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Abstract
For the implementation of the Water Framework Directive (WFD) the spatially differentiated
evaluation of water eutrophication caused by non-point source nitrogen input constitutes a central issue. The nitrogen (N) balance surplus is a commonly used indicator for identifying areas
vulnerable to nutrient pollution. The WFD recommends a minimum area of ca. 10 km² for the
spatial resolution of river basin management plans, thus it is also appropriate to calculate the nitrogen balances with a comparable spatial resolution. In Germany municipalities (EU nomenclature: LAU level 2) are the smallest administrative units for which Agricultural Census data are
available. However, it is necessary to replace numerous entities in the Agricultural Census records that were not published for reasons of data secrecy. The estimation of nitrogen mineral
fertilizing quantities for regional units is considered to be the most critical point of a N balance.
Using nitrogen surface balance calculations for the municipalities of the federal state of BadenWuerttemberg (Germany), approaches will be introduced for both points which lead to reasonable results.

Key words: nitrogen, non-point source pollution, soil surface balance, spatial resolution, water
framework directive.

1.

Scope and background

The calculation of regionally differentiated nitrogen (N) balances for agriculture was established
to identify significant N water pollution from non-point sources. Such balances have already
been implemented by many authors repeatedly (i.) in the form of farm gate balances (synonym:
national, sector) and soil surface balances, (ii.) for nitrogen and phosphorus, (iii.) as well as for
different administrative units such as ‘national territory’, ‘federal states’ (EU NUTS 2), and
‘counties’ (EU NUTS 3)(e.g. Bach and Frede, 1998; Behrendt et al., 2003; Crouzet, 2001; Hansen, 2000; Terres et al., 2003; OECD 2001a, Wit et al., 2002). Furthermore, the N balance surplus has become an important indictor for the evaluation of the sustainability of agriculture, for
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example, the verification of the implementation of European Union nitrate guidelines in Germany employs the long term modification of N surpluses as its criterion (Bach and Frede, 2001).

In connection with the implementation of the EU’s WFD, the quantity ‘nitrogen balance surplus’
is applied in numerous models (e.g. EUROHARP project, Schoumans and Silgram, 2003;
MONERIS, Behrendt et al., 2002) to identify significant N inputs from non point sources into
groundwater and surface waters. The WFD recommends a minimum area of ca. 10 km² for the
spatial resolution of river basin management plans. In this regard it is also appropriate to calculate those nutrient balances with a comparable spatial resolution. The calculation of nitrogen surface balances has, until now, only been carried out in Germany on a routine basis for the municipality (EU LAU 2 level), as they are the lowest level of administrative units.
The regional distribution of the census-based physical quantities, which reverts to the Agricultural Census in the case of surface balances, is the restrictive factor for the spatial resolution of
nutrient balances. The municipalities form the smallest (lowest) spatial aggregation unit of the
Agricultural Census in Germany. However, at this point the problem of data protection arises:
for restrictions due to data secrecy, results that refer to no more than three individual entries are
not published. Thus, we often find a large number of table elements in the records of the Agricultural Census for the municipality level which do not contain the relevant values. Consequently,
in addition to the calculation of N balances there is the task of ‘filling in’ the ‘data-gaps’ within
the balance sheet.
2.

Calculation scheme of nitrogen balances

When calculating nutrient balances the surplus of the soil surface balance (balancing of the
plant/soil production) must be differentiated from the surplus of the farm gate balance (synonyms: national balance, sector balance); the methodological background is presented in OECD
(2001b) and also Bach and Frede (1998). The calculation of nitrogen surface balances for municipalities in Baden-Wuerttemberg follows equation l. The coefficients for livestock nutrient
excretion (Table 1), for nutrient content in harvest withdrawal (Table 2), and for legume N fixation date from MusterVwV (1996). Most of the coefficients are identical to the corresponding
values of the OECD handbook. State-specific figures taken from the Agricultural Administration
of Baden-Wuerttemberg were only used for a few coefficients.

Chemical fertilization (inorganic fertilizer)
+ Organic fertilization (livestock manure)
2

+ Organic secondary raw material
+ Atmospheric nitrogen deposition
+ Biological nitrogen fixation by legumes
- Harvest withdrawal
= Soil surface balance surplus

[1]

Organic fertilization: Livestock manure nitrogen production is calculated by multiplying the
number of animals in the municipality by the mean nitrogen excretion per head (Table 1). The N
losses by volatilization during storage and application of manure depend on livestock species,
type of manure and manure storage system. Average portions of plant-available N are given in
column 3 of Table 1. The transfer of manure between farms across the municipality’s borders is
only taken into account in the balance providing that the arrangement for this transportation is
organized by a manure stock market and is therefore recorded in the statistics.

Table 1:

Nitrogen in livestock manure production (ref. OECD, 2001b; MusterVwW,
1996).
Livestock unit
Dairy cows
Othera bovines
Fattened pigs (> 50 kg)
Breeding sows
Othera pigs
Sheep, goats (all ages)
Laying hens (> ½ year)

kg N per head
and year
101
50
10,2
31
4
10
0,73

Nitrogen
availabilityb
66 %
66 %
69 %
69 %
69 %
60 %
64 %

a

) ‘Other ...’: remaining difference between the number of ‘general species total’ minus the
number in the species categories mentioned explicitly.
b
) Plant-available nitrogen fraction in the organic fertilizer after substraction of N-losses by
volatilization during the storage and application of animal wastes.

Organic secondary raw material (sewage sludge, compost) is set at 4 kg N/ha AA (the average
for Germany) in all municipalities due to the lack of spatialized information.

Atmospheric nitrogen deposition: Data from the EMEP program (EMEP, 2002) was used for the
calculation of the N deposition from the atmosphere, which is available in Germany with a grid
cell resolution of 50 km * 50 km and was overlaid with the municipalities.
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Biological nitrogen fixation: 20 kg N/ha is calculated for pasture, 160 kg N/ha for legumes, and
65 kg N/ha for other varieties of forage crops.

The harvest withdrawal of the field crops is calculated by multiplying the crop acreage with either (a) the average crop yield (data available only for the counties) and the N content in the harvested product, or (b) for crops without statistical data for the yield, by fixed withdrawal quantities per area under crop (Table 2). The harvest withdrawal of by-products (straw, sugar beet
leaves) is considered proportionally to the stocking of livestock.

Table 2:

Nitrogen content and amount in harvest withdrawal (ref. OECD, 2001b;
MusterVwV, 1996).
Crops with yield data
Wheat
Rye
Winter barley
Spring barley
Oats
Triticale
Straw
Potatoes
Sugar beet
Sugar beet leaves
Rapeseed
Maize silage
Crops without yield data
Pasture
Viniculture
Legumes
Otherb row crops
Otherb forage cropsa
Vegetable, orchards,
otherb permanent crops

Nitrogen content
kg N/t
20
15
17
14
16
18
5
3,5
1,8
4
33
3,8
Nitrogen amount
kg N/ha
140
30
150
120
200
30

a

) Alfalfa, clover, etc.
) ‘Other ...’: remaining difference between the number of ‘general varieties total’ minus the
number in the variety categories mentioned explicitly.

b

3.

Estimation of chemical fertilization quantity
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The crucial methodological problem for regionalized nutrient balancing, at the same time the
most sensitive factor for the nutrient balance surplus, and thus, the most critical point of all, is
posed by the estimation of mineral fertilization. There are no reliable statistical data available
from regional units (NUT 2 or lower) below the national level (i.e. for Germany as a whole) concerning the amount of mineral fertilizer usage in agriculture. Therefore, quantities of mineral
fertilizers have to be estimated for all regionalized balance-approaches for Germany. This problem appears, as far as is known, in the same way in many EU states.
The estimation of mineral fertilizer usage starts with the N demand of planted crops, which is
necessary for the formation of the plant biomass or the achievement of the expected yield, respectively. This nutrient demand is calculated as a function of the crop yield (nutrient withdrawal
that is harvested from the field). However, normally there is no total utilization (uptake) of the
applied N by the plants, instead a certain amount is not exploited [Eq. 2]. In other words, the
supply of the nutrient has to exceed the demand by a certain fraction. This situation is taken into
consideration by using a ‘coefficient of increased demand’ which expresses the additional requirement for the unutilized portion of nutrient.
N supply = total N demand = N harvest withdrawal * coefficient of increased demand

[2]

( = harvested N yield / degree of N utilization)

The total nutrient demand can be covered by various nutrient carriers: mineral fertilizers (chemical fertilizers), on-farm-produced organic fertilizers (liquid manure, dung), fertilization by organic secondary raw material (sewage sludge, compost), and the N fixation of legumes.

Total N demand = mineral N fertilizers + organic N fertilization * apportionment factor [3]
+ organic secondary raw material + legume N fixation

To simplify the calculation we assume that farmers account for full (100 %) nitrogen availability
of the N supply on the nutrient demand, with the exception of organic fertilizers. Reproducing
the farmer’s usual attitude, that nitrogen supply with manure only take into account a certain
fraction in their fertilization management which expresses the ‘apportionment factor’ of equation
3. In regard to the calculation of nitrogen surface balances on a municipality level, the input
terms of on-farm-produced organic fertilizers, organic secondary raw material, and legume N
fixation (each one aggregated for the municipality) are calculated according to the abovementioned approaches; the same applies to harvest withdrawal. After the transformation and in-
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troduction in equation 3 the mineral N fertilizer quantity may finally be calculated as a resultant
according to equation 4.

Mineral N fertilization
= harvest withdrawal * coeff. of increased demand − organic fertilization * apportionment
factor − organic secondary raw material − legume N fixation

[4]

with
Harvest withdrawal :

N quantity in harvest withdrawal.

Coeff. of increased demand:

Takes into account the incomplete utilization of the supplied
nutrients (estimation see below).

Organic fertilization:

N input from livestock manure production, whereby:
N input = livestock N excretion * N availability
(after subtraction of gaseous nitrogen losses during storage and
application, see Table 1).

Apportionment factor:

Consideration of N in manure calculated by farmers in their
fertilization planning (estimation see below).

Organic secondary raw material: N input from sewage sludge and compost.
Legume N fixation:

N input by legume N fixation.

The resulting quantity is the estimated chemical N fertilization amount of a municipality, and is
equivalent to the remaining N demand that farmers have to apply with commercial N fertilizers
after the total crop nutrient demand has been covered in part by organic fertilization, organic
secondary raw material fertilization, and through legume N fixation (atmospheric N deposition is
not taken into account by farmers). The intention of this approach is to reflect, in a simplified
manner (and aggregated for a regional unit), the usual conduct of farmers when they project the
fertilization figures.

For the estimation of the two coefficients, the ‘coefficient of increased demand’ and the ‘apportionment factor’, the following approach is used. The coefficient of increased demand can be
determined from fertilization recommendations tables (e.g. KTBL, 1999) expressing the recommended total N demand for a given field crop proportionally to the N quantity in the harvest
withdrawal. In this way crop-specific coefficients of increased demand are obtained. However,
these crop-specific factors have been summarized into an average coefficient of increased N demand of 1.2 (uniform for all crops and municipalities in Germany) in order to maintain simplicity of calculation.
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The ‘apportionment factor’ can be determined as the average value for the country as a whole by
solving equation 4 in the reverse direction (backwards), where the quantity ‘mineral N fertilization supply’ for agriculture as well as all other terms are known in the whole of Germany (Statistisches Jahrbuch). Subsequently, an apportionment factor of 0.4 for the farmer’s guestimate to
N in organic fertilizers has been calculated for the entire agriculture in Germany (average for the
years 1998 to 2000). This means that on average around 60 % of N input from on-farm produced
organic fertilizers is at the present not considered by farmers to be efficient for crop N supply
according to their fertilization planning. Consequently, for the assessment of nitrogen mineral
fertilizer quantities at the municipality level the values cited – 1.2 for the ‘coefficient of increased demand’ and 0.4 for the ‘N apportionment factor’ – are inserted into equation 4, and
with these values the nitrogen mineral fertilizer quantity is calculated as the resultant for every
municipality and is taken in the nitrogen balance [Eq. 1].

4.

Databases and completion of unpublished data

The physical quantities for the calculation of nitrogen surface balance surpluses are based on
data from the Agricultural Census of the State Office for Statistics (Statistisches Landesamt Baden-Wuerttemberg, 2001) for field crop acreages, livestock stocking and crop yields for the municipalities in Baden-Wuerttemberg from 1999 (crop yields available only at district level). In
the databases of the Agricultural Census there are a certain number of table-elements at the municipality level (EU LAU 2 level) that, for reasons of data secrecy, are regularly incomplete with
data: Table 3 shows the frequency of municipalities without data. At the district level (EU NUTS
3 level) no unpublished data appears with these attributes. The crop acreage areas, respectively
the livestock numbers, for municipalities that have not been published are nevertheless included
in the sum for an entire district; i.e. the sum for the district represents the actual total quantity.
The difference between the ‘crop acreages/livestock numbers summed up for all municipalities
with published data in a district’ and the ‘total sum for the district’ thus corresponds with the
missing statistical data at the municipal level for crop acreages, respectively livestock numbers
(column 4 in Table 3).
In order to (extensively) harmonize those calculated nitrogen balance elements in the sum of all
municipalities with the sums of the district-level as well as the national sum, the unpublished
table elements for crop acreages and livestock stocking are completed by inserting estimated
values in place of the unavailable data. Therefore, the difference between the sum of all of the
‘crop acreages/livestock numbers for the municipalities of a district’, and the ‘total district sum’
for every district and crop/livestock category was determined. This difference is then distributed
7

to those municipalities of the district without available data. In regard to the missing data for
crop acreages, distribution is carried out proportionally to the agricultural area in the relevant
municipalities. ‘Cattle’, ‘dairy cows’, and ‘sheep’ are completed proportionally to the ratio of
pasture areas in the municipalities. Finally, the missing numbers of ‘fattened pigs’ and ‘breeding
sows’ are distributed proportionally to the number of farms with stock livestock in the relevant
category. After the replenishment of this data, the difference between the municipality sum and
the regional sum for all crop acreages and livestock categories was under 1 % (with the exception of poultry: 3 %).
Table 3:

Number of municipalities in Baden-Wuerttemberg with unpublished data and
missing quantities in the Agricultural Census (Regional Office for Statistics
Baden-Wuerttemberg, 2001).

Livestock category
Livestock total (livestock units/ha AA)
Bovines total
(head)
- Dairy cows
(head)
Pigs total
(head)
- Fattened pigs
(head)
- Breeding sows
(head)
Sheep (all ages)
(head)
c
Poultry – laying hens
(head)

Municipalities with unpublished data
Missing
Number
%a
quantiyb
0
0%
0%
29
6,7 %
0,4 %
90
20,9 %
5,2 %
39
9,1 %
1,1 %
114
26,5 %
11,7 %
157
36,5 %
11,3 %
122
28,4 %
15,1 %
167
38,8 %
45,2 %

a

) Data base: n = 1109 municipalities in Baden-Wuerttemberg
) Difference between the quantity for Baden-Wuerttemberg total and the sum of all municipalities with published quantities.

b

5.

Results

In 1999 the total N surplus of the federal state Baden-Wuerttemberg was about 60.000 tons N,
corresponding to an average N surplus for municipalities in Baden-Wuerttemberg of 75 kg N/ha
of agricultural area (without weighting with the agricultural area), whereas the span is from 36 to
124 kg N/ha of agricultural area (Table 4). Organic fertilization at the level of 41 kg N/ha is relatively low compared to the average for Germany. Even in the municipality with the highest livestock density (in figures) this value is still only 89 kg N/ha of agricultural area. The corresponding average values for Germany have been included in Table 4 for purpose of comparison.
Therefore, the surface balance surplus in Baden-Württemberg, is about 14 % under the national
average of 88 kg N/ha. This outcome results, above all, from the low livestock numbers and the
moderate N input from commercial fertilizers in Baden-Wuerttemberg.
8

Table 4:

The terms of nitrogen soil surface balances of municipalities in BadenWuerttemberg in 1999 and averages for Germany.
Municipalities of Baden-Wuerttemberga

Balance terms

Mean
Badenc
Germany Wuerttem-

berg
Mean

Inputs
- Chemical fertilizer
- Organic fertilizer
- Biological fixation
- Atmospheric deposition
Total inputs a
Output (withdrawal)
Surplus

Standard Minimum Maximum
deviation

Sum

----------------------- kg N/(ha AA*a) ------------------------

1000 kg N

116
41
12
19
192 b
117
75

14
18
6
4
28
16
16

77
0
0
10
115
31
36

156
89
26
25
282
158
124

118
53
11
23
210
121
88

89 100
31 700
9 400
14 100
147 500
89 800
57 600

a

) n = 1109
) incl. 4 kg N/ha AA supply with organic secondary raw material (compost, sewage sludge)
c
) ref. Behrendt et al. (2002).
b

The regions with higher N surpluses, as compared to the level of the national average, seem to be
those with greater cattle stocking numbers, while the regions with mainly market crop farms are
characterized by lower surpluses (Figure1). The frequency distribution of the N surpluses is almost distributed normally (Figure 2).
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0

Figure 1:

100 km

Surplus of nitrogen soil surface balances for municipalities in BadenWuerttemberg 1999.
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Figure 2: Frequencies of nitrogen soil surface balance surpluses (kg N per hectare agricultural area) for municipalities in Baden-Wuerttemberg 1999 (n = 1109).

6.

Discussion and remarks

The calculation of nitrogen surface balances for municipalities, e.g. for the compilation of WFD
river basin management plans, is characterized by two critical items. Firstly, the entities of the
Agricultural Census at the municipality level feature to a greater or less extent (for reasons of
data secrecy) unpublished data for the acreage of field crops and the stocking of livestock. In
addition to the above analysis, an approach is introduced for dealing with the problem of completing the missing data. However, the extent of estimation bias (over or underestimation) which
can be caused by this completion cannot be predicted for the individual municipalities involved.
In the nitrogen balance calculations for the municipalities of another German federal state (Hessian), it was possible to examine the deviation. For the 430 municipalities in Hessian, N balances
surpluses had, on the one hand, been calculated simultaneously based on the independent database of the EU controlling system for the German agriculture (so-called InVeKoS database,
without data gaps; Bach et al., 2003), and on the other, analogously to the methodology described in this paper by replacing the missing data. From this comparison we can draw the conclusion that balance surpluses can be calculated in most cases with insignificant or justifiable
deviation, and only in few cases do larger errors occur. There was a tendency for larger municipalities and those with higher N surpluses to have smaller deviations. This tendency implies that
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high relative estimation error mainly appeared in those municipalities with low absolute quantities of N surplus. According to the authors’ opinion, the approach interpreted here presents a
convincing method for ‘closing’ the existing database gaps in the Agricultural Census. It should
also be considered here that the calculation of N balances, whereby the missing data is not completed, would contain even more distortion.

The second critical point is related to the estimation method for nitrogen mineral fertilization.
The plausibility of the nitrogen commercial fertilizer quantities, which are calculated for the administrative units (counties, municipalities) using these means, cannot be explicitly examined for
the individual regional units of Germany. Only the quantities of nitrogen mineral fertilizers,
which are calculated by summing up the values of all units throughout the whole country, can be
used as the test figures for this procedure for comparison with the real quantities of nitrogen
commercial fertilizer input in Germany. Deviations in the data for the 1990s only amount to a
few per cent. As far as is known, the chosen method provides the best possible approach for reasonably plausible estimation of nitrogen mineral fertilization.

Instructions from the agricultural administration or extension service, regarding the fertilization
according to Best Management Practice (BMP) as mentioned by some authors, are not normally
applicable for these purposes, because this kind of instruction usually issues the recommended
fertilization quantities but they are not taken from (representative) farm bookkeeping or agricultural surveys. This means that these instructions do not apply to empirical data; instead they use
normative values which express the target value or the “ideal performance” of agricultural extension services. It is known, however, that over-fertilization frequently occurs in agricultural practices, especially on livestock farms.

In an earlier investigation (Bach and Frede, 1996) the calculated N balances at the municipality
level were examined on the basis of comparison with empirically recorded balances, mainly
taken from farm documentation. Among the 31 municipalities that were surveyed (mainly in
Lower Saxony) the mean difference between the calculated and the empirical nitrogen surpluses
was less than 1 kg N/ha (Figure 3), and the absolute deviation was less than ± 20 kg N/ha in 60
% of the cases; no systematical bias was observed. The ‘N apportionment factor’ (Eq. 4) was
only 0.25 in the empirical N balances, indicating the lack of importance of the farmer’s contribution to an efficient utilization of nitrogen from organic fertilizers in the beginning of the nineties.
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Figure 3: Comparison of nitrogen soil surface balance surpluses based on farm surveys
vs. calculated from Agricultural Census for 31 German municipalities (Bach
and Frede, 1996).
Altogether it is to be noted that, with certain restrictions, nitrogen soil surface balance surpluses
can be calculated for the administrative units of municipalities (EU-LAU level 2, with the example of the state Baden-Wuerttemberg in Germany), using the available data of the Agricultural
Census and the methodology described above. Within the context of the implementation of the
WFD, the N balance surplus for municipalities forms a useful operational tool for judging the
risk of nitrogen water contamination from non-point sources within river basins.

7.

Future scope: use of farm gate balances

However, experience also shows that even between the farms within one municipality or one
watershed very significant differences in N surpluses may occur, mainly resulting from the varying cropping structures and livestock intensities. These variations are not indicated in calculations of the balance surplus which are based on administrative units. Nevertheless, measures to
reduce nitrogen eutrophication as part of WFD river basin management plans should, above all,
concentrate on the so-called “hot spots”, i.e. the areas with high N pollution potential. Yet these
areas can only be characterized and identified by way of the farms that utilize the areas. Thus,
the farm-specific N balance surpluses of the individual farms must be known. In order to use the
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quantity “N balance surplus” as a criterion for source apportioning as an integral item of river
basin management plans, it is suggested to calculate the quantity “surplus of the farm gate balance” in the future. The farm gate balance surplus represents, in principle, the more meaningful
and, in regard to the methodological approach, the more accurate estimation value for water pollution caused by nitrogen from agriculture. Only farm gate balances are capable of also portraying the variation between the farms within a river basin. It is possible to obtain the surface balance surplus from the farm gate balance with simple approaches.
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