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A B S T R A C T   

The role of diffuse phosphorus (P) losses from agricultural land gained importance since technical and 
constructional measures in urban areas and industry have reached their potential in temperate regions. Phy
toremediation strategies are a new suggestion to effectively reduce soil legacy P but until now, there is a lack of 
estimates on the time such strategies should take. With a rainfall-runoff model, spatial information on the hy
drological risk of the catchment of Lake Baldegg (Switzerland) was generated and combined with a soil test P 
(CO2-saturated water extraction) map. Based on these results, two potential soil target test P values (2.0 mg P (kg 
soil)− 1 target-P 1 and 1.6 mg P (kg soil)− 1 target-P 2) were set. A simple nonlinear mixed effects model was used 
to compare different balance and cropping scenarios to decrease soil test P. The relationship between P-balance 
(input - output) and soil test P was found to be exponential. The confidence interval for the predicted time 
necessary to reach target-P 2 after a cessation of P-fertilization on intensively managed grassland was 2 to 9 years 
depending on the initial soil test P. If fertilization is completely ceased, the predicted P-decline times were longer 
(8 to 32 years). The decline-time for the balance that is recommended for farmers in the catchment of a P- 
fertilization that covers 80% of the demand was predicted to be 11 to 47 years. The study emphasizes that P 
phytoextraction can be an effective and time and resource efficient mitigation strategy for catchments with high 
legacy P.   

1. Introduction 

Surface water eutrophication is a severe environmental threat that 
has been a policy subject in temperate regions, especially in Central 
Europe and North America, for the last decades (Haygarth and Jarvis, 
1999; Kleinman, 2017). Diffuse P losses from agricultural soils are a 
major P-source for eutrophication (Withers et al., 2017). 

Transfer from diffuse sources to catchment streams occurs if an area 
is connected to the water body and if hydrological pathways are active, 
allowing soil or water – as well as the dissolved and particulate con
stituents they contain – to be transported (Pionke et al., 2000; White 
et al., 2009; Sharpley et al., 2011; Alder et al., 2015; Thomas et al., 
2016b). Linking soil and catchment hydrology is often constrained by 
the differences in scales and research questions. Identifying concepts 
and indicators that best predict transfer of soil P has therefore been set as 

a main goal in recent studies (Bai et al., 2013; Schoumans and Chardon, 
2015; Cassidy et al., 2017; Couto et al., 2018). 

At the catchment scale, different hydrological modelling attempts 
are used to predict P transfer pathways (Pionke et al., 2000; Hahn et al., 
2014; Shore et al., 2014; Wang et al., 2020). Identifying the most 
important processes and pathways of P-losses is the first step for hy
drologists to tackle the issue of P-transfer in a specific catchment. Most 
studies thereby focus on direct connectivity and surface runoff while 
neglecting P transfer through subsurface artificial drainage systems or 
subsurface flow (Stamm et al., 1998; Thomas et al., 2016a; Gramlich 
et al., 2018). While the importance of such pathways varies between 
catchments, subsurface or drainage-flow can be important pathways for 
P in catchment areas with light topsoil and low erosion risk (Thomas 
et al., 2016b; Zhang et al., 2017; Koch et al., 2018). Artificial drainage 
systems are, furthermore, often excluded from hydrological models due 
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to a lack of reliable and up-to-date information on their geographical 
distribution. 

At the field scale, soil scientists investigate the relationship between 
P losses and P forms, including processes at the molecular scale 
(Schoumans and Groenendijk, 2000; Kleinman et al., 2006; Godlinski 
et al., 2008; Frossard et al., 2014). For this, sound soil P-testing methods 
and classification systems are a precondition (Kleinman et al., 2011; 
McDowell et al., 2017; Withers et al., 2017). Most of the soil test P 
methods and their classification systems have been developed to 
research relationships between soil P availability and crop production. 
Until to date, no agreement exists on a classification system that ac
counts for productivity as well as for the risk of losses to surface waters 
(de Alcantara et al., 2008; Wuenscher et al., 2015; Macintosh et al., 
2019). Target P values are therefore often set according to political and 
economic feasibility (Schoumans and Chardon, 2003). McDowell et al. 
(2020), for example, defined an agronomic target and a significantly 
lower environmental target. 

Concentrations of readily exchangeable P fractions used for soil P 
testing are generally said to be good indicators for actual losses 
compared to more stable forms of soil P (Withers et al., 2017). However, 
such indicators neglect the potential of less available soil P fractions to 
act as a future source (Daly et al., 2015; Thomas et al., 2016b). 

Focusing on the mitigation of current agricultural P-inputs as a 
source for eutrophication, research has only recently started to recog
nize the importance of long-term P accumulation in soils due to exces
sive fertilization (Chen et al., 2018, Jarvie et al., 2019). Contrary to the 
perception of P as a poorly mobile element, the P-sorption capacity of a 
soil can be drastically reduced with long-term P-accumulation. This al
lows P to reach subsoil layers and get lost via subsurface flow (Koch 
et al., 2018). New attempts propose the accumulation of P in soils as a 
legacy pollution issue that should be addressed with remediation mea
sures. Consequently, phytoremediation strategies - commonly used at 
sites contaminated with heavy metals (Koopmans et al., 2007) - are 
suggested as a strategy to drastically lower soil legacy P and its losses to 
surface waters (van der Salm et al., 2009). The simple concept of phy
toextraction is to grow hyper-accumulator plants that take up large 
amounts of the pollutants. The pollutants will be removed from the plot 
with the harvest of the biomass. 

Several studies have examined temporal changes of soil test P in field 
trials (van der Salm et al., 2009; Schulte et al., 2010; Dodd et al., 2012; 
Cassidy et al., 2017; Vadas et al., 2018). Strategies of P-mining were zero 
fertilization (van der Salm et al., 2009; Dodd et al., 2012) or zero P- 
fertilization with supply of other nutrients (Schulte et al., 2010; Cassidy 
et al., 2017) or reduced P-fertilization (Liu et al., 2019). Temporal 
decline was found to be related to original P status (Cassidy et al., 2017), 
soil type (Dodd et al., 2012; Vadas et al., 2018) and P-balance (Schulte 
et al., 2010). The studies suggested decline times between five and more 
than 50 years for a specific plot. However, only few studies put their 
findings in context with the hydrology of the total catchment (Cassidy 
et al., 2017; Vadas et al., 2018; Withers et al., 2019). To recommend 
phytoextraction strategies to policy makers and farmers, additional in- 
depth studies must focus on the parameters that limit such strategies 
and link their findings to hydrology. 

In Switzerland, the eutrophication of Lake Baldegg has been subject 
of scientific studies since the 1980 s (Gaechter, 1987; Gaechter and 
Wehrli, 1998; Lazzarotto et al., 2006; Hahn et al., 2012; Frossard et al., 
2014). Policy measures to reduce P transfer to the watershed are con
ducted since 30 years and P-loads and concentrations of available P in 
water and soil have been monitored in-depth from the beginning. This 
allows researchers to analyze long-term effects of policies and draw 
conclusions that are transferable to other catchments. 

The aim of the study was i) to develop a model to quantify areas of 
high hydrological risk in the catchment of Lake Baldegg which also in
cludes artificial drainage and ii) to evaluate time efficiency of P phy
toextraction strategies for P decline. 

To this end, a model based on the critical source area concept was 

improved by adding an artificial drainage probability map. Further
more, a regression-based model with data from the catchment of Lake 
Baldegg on P status and nutrient removal by crops was generated to 
predict the time necessary to reach a soil test P level compatible with a 
low level of P losses. Different P balance and cropping scenarios were fed 
in the model to evaluate their efficiency for P phytoextraction. 

2. Material / study area 

The Lake Baldegg catchment (67.8 km2) is located in Central 
Switzerland in the Canton of Lucerne (Fig. 1). In-lake measures to reduce 
the effects of eutrophication (oxygenation and artificial mixing) have 
been conducted since 1982 (Gaechter and Wehrli, 1998; Beutel and 
Horne, 1999). Several projects to reduce P inputs from agriculture have 
been realized since the late 1980 s. Consequently, the diffuse load of 
dissolved reactive P (DRP) to the lake decreased from 4864 kg y− 1 

(1986–1990) to 2782 kg y− 1 (2012–2016) (uwe: state office for envi
ronment and energy of the Canton of Lucerne, 2018). The DRP con
centration of the lake has decreased from 271 mg m− 3 to 24 mg m− 3 in 
the same time span. In spite of this decrease in P inputs and P concen
tration, no increase in O2 contents of the lake water has been detected 
since 1980 (uwe: state office for environment and energy of the Canton 
of Lucerne, 2018). 

The utilizable agricultural area (UAA) of the catchment is farmed at a 
high intensity based on livestock husbandry (Table 1). Grassland 
(including temporary ley) makes up for 67% of the UAA. The majority of 
the grasslands are managed intensively with up to six harvests for silage, 
hay or barn feeding of fresh grass and/or grazed with cattle. Such 
meadows are as well manured 5 to 6 times per year. The botanical 
composition of such meadows differs according to intensity but is 
generally a mixture of grasses (Lolium multiflorum, Lolium perenne, Dac
tylis glomerata and others) with clover (Trifolium pratense, Trifolium 
repens and others). Farmers of the area are compensated for measures to 
reduce P-losses from agriculture since 2000. Most farmers of the area 
follow the concepts of buffer strips along water bodies, appropriate soil 
cover and fertilization winter break. Apart from that, involved farmers 
have to provide calculations (method “Suisse-Bilanz”) to prove their 
balanced use of P on the farm level (Agridea, 2018). Average P balances 
at farm level are hence slightly negative, indicating that current P 
fertilization does not exceed plant P uptake by cultivated plants. 

The soil texture (0 – 20 cm depth) is predominantly silty and the 
slopes are strong and often elongated. Only 13% of the UAA has a slope 
of less than 5% and an important share of land is probably artificially 
drained (Huerdler et al., 2015). The climate is temperate humid conti
nental with a mean annual precipitation of 1140 mm (Hahn et al., 2012). 
Due to steep slopes, silty soils and high precipitation rates, the potential 
erosion risk of the area is high, but is well adapted to the area by growing 
predominantly grassland. Furthermore, also the connectivity to surface 
waters is very high (Alder et al., 2015). A detailed description of the 
hydrology of the catchment of Lake Baldegg can be found in Hahn et al. 
(2014). 

For this study, the catchment was divided in subcatchments with a 
special focus on the five subcatchments “Ron” (R) “Staegbach” (StB), 
“Spittlisbach” (SpB), “Muelibach” (MB) and “Hoehibach” (HB) (Fig. 1), 
as they have been monitored by the state office for environment and 
energy of the Canton of Lucerne since 1985. Furthermore, the sub- 
subcatchment “Obere Ron” (OR) (indicated in green Fig. 1) of the R 
subcatchment was used for detailed numerical analyses, due to a nearly 
complete area-related dataset of soil test P. 

3. Methods 

Conceptual base of this study is a quantitative synthesis of hydro
logical catchment knowledge including hydrological risk with measured 
soil test P, resulting in a target soil test P level for the catchment (Fig. 2). 
This target level is then fed in a soil test P decline model to quantify the 
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time it takes to reach the targeted DRP loads. 

3.1. DRP load and concentration in streams of five subcatchments 

Measurements of instream DRP concentrations and discharge at the 
outlet of five important streams to Lake Baldegg were provided by the 
state office for environment and energy of the Canton of Lucerne. 
Samples were taken with passive samplers from the five monitored 
subcatchments R, StB, SpB, MB and HB (Fig. 1) in a 22 day-rhythm and 
during flood events since 1985. The samples are 24 h composite samples. 

From the relationship of discharge and instream DRP-concentration 
at the outlet of the streams, the total DRP load of each stream was 
calculated (Moosmann et al., 2005). For this study, average yearly DRP 
loads of the subcatchments R, StB, SpB, MB and HB in the period be
tween 2001 and 2015 were calculated. 

3.2. The rainfall-runoff-phosphorus (RRP) model 

A parsimonious model was used to compute the hydrological risk 

area of the catchment of Lake Baldegg. The model simulates the transfer 
of DRP from intensively managed grassland soils to streams of small 
agricultural catchments and was developed by Lazzarotto et al. (2006) 
and extended by Hahn et al. (2013). Two sub-modules are combined: a 
semi-distributed rainfall-runoff (RR) module and a phosphorus (P) 
module. The model can be downloaded from GitHub (https://github. 
com/Rainfall-Runoff-Phosphorus-Model/RRP). A detailed description 
of the original RRP model can be found in Lazzarotto et al. (2006) and 
Hahn et al. (2013). 

The rainfall-runoff submodule is based on the assumption that the 
hydrological behavior of soils can be grouped by a topographic wetness 
index (TWI) (Beven and Kirkby 1979) and the soil type. There are four 
different hydrological response units (HRU) defined which are each 
assumed to be uniform concerning runoff generation behavior. 

The main modification of the original RRP model (Lazzarotto et al., 
2006; Hahn et al., 2013) was the inclusion of an artificial drainage 
probability (P(D)). Using a machine-learning (ML) approach (Gradient 
Boosting Machine algorithm, H2O.ai Team, 2017) implanted in R (R 
Core Team, 2016) a map for the P(D) of the catchment area was 
generated. Existing empirical artificial drainage maps of the three Swiss 
cantons Zurich, Basel-Landschaft and St Gallen were put in context with 
corresponding maps regarding soil water properties (low soil water 
drainage potential (WH0), high soil water drainage potential (WH1)), 
wetlands (FG), geological predisposition for water logging from Szer
encsits et al. (2018) (GEO), hill slope (SLOPE) and TWI to train the ML 
model. The P(D) was computed from the relations of the geographical 
information variables. 

P(D) = f(WH0, WH1, FG, GEO, SLOPE, TWI) (1) 

To evaluate the ML model and avoid overfitting, the complete 
dataset was split in three independent subsets. The first subset was used 
to train the ML model. With the second subset, the hyperparameters 

Fig. 1. Map of Switzerland with indication of the location of Lake Baldegg (OpenStreetMap contributors, 2019) and closeup of the catchment with its subcatche
ments “Ron” (R). “Obere Ron” (OR), “Staegbach” (StB), “Spittlisbach” (SpB), “Muelibach” (MB) and “Hoehibach” (HB). 

Table 1 
Agriculture in the catchment of Lake Baldegg.  

Catchment area (excl. of lake) [ha]  6′780 
Livestock number [ ]  12′023 
Livestock density [ha− 1 UAA]  2.4  

[ha] [%] 
Arable land 1′584 31.3 
Grassland (manured) 3′023 59.8 
Grassland (not manured) 370 7.3 
Others 81 1.6 
Total cultivated area 5′058  

UAA: Utilizable agricultural area 
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defining the learning process of the ML approach were evaluated and 
optimized. The last subset was then used to test the final optimized 
model with an independent dataset. The fit of the model was evaluated 
using the area under the receiver operating characteristic curve (0.5 – 1) 
after Bradley (1997), which reached a reasonable value of 0.77 (average 
over the three model Cantons). It was not possible to validate the 
generated P(D)-map quantitatively in the catchment of Lake Baldegg, as 
no data existed on artificially drained UAA in the area. Nevertheless, the 
model computed an area proportion of artificially drained land of 10.7% 
of the UAA. This is in line with findings by Béguin and Smola (2010) and 
Huerdler et al. (2015), who found artificially drained land counting for 
6% and 8%, respectively, of the total UAA of the Canton of Lucerne. 

The P(D) was included in the rainfall-runoff submodule by modifi
cation of the TWI. Whenever P(D) exceeded 50% for a pixel, a modified 
TWI_mod was used: 

TWI mod = TWI*(P(D)*2) for P(D) > 0.5 (2) 

The 14 parameters of the rainfall-runoff submodule were calibrated 
using a uniform Monte-Carlo approach evaluating over 2′000′000 
parameter combinations using the Nash-Sutcliffe efficiency (NSE) (Nash 
and Sutcliffe, 1970). The calibration was done in 2013 and 2014 in three 
subcatchments during the season of highest losses, namely the period 
March - October. Out of all these parameter combinations 1304 
parameter sets reached an NSE higher than 0.55 and were accepted. 
These model realizations were subsequently evaluated with an inde
pendent dataset for the period March - October 2015 in five subcatch
ments and reached higher NSE than during the calibration period. 

With the calibrated model, the hydrological risk areas were identi
fied for a medium rainfall event with 35 mm precipitation per day. This 

is a typical amount to generate P losses. Such precipitation events occur 
averagely twice a year. Depending on the number of parameter sets 
indicating hydrological activity, five risk classes were defined (Table 2). 

The extended model performed similar than the original model by 
Hahn et al. (2013). There was no direct comparison possible, as different 
catchments and different time periods were modeled. 

To predict area-related P losses, the hydrological risk area (areas 
producing fast flow) of a medium rainfall event with 35 mm precipita
tion per day, was combined with a soil test P map of the subcatchment 
“Obere Ron” (OR) of the Lake Baldegg catchment. This was motivated by 
the fact that soil test P was known for 82% of the UAA of this sub
catchment. A relationship between soil water soluble P (WSP) and DRP 
was determined by Hahn et al. (2012) from artificial rainfall experi
ments. As soil test P of the catchment area of Lake Baldegg was given in 
CO2 saturated water extractable P (CO2-P; FAL; RAC; FAW, 1996) the 
map was converted to WSP through the approximated relationship 

1 mg P(kg soil)− 1 WSP = 2 mg P(kg soil)− 1 CO2 − P (3) 

Fig. 2. Conceptual model for the development of the soil test phosphorus (P) decline function based on the rainfall-runoff-phosphorus (RRP) model and the target 
level of dissolved reactive P (DRP). 

Table 2 
Risk classes for hydrological activity according to the percent
age of parameter sets (n = 1304) indicating hydrological risk 
from the rainfall runoff phosphorus model in the catchment of 
Lake Baldegg.  

Parameter sets [%] Hydrological risk 

0.0–0.2 very low 
0.2–0.4 low 
0.4–0.6 medium 
0.6–0.8 high 
0.8–1.0 very high  
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with R2 = 0.8 observed by Stuenzi (2006) by the analysis of 86 soil 
samples covering a broad range of chemical properties and textures. The 
P submodule was evaluated for two subcatchments. 

With the RRP model, it was possible to compute different scenarios of 
DRP loads for OR depending on different average soil test P values of the 
catchment. The actual soil test P in OR with the according DRP-load was 
set as a reference scenario. A 50% decrease of the reference load was set 
as a target with its according target soil test P (target-P 1). Additionally, 
a target-P 2 for the entire catchment was set to make general predictions. 

3.3. Soil test P 

A soil test P map was generated based on a dataset of 3723 soil 
samples from the UAA of the catchment of Lake Baldegg. The soil 
samples were taken farmwise between 2009 and 2014 by an inspection 
body (Qualinova AG, Gunzwil) and analyzed by certified laboratories 
within the framework of the water protection policies in the catchment. 
For each sample, the area of the sampled plot and its geographical 
location were recorded. The samples were analyzed by the CO2 satu
rated water technique, which is commonly used in Switzerland to 
measure soil test P (Flisch et al., 2017). For the extraction, demineral
ized H2O is saturated with a pCO2 of 0.5 – 6.0 bar, reaching a solution pH 
of 3.5–4.0 (Stuenzi, 2006). Air-dried soil samples are extracted in a soil 
to solution ratio of 1:2.5 for one hour. Orthophosphate concentration in 
the extract is measured colorimetrically with the malachite green 
method (Ohno and Zibilske, 1991) and given as mg P (kg soil)− 1. 

3.4. Soil P decline model 

To evaluate the temporal scale of phytoextraction strategies, a model 
based on a regression with existing data from the Lake Baldegg catch
ment was calculated. The principle of the model was to simulate soil test 
P decline in relation to yearly P-balances. For this, data from a green
house pot-study from Frossard et al. (2014) was used. In the study, 
Italian ryegrass (Lolium multiflorum) as a typical grass species from the 
area was grown in soil sampled from five intensively managed grassland 
plots (0.1 m sampling depth) from three different sites within the 
catchment of Lake Baldegg. During the experiment, the effect of three P 
fertilization levels (0, 20 and 40 mg P (kg soil)− 1 as KH2PO4) after three 
cultivation cycles of each eight weeks were compared. The data allowed 
to do a regression analysis of P isotopically exchangeable within 1 min 
(E1min) [mg P (kg soil)− 1] relative to the cumulative P balances [mg P 
(kg soil)− 1] of each plot. 

To apply the simulations to the catchment of Lake Baldegg, the data 
(E1min) was converted to CO2-P [mg P (kg soil)− 1] by the equation ± the 
standard error of the two parameters 

CO2 − P = 0.08 ± 0.01 * E1.3±0.06
1 min (4) 

The equation results from a power function regression (R2 = 0.93) 
based on data obtained by Frossard et al. (2011). In the study, 104 soil 
samples from the catchment of Lake Baldegg were analyzed for both, 
E1min and CO2-P. The regression was computed with the nonlinear 
least-squares (nls) function from the stats package in R (R Core Team, 
2016; Bates and Chambers, 1992). The CO2-P values used for the 
regression reached from 0.1 to 10.8 mg P (kg soil)− 1 (Frossard et al., 
2011), covering the range of the values from Frossard et al. (2014) of 0.1 

Fig. 3. Regression of soil test P, measured as CO2-enriched water extractable P, as a function of the cumulative P-balance from Frossard et al. (2014) from the five 
plots A1, C1, C3, C5, E5 from the three different locations A, C, E used for the nonlinear mixed effects model of soil test P decline. 
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to 5.9 mg P (kg soil)− 1. 
For the soil P decline model, a nonlinear mixed effects model was 

computed with the nlme function from the nlme package (Lindstrom and 
Bates, 1990). The best fitting regression function (R2 = 0.88, Fig. 3) was 
identified to be an exponential decay curve of the following form: 

CO2 − P = CO2 − P(0) *e(b*cumulative P− balance) (5) 

with the two independent variables CO2-P(0), indicating the CO2-P 
at the start of the experiment [mg P (kg soil)− 1] and cumulative 
input–output balance [mg P (kg soil)− 1] indicating the sum of the P 
balances of each cycle since the start of the pot experiment. The 
parameter b indicates the decline rate and is estimated by the model. No 
fixed factor was applied to b but the grouping of the data structure was 
included by the two random factors “site” and “plot”. The factor “plot” is 
nested within “site” because three of the plots were sampled within a 
close distance, indicated as “site”. The model had to be controlled for 
heteroscedasticity of the within-group error. Therefore, the unequal 
variances were weighed with a power function (varPower()) and the 
stratification variables CO2-P(0) and “site” (form = ~ CO2P0 | site) 
(Chambers and Hastie, 1992). To account for the uncertainties of the 
regression equation due to the unexplained variance, a 95% confidence 
interval for the parameter b was computed. 

For the simulations with the fitted equation, a time component was 
included by setting a discrete time-dependent cumulative P balance. By 
this step, the model was converted to field conditions under the 
assumption that cumulative P balances after each cycle of the pot 
experiment correspond to cumulative P balances measured in the field. 
This resulted in the equation 

Cumulative P balance(t) = P balance * t (6) 

With P balance indicating the yearly P balance [mg P (kg soil)− 1 

yr− 1] and t the time in years. The time dependent model-equation 
therefore was 

CO2 − P(t) = CO2 − P(0)*e(b* cumulative P balance(t)) (7) 

For the P balance, three scenarios were developed based on theo
retical balances of three cropping strategies. Two scenarios represent 
intensive management of grassland with 5–6 cuts per year but different 
P input (P int), one scenario extensive use of grassland with one cut per 
year (P ext). The scenarios differed either in P-export (plant uptake) or 
in P-import (P fertilization). The two intensive scenarios (0%P int and 
80%P int) yielded a maximum P-export of 46.8 kg P ha− 1 (Table 3). 
Cropping assumption was an intensive management with 5–6 cuts per 
year and no limitation by nutrients (e.g. nitrogen (N) and potassium 
(K)), pests and diseases or climatic conditions. In the 0%P int scenario it 
was assumed, that P fertilization was stopped, while the 80%P int 
implied an 80% cover of P-demand. The third scenario (0%P ext) aimed 
to simulate a low intensity cropping strategy with no fertilization and 
reduced cutting frequency (1 cut per year) and limitation by N, K and 
other nutrients, resulting in lower P-export of 13.7 kg P ha− 1 (Table 3). 
Reference numbers on yield and P uptake from the Swiss official fertil
izer recommendations (Huguenin-Elie et al., 2017) were used for the 

scenarios and an average soil bulk-density of 1.2 t m− 3 was assumed. 
The vertical system border was assumed to be 0.2 m. This was set due to 
a drastic decrease of available P and rooting in deeper soil layers (van 
der Salm et al., 2009; Fort et al., 2016). Further assumptions of the 
scenarios and the model application are that P is evenly distributed and 
that plants take up P from the entire defined soil volume. Furthermore, 
the P balance obtained with mineral KH2PO4 used in the pot experiment 
is assumed to be transferable to the field level. 

Three starting soil test P levels of the decline function were set. Be
sides the measured median soil test P of 1207 samples from permanent 
grasslands in the catchment of Lake Baldegg of 3.1 a high (upper hinge) 
of 4.9 was set (supplementary material, Figure SII). Due to the 
assumption that highly enriched soils account over-proportionally to P- 
losses, a very high third starting value of 6.3 mg P (kg soil)− 1 was set 
according to the maximum of calibration range of the model. 

3.5. Correlation analysis 

The DRP load of each of the five subcatchments (3.1) was used for a 
Spearman ranked correlation analyses with the stats package in R. 
(Becker et al., 1988). In each subcatchment, the percentage share of area 
of each of the five hydrological risk classes (very low, low, medium, 
high, very high) was paired with the respective DRP load of the catch
ment. Similarly, percentage area of each of the four soil test P classes 
(<0.7, 0.7–1.6, 1.7–2.5, >2.5 mg P (kg soil)− 1) and the percentage share 
of artificially drained area was computed as a function of the respective 
DRP load. Significance of the correlation was tested with the Wilcoxon 
signed-rank test due to small sample size (n = 5). 

4. Results and discussion 

4.1. Hydrological risk area (RRP model) 

According to the RRP-model, an area covering 69% of the UAA of the 
catchment of Lake Baldegg shows medium to very high hydrological risk 
(supplementary material, Figure SI) for a medium rainfall event of 35 
mm day− 1. The map indicates that hydrological risk is generally high in 
all subcatchments and evenly distributed over the entire catchment 
(Fig. 4). The subcatchments differ mainly in their percentage area of 
very high and very low hydrological risk. Correlation analysis showed 
that the DRP load is highest in the subcatchment with the highest share 
of hydrological very high risk areas (ρ = 0.8) and lowest in the sub
catchment with the highest share of area with very low hydrological risk 
(ρ = -0.8) but the correlation was not significant (Fig. 5A). Still, this 
relationship is an indication that the RRP-model performs well in pre
dicting P losses in the catchment of Lake Baldegg. Particularly, the 
importance of the pathway through tile drains is indicated by the cor
relation of percentage share of artificial drainage and the total DRP-load 
of the subcatchments (ρ = 0.7), although the relationship was not sig
nificant (supplementary material, Figure SIII). The lack of a significant 
result can mainly be explained by a generally low percentage area of 
artificially drained land in all subcatchments. 

The P(D)-map in the model extends earlier versions of the model as 
also areas with a low gradient can display high hydrological risk (Hahn 
et al., 2013). Artificial drainage is often neglected in hydrological 
models (Thomas et al., 2016a; Gramlich et al., 2018) and DRP-losses are 
often mainly attributed to surface runoff (Pionke et al., 2000). An in
clusion of artificial drainage in hydrological models is of particular 
importance when the critical source area concept is applied (McDowell 
et al., 2017). Agronomical measures targeting diffuse P losses often 
focus on surface connectivity. Examples of such measures are buffer 
strips along streams or appropriate soil cover. Such measures have 
limited effect on P-transfer from artificially drained land as the 
contributing plots often lack in surface connection. 

Table 3 
Yearly balances of the P balance scenarios for the P decline model: A zero P 
fertilization without limitation of productivity of an intensive grassland with 
5–6 cuts per year (0%P int), the total cessation of fertilization of a grassland with 
one cut per year (0%P ext) and a 80% cover of uptake P fertilization without 
limitation of productivity of an intensive grassland with 5–6 cuts per year (80%P 
int).   

Input Uptake Balance Balance  
[kg P ha− 1] [mg P (kg soil)− 1] 

0%P int 0 46.8 − 46.8 − 39.0 
0%P ext 0 13.7 − 13.7 − 11.4 
80%P int 37.4 46.8 − 9.4 − 7.8  
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4.2. Soil test P 

Soil test P was known for an area of 63% of the entire catchment of 
Lake Baldegg. The area-standardized average soil test P (CO2 saturated 
water) of the covered area was 2.5 mg P (kg soil)− 1 (Fig. 6). In the sub- 
subcatchment OR a slightly higher average soil test P of 3.4 mg P (kg 
soil)− 1 was measured. Separate analyses of samples from permanent 
grassland (1207 samples) and arable land (1671 samples) resulted in a 
median soil test P of 3.1 and 1.75 mg P (kg soil)− 1 for grassland and 
arable land (supplementary material, Figure SII), respectively. In all 
catchments, soils with high (1.7–2.5 mg P (kg soil)− 1) and very high 
(greater than2.5 mg P (kg soil)− 1) soil test P accounted for more than 
60% of the UAA. Differences were only observed between the percent
age area of the highest two classes. Because soil test P is generally high in 
all catchments, catchments with larger shares of soils in the “high” class 
have smaller shares of “very high” area. The spearman correlation even 
computed a positive linear relationship of the “very high” soil test P area 
with the DRP load that was significant at an alpha level of 0.1 while a 
negative correlation was found for the “high” (ρ = − 0.9) soil test P area 
(Fig. 5B). This indicates that the threshold value for excessive P-mobi
lization may be in between the two classes, which were set for agro
nomic purposes. This assumption is also supported by the fact that we 
could not detect any relationship between average soil test P and the 
DRP load of the subcatchments (data not shown). 

4.3. Target soil test P (RRP Model) 

With the current average soil test P of 3.4 mg P (kg soil)− 1 of the UAA 
in the OR an average yearly P load of 65.1 kg (km UAA)− 2 was computed 
by the RRP model (Fig. 7). This value is in line with the value of 76 kg 
(km UAA)− 2, which was computed from the concentration-discharge 
relationship (3.1) because the RRP model only accounts for soil-borne 
P inputs. To reach the targeted 50% of the current load (32.8 kg (km 
UAA)− 2), soil test P in the OR subcatchment must decrease to 2.0 mg P 
(kg soil)− 1 (target-P 1). To make general predictions, a target soil test P 
was set also for the entire catchment of Lake Baldegg. This target-P 2 of 
1.6 mg P (kg soil)− 1 was set lower due to lower average soil test P in the 
total catchment (Fig. 6). Because scenarios could only be computed for 
OR, some uncertainty remained about the applicability of the scenario to 
the entire catchment of Lake Baldegg. The uncertainty derives from a 
different catchment hydrology in OR and because average soil test P of 
the entire catchment was calculated from only 63% of the area. This was 
the main reason why two target P values were exhibited. Target P 2 is in 
the range of agronomic optimum soil test P after the Swiss classification 
system, whereas target P 1 is higher as recommended (Flisch et al., 
2017). 

Most authors found detrimental losses at soil test P levels within 
agronomic optimum ranges of their classification system (McDowell 
et al., 2017; Withers et al., 2017) while Macintosh et al. (2019) stated 
that the relation between soil test P and P losses to surface waters is 
strongly dependent on soil attributes such as texture and Al- and Fe- 

Fig. 4. Map of the hydrological risk area during a medium rainfall event of 35 mm day− 1 in the catchment of Lake Baldegg with five risk classes based on 1304 
parameter sets of the rainfall-runoff-phosphorus model. 
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oxide concentrations. The release of reactive P from mineral soils is 
dependent on sorption processes. Soil P-sorption dynamics are stated to 
be nonlinear processes and soils release most of the reactive P once 
saturation occurred (Daly et al., 2015). In the RRP model, the rela
tionship between soil test P and DRP losses is stated to be linear, while 
correlations rather suggest a threshold value because areas with a soil 
test P of more than 2.5 mg P (kg soil)− 1 seem to disproportionally 
contribute to the DRP load (Fig. 5B). However, the relationship between 
soil test P and soil-borne P-losses is still controversially discussed (Daly 
and Casey, 2005) as the relationship between soil test P and instream 
DRP is predominantly governed by the dominant hydrological transfer 
pathways (Chen et al., 2018). It is therefore debatable, to which extent 
exact threshold levels of soil test P are meaningful. However, reaching 
either of the two suggested target-P values demands drastic decline of 
test P of most farmers’ soils. 

4.4. Soil P decline 

The estimated decline rate b of the model was 0.011 with a 95% 
confidence interval (CI) between 0.007 and 0.014. Estimated decline 
times of the 0%P int scenario were 3.1 (CI: 2.3–4.6), 5.2 (CI: 3.9 – 7.7) 
and 6.3 (CI: 4.7 – 9.5) years for soils with a median, an upper hinge and 
an extreme CO2-P(0), respectively, until target-P 2 is reached. Corre
spondingly, the 0%P ext scenario reached decline time estimates of 10.4 
(CI: 7.8 – 15.6), 17.6 (CI: 13.2 – 26.4) and 21.7 (CI: 16.2 – 32.4) years. If 
P fertilization covers 80% of demand (80% P int), respective decline 
time estimates are 15.3 (11.4 – 22.8), 25.8 (CI: 19.4 – 38.6), 31.7 (23.7 – 
47.3) years (Fig. 8). If the higher target-P 1 is used, respective estimates 
are shorter. 

Soil test P does not fall below the limiting level for crop production 

stated by Gallet et al. (2003) when either of the two target P values is 
used. Therefore, no yield decrease caused by P limitation is expected. 
However, Gallet et al. (2003) also found P uptake in grasslands to 
decrease below a soil P concentration of 18 mg P (kg soil)− 1 (E1min) 
which corresponds to a CO2-P concentration of 3.4 mg P (kg soil)− 1. 
Consequently, below this concentration, P export is not only a measure 
of yield but also of the P-concentration in plants and varies therefore in 
relationship to soil test P. 

Other authors also found soil test P in the field to decline exponen
tially (Schulte et al., 2010; Dodd et al., 2012; Johnston et al., 2016) or 
logarithmic (Cassidy et al., 2017) with time. The starting value of soil 
test P is often set as intercept (Schulte et al., 2010; Dodd et al., 2012) and 
the decline rate is stated to be a function of soil properties and P man
agement (Schulte et al., 2010; Johnston et al., 2016). Schulte et al. 
(2010) already calculated P decline times for different P-balance sce
narios and Heming (2007) found a linear relationship between P balance 
and resin-extractable P but did not apply this relationship to temporal 
changes. Until now, decline rates were mostly calculated for specific 
sites or soil types (Herlihy et al., 2004; Schulte et al., 2010). We created a 
more general model, which resulted in rather large confidence intervals 
but allowed to use the function for more general predictions. 

Quantitative comparisons with other studies are very limited as 
different soil test P methods, target P values and starting soil test P 
values were used. Frossard et al. (2011) obtained field trials in farmers’ 
fields in the catchment of Lake Baldegg. They found no change in CO2-P 
after a cessation of fertilization of four to eight years. The lack of an 
effect could be explained by the CO2-P method as reactive P forms can 
undergo fast fluctuations due to temperature, humidity and other 
physical processes related to weather and season. This high variation 
makes it hard to monitor and predict soil P decline (Zicker et al., 2018). 

Fig. 5. Spearman rank correlation of dissolved reactive phosphorus (DRP) load of the utilizable agricultural area (UAA) in five subcatchments of Lake Baldegg 
(symbols) and the respective relative area of five hydrological risk classes (A) and soil test P classes, measured as CO2-enriched water extractable P in mg P (kg soil)− 1 

(B) with * indicating significance of the Wilcoxon signed-rank test at α = 0.1 and ns indicating non-significance. 
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Fig. 6. Map of the soil test P, measured as CO2-enriched water extractable P, in mg P (kg soil)− 1 in the catchment of Lake Baldegg colored according to five soil 
P classes. 

Fig. 7. Current (A) and targeted (B) load of dissolved reactive P from agricultural land in the catchment of Obere Ron derived from the 1304 parameter sets of the 
rainfall-runoff-phosphorus model with respective soil test P, measured as CO2-enriched water extractable P. 
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However, van der Salm et al. (2009) measured significant changes in P 
availability (water extractable P and ammonium lactate extractable P) 
after five years of P-phytoextraction. Schulte et al. (2010) even reached 
their target P in only seven years with a comparable strategy. In both 
studies, the plots received N-fertilization, while studies presented by 
Dodd et al. (2012) that did not receive N-fertilization, calculated much 
longer decline times of 23 – 44 years. Also Withers et al. (2019) esti
mated a decline time of 30–40 + years for areas in the United Kingdom, 
United States and Finland similarly to Vadas et al. (2018) who found 
slow estimated decline times of several decades with total cessation of 
fertilization which was also supported by their measurements. 

Still, an overestimation of the decline rate by our model is possible. 
The model assumptions do not account for several limiting factors such 
as spatial and temporal heterogeneity in plant-uptake or the climatic 
conditions that affect P availability. The P decline model uses functions 
deriving from values obtained in greenhouse pot-experiments. Cumu
lative P balances from pot experiments after cycles of eight weeks are 
then extended to yearly P balances in the field. A pot is a much smaller 
system with a very limited soil volume for extraction while in the field, it 
is probable that plants take up nutrients from a much larger and less 
heterogeneous volume, resulting in a less negative balance per kg soil 
(Heming, 2007; Zicker et al., 2018). Furthermore, in the greenhouse 
plants are expected to be less stressed by environmental factors such as 
temperature and pressure by pests. We used standard yields while in the 
field yields normally fluctuate over the years. For the decline scenarios, 
a horizon of 0.2 m was used. On one hand, this does not correspond to 
the sampling depth of 0.1 m of Frossard et al. (2014), on the other hand, 
one has to consider plant uptake and vertical P transport that goes 
beyond 0.2 m (Rubaek et al., 2013; Koch et al., 2018; Zicker et al., 
2018). 

If interferences like P uptake by weeds, losses to the environment and 
soil biological and chemical processes are considered (Schoumans and 
Groenendijk, 2000; Cassidy et al., 2017), we understand that the esti
mated decline times are best-case scenarios. 

5. Conclusion 

Our findings imply that it is crucial to include artificial drainage in 
hydrological models to account for catchment specific pathways. The 

calculated P-decline scenarios, furthermore, emphasize, systems with 
high P-export are more efficient to decline soil legacy P compared to 
zero-fertilization practices. 

We suggest that management tools should always consider dominant 
pathways and processes. If it comes to measures to reduce P transfer 
from artificially drained land, for example by establishing wet arable 
lands (Gramlich et al., 2018; Szerencsits et al., 2018), trade-offs between 
erosion risk and subsurface flow are to be accounted for. The use of 
water logged areas as arable land, where paddy rice or other wet cul
tures can be planted, has recently gained research interest as an inno
vative and environmentally friendly alternative to artificially draining 
such areas (Gramlich et al., 2018; Szerencsits et al., 2018). 

It is crucial that political mitigation strategies not only focus on 
actual P application but also include legacy soil P effects. Best man
agement practices and spatial and temporal restrictions for fertilizer and 
manure applications do not target the issue of soil legacy P in the long 
run. Soil P phytoextraction can be a promising approach to effectively 
reduce soil legacy P while keeping the productivity of the land. For this, 
it is crucial to set adequate environmental target soil P levels and to 
identify sound soil P-testing methods. 

Still, we suggest that P decline scenarios are to be verified in the 
fields in long-term experiments. Especially monitoring of deeper soil 
horizons and different P pools is crucial to make better predictions on 
decline times. Furthermore, one has to accept the constraints of the 
phytoextraction strategy for P as for most plants, N or K are more likely 
to be limiting and therefore fertilization of these nutrients would be 
necessary (Hejcman et al., 2010). A careful identification of catch crops 
with multiple benefits (e.g. legumes) can, however, help to overcome 
such constraints. 

Looking back on the history of slurry application coinciding with the 
actual unequal global distribution of P resources (Cordell and White, 
2011; Ulrich and Frossard, 2014), legacy P use is also a strategy towards 
a more sustainable and resource-efficient economy (Withers et al., 2018) 
which at the same time emphazises productivity. However, without an 
informed and empowered farmer community, taking root of such sys
tems will proceed only very slowly. 

Besides legacy P in soils, legacy nutrients in sediments of watersheds 
are also to be studied to avoid putting pressure on farmers if aquatic 
processes are underestimated (Sharpley et al., 2011; Chen et al., 2018). 

Fig. 8. P-decline scenarios with 95% confidence intervals (dashed lines) from a starting value of 3.1 (P0 = median), 4.9 (P0 = upper hinge) and 6.3 (P0 = extreme) 
mg P (kg soil)− 1, measured as CO2-enriched water extractable P. Intensive grassland without P fertilization (0%P int), extensive grassland without fertilization (0% 
P ext), intensive grassland with P fertilization that covers 80% of P uptake (80%P int). Target values are indicated as red line (solid: target-P 2 (1.6 mg P (kg soil)− 1) 
and dotted: target-P 1 (2.3 mg P (kg soil)− 1)). 
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