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Materials and Methods
System modelling
N fluxes were calculated for the crop subsystem (soil surface balance) for the period 2009–2011. For more details on the soil surface balance, see Figure 2. The soil surface balance was chosen to ensure comparability of the farms (the same N inputs, N outputs, and system boundary). Equivalent input and output parameters enable the comparable analysis of N balance and NUE.
In dairy farming, the N fluxes of the livestock units were investigated to calculate the amount and N content of organic fertilizers (liquid manure, manure), which represent an input into crop production. Other N inputs and outputs of animal husbandry (purchase of feed, animal products sold) are not relevant to the N balance of crop production.
Data about the production process on each pilot farm was taken from field records, supplemented by detailed interviews. Relevant data for all fields and all crops for the production and management processes (tillage, fertilization, crop protection, etc.) were collected yearly on all farms. Data on livestock performance, feeding and housing systems were collected on dairy farms. These data were used for the modelling of N fluxes with the model REPRO (REPROduction of soil fertility, Hülsbergen (2003)). REPRO has integrated methods for calculating N fluxes and N pools based on available farm data, for example symbiotic N2 fixation, N fluxes in livestock keeping and turnover in soil. It evaluates all relevant N flows in the system soil – plant – animal – environment (Fig. 2). The modelling approach used in this study is described in detail in Küstermann et al. (2010). One advantage of the REPRO model is that it allows a system analysis and links different partial balances of subsystems, e.g. soil surface balance, livestock balance and farm-gate balance. The farms were analysed using the whole-farm approach. N input, N output, nitrogen-use efficiency (NUE) and N balance of farm crop production were selected as parameters for both the arable and the dairy farming systems, to ensure comparability of the systems. 

N input
The N input included N fluxes from symbiotic N2 fixation, N mineral fertilizers, N organic fertilizers, and N atmospheric deposition.

Soil organic N depletion or accumulation (∆ SON) in farmed fields was calculated based on algorithms in the REPRO model (Hülsbergen 2003; Küstermann et al. 2010). These consider site conditions (soil texture), and specific effects of crops and cultivation methods (depending on yield, N uptake, mineral N input, soil tillage) and organic fertilizers (depending on quality and quantity) on the organic N pool of the soil (N mineralization or immobilization). The parameters used were derived in long-term field experiments running for more than 20 years with various crop rotations and fertilization patterns in regions with different soil properties and climate conditions (Küstermann et al. 2008).

The symbiotic N2 fixation by legume crops was calculated based on the assumption that (1) N2 fixation increases with increasing yield (Carlsson and Huss-Danell 2003; Høgh-Jensen et al. 2004) and (2) the N fixed by crops contributes to a specific share of the N uptake. The corresponding equations were presented by Küstermann et al. (2010) as:
NYsym = Y x DM x 0.01 x N x L x 0.01 x % Ndfa x 0.01					(Eq. 1)
where NYsym = symbiotically-fixed N in the yield (kg N ha-1 yr-1), Y = fresh matter yield (kg ha-1 yr-1), DM = dry matter content (%), N = N content in dry matter (kg N kg-1 DM), L = share of legumes among the plants (%) and % Ndfa = proportion of N derived from atmosphere (differentiated according to cropping conditions and the content of plant-available N in the soil) (%).
NRsym = NYsym x rDM x rN 								(Eq. 2)
where NRsym = symbiotically-fixed N in crop residues (kg N ha-1 yr-1), rDM = DM residues/DM yield and rN = N content residues/N content yield. 

The atmospheric deposition (NDep) was assumed to be 20 kg N ha-1 a-1.

N output
N output considered only the N contained in the harvested plant products. The difference between N inputs and N outputs is defined as the N balance. N balance was calculated from total N input and N output in products, resulting in the indicator “N balance per ha” (Halberg et al. 2005).

Nitrogen-use efficiency (NUE)
NUE was defined as N output in relation to N input (Halberg et al. 1995). The N balance and the NUE were computed for the crop subsystem (soil surface balance). 

N balance
Soil surface N balance was calculated as the sum of atmospheric N deposition (NDep), symbiotic N2 fixation (NSym), N in seeds (NSeed), green manures (NGM), organic fertilizers (slurry, farmyard manure) (NOF) and mineral fertilizers (NMF), minus N removal in plant products (NY) (Eq. 3). The latter is equal to N in yield without straw and green manure. N balance, which represents the potential N loss by the system, was analyzed with and without taking  SON into account.
       (Eq. 3)
Using the same coefficients, N-use efficiency (NUE) of crop production was calculated (Eq. 4).

(Eq. 4)
All terms in the N balances used in this paper comprise the total N amount, not just plant-available N.
Denitrification losses from soils (kg N ha-1 a-1) are calculated according to Hermsmeyer and van der Ploeg (1996). For each site, the maximum denitrification level is determined by taking into account the soil organic matter content, soil texture, dry bulk density, field capacity and pore volume, as well as the pH value. The real denitrification is calculated according to Köhne and Wendland (1992). The factors considered are the maximum denitrification, a site-specific constant k derived from the turnover conditions, and the N concentration derived from the mineral N pool.
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