not plausible
in relation to the livestock herd and its N excre-
tions (The WAgriCo Project 2008). In farm groups
with forage production, N removal estimated in SoilB
was up to 28 kg N ha−1 above an improved estim-
ate of forage production. Quantitative estimation of
forage produced and forage losses clearly results in
high uncertainty, making it difficult to assess the
actual amount of forage produced and used on-farm.
Thus, SoilB can be considered non-robust because

of the estimation of yields, especially for roughage
(Baumgärtel et al 2007). An evaluation of DüV 2007
in 2012 showed overestimation of forage amounts by
on average 40 kg N ha−1 on around 10 000 dairy and
cattle farms (DüV 2007, Wendland et al 2012). Con-
sequently, a requirement for verification of nutrient
uptake by forage crops through cross-checking with
forage needs of the farm´s animal herd was intro-
duced in 2017 (DüV 2017). However, forage losses of
15% for field crops such as green maize and 25% for
grassland were allowed, moderating the restrictions
resulting from stricter nutrient balancing for dairy
and cattle farms. A large proportion of these forage
losses occur on the cultivated area and thus do not
represent a nutrient export. Furthermore, off-site for-
age losses in storage and housing are collected and
usually returned to the land (Klages et al 2017).

4.3. Elements of FarmB
4.3.1. Fodder imported
Purchased fodder and forage is documented through
receipts, so volume and commodity type are determ-
ined accurately and reliably. However, nutrient con-
tent may vary, especially in forage. If protein content
is not reported, standard values must be used, which
adds uncertainty.

4.3.2. Seeds and plant material
This element is of minor importance for the total bal-
ance. Input can be either be documented by receipts,
or estimated based on the area of cultivated crops and
standard values.

4.3.3. Livestock and animal products
Import and export of living livestock, animal losses,
and export of animal products such as milk and eggs
are reliably reported by receipts, from which number
or volume and commodity type are known. For live-
stock, data on specific weight are sometimes lacking,
so weight categories must be applied, adding uncer-
tainty. Animal products sold are normally well docu-
mented, for milk including regular testing of protein
content. In all other cases, standard values for N con-
tent in livestock and products are used for calculat-
ing the total amounts, which are comparatively cer-
tain and reliable.

4.4. Elements of FertP
4.4.1. Crop- and yield-specific N demand values
Setting specific nutrient demand values is crucial,
as these values differ on national (Taube 2018) and
European level (Nicholson et al 2018, Klages et al
2020a). In Germany, higher demand values than
in the previous regulatory framework at regional
level now apply (DüV 2020). Experts claim that the
demand values used for FertP are too high, which
might lead to systematic overfertilization in some
cases (Taube 2018). The differences are not always
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apparent, due to different methodologies, and should
be further evaluated.

4.4.2. Yields of marketed crops and fodder and forage
crops
Consideration of previous 5 year yield for FertP is
another crucial issue. An unwarranted increase in
farm yield, which is difficult to monitor, could lead to
upward adjustment of the calculated N requirement,
creating corruptibility that may undermine the integ-
rity of the approach. Problems of data uncertainty
and reliability mentioned above for fodder and for-
age crops also have to be considered.

4.4.3. N supply from manure application in previous
year
From this N amount, 10% is considered in FertP. Data
certainty and reliably are as for manure for internal
farm use.

FertP also considers different kinds of N supply
from soil:

4.4.4. Plant-available soil N in spring (Nmin)
The amount of plant-available N, usually determ-
ined for 0–90 cm soil depth (less for some veget-
able species) at the beginning of the growing season
(Nmin-value) is fully considered in FertP. The mag-
nitude of theNmin-value depends strongly on external
factors such as location, weather, and sampling sea-
son, as well as sampling method, and transport to the
laboratory. However, Nmin-value is often taken from
officially published charts, but farm-specific meas-
urements should be preferred. Due to high spatial
variability found inmany studies, sampling is difficult
and the results are questionable (Baumgärtel 1993,
Stenger et al 1996, Lorenz 2004).

4.4.5. Humus content
N mineralization in soil is considered using a few
categories of soil humus content applied by farmers.
Testing for soil organic carbon content is not man-
datory. Thus, data uncertainty is high and reliability
limited.

4.4.6. Previous crops, catch crops
N deriving from previous crops, such as legumes and
catch crops, are included in FertP using simple stand-
ard values. Calculated values based on crop area are
accurate and reliable, butmight not depict real N pro-
vision by previous crops, which depend also on yields
and soil management. For catch crops, the differenti-
ation between harvested and unharvested areas is dif-
ficult to verify, so data reliability is more limited.

4.4.7. Crop residues
Crop residues of vegetables are considered in a similar
way to residues of previous arable crops.

4.5. Consequences of data uncertainty and limited
reliability for the three performance indicators
In the following, the consequences of data uncertainty
and limited reliability is discussed, focusing on poten-
tial for improvement of single parameters in order to
maximize the benefit of the indicators for future use.

The limited certainty and reliability of farm-
internal flows, primarily manure from farm livestock
and fodder and forage produced and used on-farm,
strongly reduce the certainty and reliability of SoilB
and FertP. Factors for N losses and plant availabil-
ity in manure (manure N efficiency) are individu-
ally adjustable (Klages et al 2020a). The amount of
farm-internal fodder and forage is not strictly recor-
ded and difficult to verify. Farmers themselves often
do not have exact measurements of these amounts,
especially in case of forage production. Thus, estim-
ations are used. However, since SoilB has been abol-
ished as part of DüV 2017, standard data for calculat-
ing forage intake by ruminant animals and horses are
no longer available (DüV 2017, 2020). Consequently,
also FertP lacks a legal basis for improved, plausible
estimation of forage yields.

For FertP, plant-available soil N in spring
(Nmin-value) as part of soil- and crop rotation-
specific N supply increases uncertainty and reduces
reliability. Mandatory samplings at higher frequency
and in higher numbers on each parcel could contrib-
ute to higher certainty about mineralized N amounts
in FertP. However, to increase the reliability score,
the sample should be taken by independent experts.
Further, the calculation factors for N requirements
of crops are critically discussed for being presum-
ably overestimated (Taube 2018). Additionally, the N
fertilization requirements determined in FertP may
be exceeded through exemptions (poor plant devel-
opment, adverse weather conditions), although not
by more than 10% of permitted fertilizer N input
(DüV 2020). Other important elements used in SoilB
and for calculation of FertP, i.e. mineral N fertilizer
input and yields of marketed crops, are quite certain,
reliable, and verifiable on the basis of receipts.

Overall, data uncertainty is high, expressed as
estimated minimum and maximum deviation in cal-
culated values of total inputs, outputs, and the bal-
ance value for SoilB, and in N supply and input, N
demand, and the difference betweenN inputs and fer-
tilization requirements in FertP. For the sectoral aver-
age calculation shown in table 3, the estimated max-
imum deviations cumulate to 31 kg N ha−1 for SoilB
and to 40 kg N ha−1 for FertP. The data reliability
score with values between−1 and+1, is 0.3 for SoilB,
and 0.2 for FertP. For performance indicators used in
regulations, these results appear unsatisfactory.

FarmB relies mainly on receipt-based flows of
mineral N fertilizer input, purchased fodder and
forage, yields of marketed crops, and livestock and
animal products. Elements such as BNF by legumin-
ous crops and import/export of manure are difficult
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to determine, thus contributing to uncertainty and
limited reliability. However, these are elements of all
three approaches. In table 3, the estimated maximum
deviations for the sectoral average FarmB cumulate to
11 kgNha−1 and the data reliability score is 0.8. These
superior results for FarmB as a performance indicator
are because farm-internal N flows are not included in
calculations, avoiding uncertainties and lack of reli-
ability for these flows. FarmB shows added value in
nutrient management, and appears most appropriate
as a performance indicator for regulations.

In this context, SRU et al (2013) argued that the
regulatory approach to nutrient balancing should be
applied at farm-gate level, as SoilB offers great scope
for inaccuracies and even manipulation. Becker and
Beisecker (2017) noted that gross nutrient balances
would be simpler to compile, fairer, and more com-
prehensible. The unique advantage of FarmB is that
it is largely based on farm accounting data, so it
can provide objective, standardized results (Wüstholz
and Bahrs 2013). This provides high robustness, high
transparency, and low manipulability (Scheck and
Haakh 2008, SRU et al 2013, Becker and Beisecker
2017). The greater controllability of the informa-
tion reported could improve enforcement by con-
trol authorities (SRU et al 2013). Thus SRU (2015)
strongly recommends a gross approach, to make total
on-farmN flows visible to farmers, and no deduction
of environmentally relevant ammonia losses a priori.

FarmB is recognized as an integer approach by sci-
entific, consulting, and official institutions, but can be
improved to make the indicator values more robust
and establish it as a mainstay of nutrition manage-
ment and mandatory regulation (see also Klages et al
(2017)), through:

• Improved declaration and standardized document-
ation on nutrient contents in traded fertilizers,
feed, and forage, with trade registers for these com-
modities.

• Uniformdocumentation of quantities and qualities
of traded manure, including small quantities (e.g.
in a manure trade register).

• Improved methodology for estimation of BNF.
• A uniform and comprehensible evaluation tool for
meaningful mandatory regulation.

• Sanctions for exceeding the maximum balance val-
ues.

• Enabling control authorities to monitor also non-
agricultural actors of fertilizer and fodder trade, in
order to verify nutrient flows of purchased farm
inputs.

In Germany, an extension of an mandatory
FarmB to all farms >20 hectares or with >50 live-
stock units is envisaged by 2023 latest (StoffBilV 2017,
The Federal Government 2019). As 45% of farms
cultivated less than 20 hectares in 2016, represent-
ing only 7% of German agricultural area (DESTATIS

2019), the decision to keep small farms outside the
scope of FarmB helps to avoid bureaucratic bur-
den. In order to close loopholes of this regulation,
small farms importing manure from larger farms are
now obliged to establish a FarmB, too. Currently, an
exceeding of the determined N fertilizer demandmay
entail a fine up to € 50 000, an excessive FarmB sur-
plus may result in the order of a consultation within
6 months. However, the reporting of FarmB is not
part of Cross Compliance, as it is not based on EU
legislation.

This study clearly showed that the current uni-
form threshold of 175 kg N ha−1 in FarmB in
Germany (StoffBilV 2017) is no challenge for most
farms (figures 1 and 3), and will therefore not con-
tribute to an increase in NUE. In fact, the intro-
duced FarmB concept has to be seen as a first step.
The determination of this unpretentious threshold
was presumably set in order to get farms used to
the novel procedure before scaling up, and is there-
fore politically rather than scientifically legitimized.
The option of a farm-individual threshold value was
offered to farmers alternatively in StoffBilV (2017).
This target values lead to higher adaptation needs
on livestock farms. The German Climate Action Pro-
gram 2030 requires to make FarmB obligatory for
most farms combined with a step-by-step align-
ment of the national FarmB with the target value of
the sustainability strategy (70 kg N ha−1) in 2030
(The Federal Government 2019). So, concepts already
exist for gradually reducing the FarmB threshold,
for example by means of a staggered reduction from
120 to 90 kg N ha−1 depending on the amount of
organic fertilizers produced, as published in a pro-
ject on behalf of the German Federal Environment
Agency (Taube et al 2020). A reduction of FarmB,
and, thus, N emissions in general, is achievable by
reducing inputs or increasing outputs. N inputs may
be reduced by N-reduced feeding or by lower fer-
tilizer inputs, which is possible, e.g. through higher
manure N efficiencies due to management (e.g. split-
ting of fertilization) or technical options, just like
NIRS (Millmier et al 2000,Huang et al 2007), or injec-
ted application (Webb et al 2013, Mencaroni et al
2021), or precision farming (Chmelíková et al 2021).
Outputs may be increased by higher manure exports
or by production growth, although unit-related pro-
duction levels for dairy, meat and field crops are
already very high inWestern Europe, and rather await
challenges related to climate change (Gauly et al 2013,
Mauger et al 2015, Vollmann 2016). Experiences of
practical application of FarmB stem from voluntary
water protection initiatives based on intensive tech-
nical advice using FarmB for benchmarking purposes
(Scheck and Haakh 2008, SRU et al 2013, Becker
and Beisecker 2017). Scaling up FarmB as an ele-
ment of mandatory rules on national level poses
difficulties. In the Netherlands, FarmB was previ-
ously used in the MINAS as the basis for regulation
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(Schröder and Neeteson 2008), but MINAS has been
abolished due to difficulties e.g. for farms trading
manure in determining the N content of manure, or
due to differences between soil types in the relation-
ship between N surplus and nitrate concentration in
groundwater (Oenema et al 1998). FarmB, as part
of the ‘ANCA tool’, is currently a requirement for
dairy farms in the Netherlands wishing to participate
in the national dairy market (Aarts et al 2015). The
focus is on good collaboration between government,
research, and the dairy sector. Neighboring countries
have difficulty adopting this approach due to greater
heterogeneity of the dairy sector and the lack of a
central database for (automatically) collecting and
storing data (Oenema and Korevaar 2018). Calcula-
tion and reporting methods for FarmB are currently
being revised, and a new, uniform evaluationmethod
for FarmBwill replace the existing complex target sys-
tem in Germany.

5. Conclusions

We used three regulatory approaches (SoilB, FarmB,
FertP) to calculate performance indicator values
based on German FADN data, and compared the
values against legally defined thresholds for limit-
ing N fertilizer input. Impacts of requirements based
on FertP (ex ante approach) coincided fairly well
with those of SoilB, while impacts of requirements
based on FarmB were low because this recently intro-
duced approach has a less restrictive first step. With
another evaluation system, impacts of FarmB could
be increased. The results confirmed H1 that differ-
ent performance indicators can be used to estab-
lish restrictions on fertilizer inputs with compar-
able results. The current design of FarmB supports
H2, that in practice the design of requirements leads
to differing impacts. Assessment of data uncertain-
ties and reliabilities and their consequences for the
three performance indicators showed large differ-
ences between SoilB and FertP with low certainty and
reliability, due to greater reliance on farm-internal
data and flows, and FarmB, with better data qual-
ity due to largely receipt-based accounting. This con-
firmed H3 that underlying data and assumptions
affect data uncertainty and reliability of the three
indicator-based regulatory approaches. Also, the farm
type-specific quantitative analysis showed lower vari-
ances and consistent FarmB and SoilB values for
arable farms, because their nutrient flows (fertilizers
purchased, crops sold) are well-documented and reli-
able. In contrast, livestock farms showed exceeding
indicator values and greater variances than other
farm types, which supports H4. In a follow-up study,
we aim to identify describing socioeconomic vari-
ables and farm characteristics of efficient nutrient
management.

In the context of the latest DüV amendment in
2020 and the abolition of SoilB due to the COM´s

concerns and, as a consequence, the decision of the
European Court of Justice (2018) about the respective
methodology, FertP will be of particular importance
in Germany as a key approach for nutrient man-
agement to meet the requirements of EU Nitrates
Directive. Germany, thus, follows a European trend,
as nutrient balances are only obligatory in Switzer-
land and Romania (Klages et al 2020a). In its sen-
tence, the European Court of Justice (2018) argues
that the German SoilB allowed crop N requirements
to be exceeded, through the permitted N surplus. The
underlying concept in FertP is an implicit threshold
value of zero, as fertilizer inputs shall meet, but not
exceed the plant needs. For SoilB a threshold value of
50 kgN ha−1 is defined, as it relates fertilizer inputs to
nutrient removals in harvested crops, which accord-
ing to DüV coefficients are lower than plant needs.
Further, in SoilB more of the total N from organic
fertilizers is accounted for, compared to FertP. Thus,
although the two approaches appear to define differ-
ent levels of ambition at the first glance, the resulting
restrictions are almost the same. In our analysis we
found similar restrictive impacts on N input levels for
the two approaches.

As nutrient balances are recommended as a key
indicator of farm environmental performance, the
abolition of SoilB is not clearly considered beneficial.
However, FarmB has been introduced in German law
andwill be rolled out formost farmland. It seeks evid-
ence of inputs and outputs, and thus provides a more
reliable basis for evaluation of farm nutrient manage-
ment and for tracing farm nutrient flows. In particu-
lar, FarmB allows to better manage the uncertainties
in forage farms with regard to their uncertain forage
quantities.

However, a discussion is ongoing in Germany on
whether FertP as an obligatory performance indic-
ator is sufficient and what FarmB will provide, apart
from an additional bureaucratic burden. We argue
that digital and receipt-based systematic document-
ation of nutrient flows along the value chain within
FarmB can considerably improve data acquisition
and reliability, and reduce data uncertainties. Cross-
checking FertP with FarmB data can help improve
data on internal farm flows, making interpretation
of FertP more reliable. Through (AI-supported) ana-
lysis, SoilB can be generated from FertP and FarmB
data, and anomalies, inefficiencies, and their causes
can be detected and analyzed in time, improving
information for farmers, enabling advisory services
to be offered to specific target groups, and allow-
ing control authorities to operate more efficiently.
In order to understand what (a good) N indicator
performance is related to, additional socio-economic
factors should be considered and benchmarking of
farmNUE should be performed. Thus, further invest-
igations are required to determine the scope for NUE
improvements on farm-level and to better under-
stand the impacts of policy measures on nutrient
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management, and to assure a targeted proceeding of
control authorities.
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