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Introduction
SALCAphosphorus predicts phosphorus (P) emissions to water bodies at plot level. This is an updated version of the model of Prasuhn (2006). The following four discharge paths are taken into account: (i) soil erosion, (ii) surface runoff, (iii) drainage losses to surface waters and (iv) groundwater leaching. The discharge path via erosion leads to P emissions bound to soil particles, while the latter three lead to emissions of soluble phosphate. The calculations are based on mean climatic conditions in line with common LCA practice. Thus, P emissions due to extreme events are not simulated by the model. The model has been developed for Swiss and similar conditions, thus potentially requiring modifications for applications under different pedoclimatic conditions.
For each discharge pathway, an initial value is assumed, which is adjusted to the respective conditions by means of correction factors. These correction factors depend on various parameters: The distance to the nearest water body, topography (slope shape, inclination and length), soil type, P content of the soil, amount of fertilisation and the presence of drainage. Furthermore, different land use categories such as arable farming, vineyard and permanent meadow are distinguished.

P transported into water bodies through soil erosion

The mean amount of P transported into water bodies through soil erosion (Pe) is estimated by Eq. 1:

	
	Eq. 1



with
A	area of plot [ha] 
merod	mass of eroded soil [t/ha]
Psoil 	P concentration in soil [kg P t-1], default value 950 g P / t soil
r	fraction of P loss reaching the aquatic environment [-], mean value r = 0.2
e 	enrichment factor [-], default value e = 1.86.

The default value for Swiss conditions is set to e = 1.86 (Wilke and Schaub 1996). It accounts for the higher P content in eroded soil compared to the average soil as finer and lighter particles are eroded first. These clay-humus complexes are richer in P than the average soil due to the higher number of sorption sites. The fraction of P loss reaching the aquatic environment is on average approximately 20% of the eroded soil (Prasuhn and Gründig 2001). Using measured P concentrations at the plot level is recommended. If no analyses are available, an average value of 950 mg P/kg soil is suggested, considering measured P concentrations of arable land by Prasuhn and Gründig (2001). Assuming the standard P concentration, differences in P transport via erosion are only due to differences in the amount of eroded soil.  

Phosphorus loss through runoff

P loss through runoff (Pr) is estimated by Eq. 2:

	
	Eq. 2



kr [kg P ha-1 a-1] is the average annual P loss through runoff and was categorized by land use (Table 1). The dimensionless slope factor s is set to 0 and 1 for slopes below and greater than 3 %, respectively (Prasuhn 2006). ks1 denotes a correction factor and accounts for the impact of soil properties (grain size, soil rooting depth) on the risk of P losses through runoff. ks1 can accept values between 0.8 and 1.2. 
A further correction factor kn (dimensionless) is introduced in Eq. 2 to consider the current P nutrition status. Plant-available P in the topsoil influences the amount of P leaching in permeable soils or via macropore flow. Past studies have shown that in soils oversupplied with P, high losses are to be expected (e.g., Lazzarotto 2004). For this purpose, the so-called soil P status classes are used. In many European countries, a five step classification system is used (e.g. A to E) for interpretation (Flisch et al. 2009). The intermediate class (C) represents a sufficient P nutrition status and A and E reflect a deficient and accumulated P nutrition status, respectively (Liebisch 2011). kn-values for the P-supply classes A-E are given in Table 2 (Prasuhn 2006), with the intermediate class C corresponding to kn = 1.

Table 1: Average P losses through runoff assigned to different biomes (see Eq. 2).
	Biome
	kr [kg P ha-1 a-1]

	Permanent/ temporary grassland (intensive)
	0.25

	Extensive meadows and pastures
	0.15

	Open arable land
	0.175

	Fruit orchards
	0.25

	Vineyards/horticulture
	0.175

	Unproductive vegetation
	0.1




Table 2: Correction factor kn (see Eq. 2) for P supply classes A-E.
	P supply class
	kn [-]

	A (very low)
	0.8

	B (low)
	0.9

	C (medium)
	1.0

	D (high)
	1.2

	E (very high)
	1.4



The correction factor kt (cf. Eq. 2) summarizes various regional topographic properties affecting the water discharge at the plot level. kt takes into account the five following factors: (1) slope shape (factor kt1), (ii) slope water discharge (factor kt2), (iii) external water inflow (factor kt3), (iv) distance from the discharge (factor kt4), and (v) flow path of water (factor kt5):

	
	Eq. 3



The slope shape kt1 considers that in terrain depressions (concave forms), the water flows together, concentrates, thus leading to increased surface runoff. In contrast, convex forms tend to disperse water and thus reduced runoff. Values range between 0.9 and 1.3 (for details see Prasuhn (2006)). 

The slope water discharge kt2 is set to 1.1 if slope water discharge can be observed after (heavy) precipitation events, otherwise kt2 = 1.0. If external water inflow from adjacent plots or roads can be observed, the factor kt3 is set to 1.1, otherwise kt3 = 1.0. The influence of the distance from the discharge is accounted for with the factor kt4. The closer a plot (edge of the plot in the downslope direction) is to a watercourse or areas with inlet manholes, the higher the probability, that P enters the water body with the surface runoff.
Estimates for factor kt4 depending from the distance are provided in Tab. 3.

Table 3: Correction factor kt4 (see Eq. 3) for different distance ranges from the discharge.
	Distance
	kt4 [-]

	<3m
	1.2

	3m-30m
	1.0

	30m-100m
	0.8

	>100m
	0.5



Finally, a correction for the length of the water flow path is accounted for using the factor kt5. As the flow distance of the water increases, the probability of significant water accumulation and increasing flow velocity will increase so reducing the amount of seeped water. The classification is provided in Tab. 4.

Table 4: Correction factor kt5 (see Eq. 3) for the impact on water discharge from the length of the water flow path.
	Length of flow path
	kt5 [-]

	<25m
	0.9

	25m-50m
	1.0

	50m-100m
	1.1

	>100m
	1.2



If all specific regional information are lacking, kt is set to 1. This applies also to each of the five single correction factors kt1 to kt5 in Eq. (3).

Variables fm, fol and fos (Eq. 2) denote the applied amounts of mineral fertiliser (m), liquid manure (slurry) (ol) and solid manure (os), given in the units kg P ha-1. It is assumed that P is more readily washed off from liquid manure (especially in its liquid form: slurry) than mineral fertilisers. 


Phosphorus leaching into groundwater

P leaching (Pg) is estimated by Eq.4:

	
	Eq. 4



where kl is the average annual P leaching into groundwater, given as prescribed values categorized by land use (Tab. 5). ks2 denotes a correction factor and accounts for the impact of soil properties (grain size, infiltration capacity) on the risk of P leaching. ks2 can have values between 0.95 and 1.15. The correction factor ks2 accounts for the fact that higher clay/silt contents generally reduce P leaching. Sandy soils are thus more prone to leaching due to their lower water-holding capacity. If data for topsoil and subsoil are available, a weighted average of topsoil and subsoil is used for computing the factor ks2, with the topsoil obtaining double the weight than the subsoil. The correction factor kn and the applied amount of slurry (fol) are defined as in Eq. 2. Note, that in contrast to P losses through runoff (cf. Eq. 2), only liquid manure is considered as observed leaching of slurry through macropores is distinctly higher than for mineral fertiliser and solid manure.

Table 5: Average P leaching assigned to different land use types (see Eq. 4).
	Biome
	kl [kg P ha-1 a-1]

	Permanent grassland/ pastures/ alpine summer pastures
	0.06

	Open arable land
	0.07

	Fruit orchards
	0.06

	Vineyards/horticulture
	0.07

	Unproductive vegetation
	0.05



Phosphorus leaching by drainage

P leaching by drainage (Pd) is analogous to P-leaching into ground water (cf. Eq. 4) but enhanced by the drainage factor kd (Eq. 5). This factor was set to 6.0 (Prasuhn 2006). It accounts for very efficient water discharge through drainage systems.

	
	Eq. 5



where Pg is the P leaching into groundwater as computed in Eq. (4). 
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