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Abstract. Eutrophication of surface waters due to diffuse model helps to identify those parts of a catchment where high
phosphorus (P) losses continues to be a severe water quaDRP losses are expected or can be excluded with high confi-
ity problem worldwide, causing the loss of ecosystem func-dence. Legacy P was predicted to be the dominant source for
tions of the respective water bodies. Phosphorus in runofDRP losses and thus, in combination with hydrologic active
often originates from a small fraction of a catchment only. areas, a high risk for water quality.
Targeting mitigation measures to these critical source areas
(CSAs) is expected to be most efficient and cost-effective,
but requires suitable tools.
Here we investigated the capability of the parsimoniousl Introduction

Rainfall-Runoff-Phosphorus (RRP) model to identify CSAs
in grassland-dominated catchments based on readily avaiEutrophication of surface waters due to diffuse phosphorus
able soil and topographic data. After simultaneous calibra<{P) inputs continues to be a severe water quality problem
tion on runoff data from four small hilly catchments on the worldwide (Carpenter et al.1998 Kleinman et al, 20118,
Swiss Plateau, the model was validated on a different catcheausing, for example, algal blooms, oxygen shortage, fish
ment in the same region without further calibration. The RRPdeath and loss of water bodies for recreation and drinking. It
model adequately simulated the discharge and dissolved reias been observed that the majority of P found in the runoff
active P (DRP) export from the validation catchment. Sen-at the outlet of a catchment may originate from a small frac-
sitivity analysis showed that the model predictions were ro-tion of the catchment onlyGburek and Sharpleyl998 Pi-
bust with respect to the classification of soils into “poorly onke et al.200Q 1997). Thus, targeting mitigation options
drained” and “well drained”, based on the available soil map.to these critical source areas (CSAs) is seen to be partic-
Comparing spatial hydrological model predictions with field ularly efficient and cost-effectiveHgathwaite et al.2003
data from the validation catchment provided further evidenceSchulte et a.2009 Strauss et 312007 White et al, 2009.
that the assumptions underlying the model are valid andCritical source areas are characterized by a direct transport
that the model adequately accounts for the dominant P exeonnection of available P sources to a receiving water body
port processes in the target region. Thus, the parsimoniou§Gburek and Sharpley998. Originally, erosion and surface
RRP model is a valuable tool that can be used to deterrunoff were assumed to be the only relevant transport mech-
mine CSAs. Despite the considerable predictive uncertaintyanisms, but now it is recognized that also subsurface flow
regarding the spatial extent of CSAs, the RRP can providecan significantly contribute to P expoiDgody et al, 2012
guidance for the implementation of mitigation measures. TheKleinman et al. 2007, 2011h Stamm et al.2002 Watson

and Matthews2008. Important sources of such P exports

Published by Copernicus Publications on behalf of the European Geosciences Union.



3680 C. Hahn et al.: Prediction of P losses: a parsimonious model

are (1) freshly applied fertilizers or manur8higaki et al. available. Because the moisture regime is a continuum, as-
2007 Smith et al, 2001 Vadas et al.2011), and (2) soils  signing the soils to these two classes may be somewhat arbi-
that are enriched with P due to excessive fertilizer applica-trary in some cases.

tion in the pastKleinman et al. 20113 Vadas et al.2005. In this study we investigated the validity of RRP model
To a much smaller extent, also plants can contribute thapredictions and in particular their sensitivity on the binary
are freshly grazed, trampled or in dec&dginman et al. classification of soils by water regime classes. First, we cali-

20118. Runoff from locations with freshly applied manure brated the model simultaneously on runoff data of four small
or high soil P concentrations bear particularly high risks for catchments in an agricultural area of Switzerland and then
P exportBuda et al(2009 demonstrated that even sites with used it to predict runoff and P export from a neighboring
relatively low soil P concentrations can deliver very high P catchment. Aside from testing the validity of these model
loads when runoff is large. However, due to the complexity predictions, we investigated the sensitivity of the model pre-
of the processes controlling diffuse P losses, the identificadictions on the soil grouping and assessed the spatial per-
tion of CSAs is still difficult @Qoody et al, 2012 Kleinman  formance of various model versions using field data on soil
etal, 2011ab). moisture, groundwater table, runoff volumes and P concen-
Various tools exist to describe water and P transport fromtrations in runoff.

non-point sources and to identify CSARddcliffe et al,
2009 Schoumans et al2009 Sharpley et a).2003, rang-
ing from site assessment tools such as the P indétd and
Sharpley 2007 to process-based dynamic models such a
SWAT (Arnold et al, 1998, INCA-P (Wade et al.2002, and

ANSWERS-2000Beasley et a).1980). While static models e Rainfall-Runoff-Phosphorus (RRP) model is a parsimo-
are not able to account for the temporal and spatial variabilitynious model for continuous simulations of DRP transport
of runoff and P losses, spatially distributed dynamic modelsgqm intensively managed grassland soils into streams in
are often over-parameterizeRddcliffe et al, 2009 and re- g agricultural catchments. It consists of two sub-models:

quire many input data that are often not available. Thereforethe semi-distributed rainfall-runoff model and the phospho-
as pointed out byradcliffe et al.(2009, there is a need for 5 (P) model.

parsimonious models that can be used to assess the spatial

distribution of P export risks in a catchment. Irrespective of2.1.1 Rainfall-runoff sub-model

which type of model is used, a model requires validation for

the purpose for which it is used. A major problem in validat- The rainfall-runoff sub-model is a soil-type-based semi-

ing spatially localized predictions of P export from a catch- distributed modell(azzarotto et a).2008§. It is based on the

ment is that P export risks depend on processes that are subssumptions that (1) areas with the same topographic index

ject to high local spatial variability and fluctuation in time. A and class of soil have the same hydrological behavior, and
A parsimonious model developed to predict runoff and that (2) soils can be divided into two classes (i.e., well and

P losses at the outlets of small agricultural catchments igoorly drained soils) having the same hydrologic character-

the Rainfall-Runoff-Phosphorus (RRP) modehtzarotto istics within each class. The topographic indefBeven and

2005 Lazzarotto et aJ.2006. The RRP model is based on Kirkby, 1979 Kirkby, 1979 is defined as

the concept of spatially distributed CSAs that vary in size

with hydrological conditions. It describes the export of dis- » = IN(Aupstreandtans). 1)

nglizldblrga;gtrlvael;{;05&:(2;;[:;:& l'l'ghégfgrk:r; :;lgn;?iftelywhereAupstreamis the upslope area draining through the re-

. . . ey spective location (multiple flow direction algorithm @uinn
1994 and thus has a direct impact on eutrophicatidleip et al.(1991) andg is the local slope at that location. It is an

man et al.2011H. The RRP model gave a good description . . : : . L
. : ndicator for the wetness of the soil at a given location within
of discharge and DRP losses at the outlet of experiment . 4
he catchment. Catchments are divided into four types of hy-

catchmentsl(azzarotto 2005 Lazzarotto et a).20086. . . e 7
In the model it is assumed that two sites with the Saméjrologmal response units (HRUS) differing in runoff dynam

. . ) : “ics: well-drained soils (HRWY), poorly drained soils (HRY),
topographic position belonging to the same soil type be urban areas (HR%), and forests (HRL). Soil moisture is

have the same. In order to ke_ep the_ number of model pé.lléssumed to be uniform within each HRU. Changes in water
rameters low, the model only distinguishes between two soi

types (i.e., well and poorly drained soils). This allowed for storages; in HRU; are calcula_teq in hourly time stepa
. : . : from the mass balance equation:
parameterizing the soil types by simultaneously calibrat-
ing the model to four catchments of different soil compo- g, (s +- Ar) = §;(¢) + [rain(t) — ET(t) — runoff, ()]Az,  (2)
sition (Lazzarottg 2005 Lazzarotto et aJ.2006. Accord-
ingly, the model should be transferable to other sites with-where rain{) [mm], ET(t) [mm] and runoff(z) [mm] are the
out calibration if the topographic and soil information is respective rates of rainfall, evapotranspiration and simulated

2 Materials and methods

%1 The Rainfall-Runoff-Phosphorus (RRP) model
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runoff from HRU during the time intervalA¢r. For HRU;
and HRU the model considers two types of runoff: fast flow
gi.fast [mm] and slow flowg; siow [mMmM]. The slow flow com-
ponent, which is given by
qi slow(t) = ©;(t)c;, (3)
depends (i) on the parametgfmm)] determining how much
water from HRU contributes to baseflow and (ii) on the de-
gree of soil saturatio®; (¢) [-], which is defined as the ratio
between soil water storage(r) [mm] and the maximum soil
water storage capacityf max [mm]:

S;i (1)

(1) = (4)

i,max

The fast flow component includes all types of quickly re-

sponding flow, such as preferential flow, saturation excess
and Hortonian overland flow. It is the sum of an auto- N

regressive part describing the recession of fast flow and o
a part representing the fraction of rain directly converted into
fast flow:

i fast(t)

. A
gi fast(t + A1) = a;qj fast(t) + b;rain(r — dt;) " )

1

The parametes; [-] is the fast flow decline ratey; [-] the
proportion of rain that is directly converted into fast flow;, dt
[h] the time delay between rainfall and runoff in HRlnd
Aj fastA; ! the areal fraction of HRUthat contributes to fast
flow. The latter depends on the soil moisture status at time
For every time step a threshold valug; (r) [-] is determined
for the topographic index of HRU;:
20,i (1) oc (L= ©; ()" (6)
Locations with a topographic index higher than this thresh-
old value are attributed td; fast [m?]. The parameten; [-]

is determined by calibration. In contrast to HR&hd HRU,

all runoff is assumed to occur as fast flow in urban areas

(HRU3):

g3 fast(t + At) = a3qs fasi(t) + barain(t — dtg). ()
The total catchment response results from the sum of al
flow components weighted with their respective areal frac-
tions A; / Atotal, With Atotal = Y A;. Neglecting runoff from
forest areas due to their limited size in the study catchment
this sum was

A
Q1) = (q1,slow(t) + g1 fast(t))
Atotal
Ao A3
+ (g2.slow(t) + g2 fast(?)) + g3 fast(r) (8)
Atotal Atotal

in our case.
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2.1.2 Calibration of the rainfall-runoff sub-model

Using uniform Monte Carlo simulations, the soil parameters
(Table 1) were determined by simultaneous calibration of
the model on four catchments (see S@c?) that differed in
their soil composition and their hydrological responisaz-
zarotto et al.2006. The calibration period extended from 7
to 17 July 2000. This short calibration period proved to be
sufficient (Lazzarotto et a).2006, as conditions varied be-
tween very wet and dry. Different parameter combinations
were generated using random sampling within the domain
of each parameter. The following Nash—Sutcliffe criterion
(NSC) (Nash and Sutcliffe1970, calculated for the four
catchments together, was used to assess model performance
of each parameter combination:

| Y X (@6t — Q)2

C=1 4 1 k Ak N2
Zk:l Zte:zo(Qobs(t) - Qobs>

©)

f

whereQops(t) [mm] is the observed runoff at time Qsim(?)

[mm] the simulated runoff at time andQops[mMm] the mean
observed runoff for the whole time period in catchmént
The evaluated parameter sets were classified as either “be-
havioral” (or “accepted”) for NSG NSGpreshold OF “non-
behavioral” for NSC< NSGnreshold (Hornberger and Spear
1981). Behavioral parameter sets were used for model ap-
plication. Thus, the number of accepted parameter sets (mc)
defines the number of simulation results. The 10 % quantiles
and 90 % quantiles of these simulations were used to charac-
terize the uncertainty of the model predictions.

For more information on the hydrological model, the
reader is referred thazzarotto et al(2006. Here, we con-
verted the model from FORTRAN77 to FORTRAN95 in or-
der to make a few modifications (such as corrections of some
coding errors and removal of parameter constraints). We will
refer to this version of this model in which all soil param-
eters were calibrated simultaneously as Version 1. In a sec-
ond model version (Version 2) the urban parametgrand
b3 were separately calibrated using discharge data from six
small runoff events in July 2010 recorded in the Stagbach
catchment, which is located in the vicinity of the calibration

atchments (see Se@.2). As soil moisture was low prior

o these six events, runoff from agricultural land could be
neglected. The resulting parameter values wgre 0.0968
and b3 = 0.0894. The third model version (Version 3) was
identical to Version 2, but used a different soil classification
(see Sect2.3.]).

For each of the three model versions, more than 500 ac-
cepted parameter sets were determined. For each of these
sets, a prediction of runoff was calculated for a given catch-
ment and time period and fed into the P sub-model to cal-
culate a prediction of P export using the P sub-model (see
Sect.2.1.3.
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Table 1. Parameters of the hydrological response units (HRU, 2, 3) that need to be determined during calibration (adopted from Table 2
in Lazzarotto et a).2006. HRU; = well drained, HRY = poorly drained, HRY = urban.

Global Minimum  Maximum
parameter value value Property Used HRU
Si.max [mm] 0 800 Maximum soil water storage capacity i=1,2
a; [-] 0 1 Fast flow decline rate i=1,2,3
b; [-] 0 1 Proportion of rainfall converted into fast i=12,3
flow on the contributing areas
¢; [mm] 0 1 Flow rate between the scaled soil water i=1,2
storage and the slow flow components
n; [-] 1 10 Expansion control of areas contributing to fast flow = 1, 2
2.1.3 The phosphorus model The DRP loss with old water flow is calculated for every grid
cell as
The Phosphorus (P) sub-model was developed to predict
DRP losses at catchment outlets and CSAs within catchL; oiq(?, x, ) = DRPhasefiowgi,old(?, x, y)gridsize (12)

ments in combination with the rainfall-runoff sub-model
(Lazzarottg 2005. The model was developed for the Lip- assuming that the concentration of DRP in old water is the
penritibach catchment, a catchment on the Swiss Plateagame as the DRP concentration of the baseflow, faRfw
which was also used for calibration of the hydrological sub-(0.05mg ). DRP losses associated with new water flow
model. Previous studies in the study region had shown thatnclude incidental P losses from freshly applied manure
DRP concentrations in runoff were strongly correlated with (ORPpL [mg L™1]) and P losses from soil (DRR [mg
runoff volume (azzarotto et a).2005 Pacini and Gachter L ~]) enriched in P due to excessive manure applications
1999 Stamm et al. 1998, indicating that high rates of P in the past. DREj concentrations were calculated for every
losses were associated with fast runoff. To account for thePixel from water-soluble soil P (WSP) concentrations. The
elevated P concentrations of fast runoff as compared to sloWVSP—DRP relationship was taken from artificial rainfall ex-
runoff, fast flow is assumed to be composed of “old” and Periments carried out in the catchment area of Lake Baldegg
“new” water, while slow flow is assumed to consist of “old” (Hahn et al.2012).

water only. Whileg; siow(#) and g; tast(t) are average val- 3 3

ues that apply to all cells within an HRUthe P sub-model PRPIMgL '] = 0.0852WSfmgkg *] - 0.3039 (13)
distinguishes between grid cells within the respective HRU

that actually contribute to fast flow in a given event and .
y g The WSP concentrations (and thus also the BfrBoncen-

cells that do not, assuming that total fast flow is equally diS_trations) were assumed to remain constant over the simula-
tributed among the cells that contribute. Thus, for cells that

. ) . tion period in the present study.
ntri fast fl i i lcul ividin . .
contribute fast O\A'q“fa“(t’.x’y) s calculated by dividing In contrast, DRPL (¢, x, y) concentrations in runoff were
qi fast(t) by the areal fraction 4; fasi(?)/A;) of HRU; that ) 0 .
- S considered to vary in time. Based on the studieB@un
contributes to fast flow, while fast floy; fast(f, x, y) from

cells that are not contributing is zero. The new water compo—?t al.(1993 andVon Albertini et al.(1993, DRRpL (1. x. y)

nent, g newl, x, y) [mm], is assumed to be a constant frac- is assumed to decrease exponentially with increasing time

tion i [-] of the total fast flow from the contributing area: Iri?](?f?: = t —ta between manure applicatiegand onset of
r-

with the condition that no negative DRP values can occur.

ginew(t, X, y) = TIQi,fast(t)%l(t)F(ﬁxv »), (10) DRRApL(E.x.y) = DRF‘IJPL(LX’ ¥) €Xp(=Afmh) (14)

Hlast The timer of runoff onset is the time when the respective soil
where F(z,x, y) is O for cells not contributing to fast flow, pixel starts to contribute to fast floi.gzzarottg 2005. The
and 1 for cells Contributing to fast flow at tinlleandx andy parameteh was assumed to be the same for well and poor'y
are the central coordinates of the respective cell. The fractioyrained soils: @07+ 0.004. The value range of parameter
n was estimated from nitrate dilution data collected duringj, was determined preliminary, by fitting the DRRP func-
runoff events and baseflow conditions a8%+0.05 (Laz-  tjon to observed datd 6zzarotto 2005. With each applica-
zarottq 20095. The flow of old water [mm] is the sum of the jgn of manureAry, is set to zero, and the DRR (7, x, y)
remaining fast flow and the slow flow of the respective cell: concentration is increased immediately to the new value of
. DRPY, (¢, x,y) resulting from the addition of the new DRP

1

A
Giod(t, %, y) = (1 =m) qitastt) =5 F (1%, 3) + i stow(D)- (11) {0 the DRRb, remaining from the prior applications.
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The total DRP load [mg] associated with new water is the
sum of DRRyj and DRRb loss at each pixel:

Validation Catchment

Jo e |
‘// { Baldegg \
Linew(t, x,y) = (DRPsoil(x, ) e [ :
+DRPPpL(%, X, ¥)) i new(t, x, y)gridsize (15) \
Calibration Catchments Lag‘:'-v
82
while the total DRP loss from a pixel at times the sum of Grausioech ..
L; old(t, x, ¥)+Li new(t, x, y), and the total loss of DRP from Lake L e
the catchment is the sum of DRP loss from all soil pixels. JFrnach ‘* s b
We used Gaussian error propagation to account for uncer-  weenacn R .8
tainty in the model parametensandh and in the WSP-DRP ‘(. e
relationship. Thus, for each mc model run and time step we Lippm;(mh‘ i o
obtained an error estimate. These were combined with the ... ' 5 = Weather Station A
10% and 90 % quantiles of the hydrological predictions to * e ‘ Dﬁ?éﬁ“:”?ii‘ui?""“"’a
give the uncertainty of the DRP export predictions. M == et ———

Fig. 1. Locations of calibration and validation catchments and the
2.2 Study area installed measurement devices.

The study area was situated on the Swiss Plateau in the vicinz-_3 Model validation

ity of Lucerne. Itis characterized by undulating terrain, rang-

ing between 500 and 800 m altitude above sea level and covs 3 1 Model input data

ered by glacial tills lazzarotto et a).2006. The soils are

generally loamy and of low permeabilitP¢yer etal.1983.  precipitation and evapotranspiration

Average amounts of annual precipitation in the region range

between 1000 and 1200 mm, depending primarily on alti-From April till October 2010 a weather station was installed

tude. in the center of the Stagbach catchment to obtain representa-
The four catchments used for model calibration (Lippen-tive precipitation data for the Stagbach catchment. The sta-

rutibach (LIP), Greuelbach (GRB), Rotbach (RTB), Meien- tion was equipped with a R102/R102H tipping bucket rain

bach (MEI)) drain into Lake Sempachgzzarotto 2009,  gauge. Data were recorded every 15 min. For two short time

whereas the catchment (Stagbach catchment (Stag)) used fperiods (28 May—8 June 2010 and 21 July—1 August 2010),

model validation drains into Lake Baldegg (Fit). Both  no data were recorded at this weather station, due to tech-

lakes have serious eutrophication problems and are artifinical problems. For these periods we used precipitation data

cially aerated. The region is characterized by intensive anifrom the nearest weather station (Hochdorf, data from uwe in

mal husbandry (dairy and pig farms, 2.4 livestock units perthe canton of Lucerne), which is located less than 2 km away

ha Herzog 2009), which in the past has resulted in highly from the Stagbach catchment. All other data gaps were filled

increased soil P stockSamm et a].1998. with mean precipitation data from the three closest weather
In addition to the Stagbach catchment as a whole, we als@tations (Buchs, Lucerne, Cham, provided by the Swiss Fed-

used a sub-catchment of the Stagbach catchment, denoted agal Office of meteorology and Climatology) surrounding the

Stagz, for validation (Figl). Table2 shows that the percent-  catchment. Two Hellmann rain gauges were installed in the

ages of urban area, forest, and agricultural area in the valicatchment to check for spatial variability in rainfall. For the

dation catchments were in the range of the calibration catchglobal radiation data, we used evapotranspiration data from

ments. Agriculture is the dominating land use in all catch- the three weather stations Buchs, Lucerne and Cham (pro-

ments, whereas the area classified as urban covered less thgided by the Swiss Federal Office of meteorology and Clima-

10%. The latter consisted of a few villages and some iso+tology). These data are based on the Primault formula. They

lated farms. While the Stag2 sub-catchment was comparawere available at daily resolution, but using mean global ra-

ble in size to the calibration catchments, the Stagbach catchgjation data from the same three MeteoSwiss stations, we

ment as a whole (8.24 kipwas larger than all four calibra-  derived estimates of hourly evapotranspiration.

tion catchments. More information on the calibration catch-

ments is given by.azzarotto et al(2009. Small differences  Topographic index and HRU determination

between the HRU percentiles given here and thoskdzy

zarotto et al(2006 are due to the fact that the data had to be The topographic index (Quinn et al, 1991) was deter-

processed anew. mined on a 25 m resolution digital elevation model (DEM),

www.hydrol-earth-syst-sci.net/17/3679/2013/ Hydrol. Earth Syst. Sci., 17, 367893 2013
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Table 2. Areal fraction of each hydrological response unit (HRU) on the total catchment area in [%] — roman font = model Version 2, bold
font = model Version 3.

Calibration catchments Validation catchments

LIP LIP RTB RTB MEI MEI GRB GRB Stdg Stag Stag2 Stag2

Urban [%] 8.1 8.1 9 8.7 2.5 2.5 8 7.6 9 9 6 6

Forest 16.7 16.7 16 16.4 7.7 7.7 16 16.3 8 8 9.5 9.5

Well 38.6 13.1 56 315 74  40.6 61 34.6 66 42 67.2 41.2

Poor 36.6 62.1 19 434 158 49.2 15 41.5 17 41 17.3 43.3
Area[km?] 3.3 6.0 1.2 2.6 8.24 2.27

which is available for the whole of Switzerland (provided area, the manure P pool was neglected. In contrast, manure
by the Swiss Federal Office of Topography), using the operapplication data were complete for the Lippenritibach catch-
source GIS software Saga 2.0. The convergence coefficienhent, one of the calibration catchments, in the year 1999.
was set to 1. Urban areas and forests were identified us-

ing aerial photographs (provided by the Swiss Federal Of-2.3.2 Model validation

fice of Topography). The data were processed and prepared.

for model input using ArcGIS (ArcGIS Desktop 10 Service Discharge measurements

Pack 2, ESRI) and the software packageR®évelopment-

CoreTeam2007. At the outlet of the Stagbach catchment, a 6712 Full-size

Portable Sampler (ISCO, USA) was used to determine dis-
charge and collect water samples. In addition, the water level
Soil classification into drainage classes was recorded every minute by means of a Bubbler Flow
Module. Further flow and water level measurements (dilu-
The assignment of soils to the two classes of well and poorlytion method) were taken by a consulting company (Biiro fir
drained soils was based on the local soil mBpyer et al.  Wasser und Umwelt, BWU) working for the cantonal en-
1983. In model Version 1 and 2 we followebazzarotto  vironmental protection agency. They provided us also with
et al. (2006, who classified Eutric and Dystric Cambisols the |evel-discharge data necessary to calculate the discharge
and Eutric Regosols as well-drained soils and Gleyic Cam<rom the level data.
bisols and Eutric Gleysols as poorly drained soils. To inves- The discharge at the outlet of Stag2 was estimated from
tigate the sensitivity of the model to this classification, we the discharge at the outlet of the entire catchment using a re-
compared Version 2 with Version 3. In the latter we also |ationship that was determined on the basis of eight manual
assigned soils considered well drainedllazzarotto et al.  measurements of flow velocity profiles and water levels at the
(2009, although showing signs of temporary water stagna-outlet of Stag2 between the beginning of June and the end of
tion or water-logging according to the soil map, to the poorly July 2010, using a current meter (MiniAir2) and a measuring
drained soils. Accordingly the areal fraction occupied by therod. From these measurements we calculated the discharge
poorly drained HRU was larger in Version 3 than in Version across the entire flow profile for each of these eight occasions

1 and 2 (Table). and related it to the discharge from the entire catchment. The
discharge estimates for Stag2 based on this relationship were

Sampler equipped with a 750 Area Velocity Module (ISCO,
A map of the spatial distribution of soil P concentrations (seeUSA) installed at the outlet of sub-catchment Stag2. Unfor-
Fig. S1) was constructed from data of soil P analyses farmeréunately, no continuous automatic measurements were avail-
have to provide to local authorities every 5 yr. With the help able because the instruments were dislocated during the large
of the farmers, the available data on soil P status were askain event in June 2010 and partly damaged. Discharge esti-
signed to individual fields. Some farmers did not cooperate mations based on the Stag catchment were very similar to
In these cases we used P data obtained from the environmeflischarge values deduced from the relationship between the
tal protection agency of the canton of Lucerne and attributednanual discharge measurements and the automatic flow ve-
area-weighted mean P values to the respective managemel@City data. Only during the high runoff event at the end of
units. July and afterwards, the two graphs differed. This period was

Some farmers also provided detailed data on the amountgherefore not taken into account for model assessment.

locations and times of manure application on their farms.
For the other farms, which covered more than 80 % of the

Hydrol. Earth Syst. Sci., 17, 36793693 2013 www.hydrol-earth-syst-sci.net/17/3679/2013/
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Water samples the model results substantially and resulted in 724 accepted
parameter sets from 5 million MC runs when the threshold

Using the aforementioned 6712 Full-size Portable Sampleryalue was set to 0.6, with 25 %, 50 %, and 75 % quantiles of

flow-proportional water samples were collected automati-0.61, 0.61 and 0.63, respectively. Changing the classification

cally at the outlet of the Stagbach catchment and the Stagaf the soils (Version 3) decreased the performance for the cal-

sub-catchment. A pre-defined water level (Stag) or flow ve-ipration period, so that the NSC threshold had to be reduced

locity (Stag2 sub-catchment) threshold was set, and when ifo 0.5 to obtain 606 accepted parameter sets, with 25 %, 50 %

was reached, samples were taken automatically every 15 mirynd 75 % NSC quantiles of 0.51, 0.52 and 0.53 respectively.

Four subsequent samples were collected in the same bottle,

resulting in one composite sample every hour, as long agomparison of predictions for the Lippenriitibach

the water level (or the velocity, respectively) was above thecatchment

threshold. After a runoff event, samples were collected and

stored at 4C till analysis. In addition, we took grab samples Before we applied the calibrated model to the Stagbach
each time we went into the field, at least once a week. Distatchment, we compared hydrological predictions for the
solved reactive phosphorus (DRP) was analyzed by means afippenriitibach catchment (LIP), one of the calibration catch-
the molybdate colorimetry method/dgler, 1969 after fil-  ments, for the year 1999. The same data had been used for
tration (< 450 nm) of sample solution. In order to determine validation by Lazzarotto et al(2006. Figure 2a shows a
total phosphorus (TP), unfiltered samples were digested ifair agreement between simulations (Version 2) and measure-
potassium persulfate before they were analyzed for P usingnents. Predictions were again better for the model version
the molybdate colorimetry method. Electrical conductivity with separate calibration of the urban HRU parametars
(EC) was measured using a Metrohm Conductometer 712. andas (Version 2) than for the corrected original version of
the model (Version 1) (Tabld). This improvement was in
particular due to better prediction of small peaks, which were

: . overestimated by the original modélzzarotto et a]2006).

On four grassland sites (Takggsoil water content was mon However, two other problems, which had already been identi-

itored at 10 and 30 cm depth using six horizontally inserted.,. .
2-rod TDR probes at each%epth. 'Ighe signal was r()a/corded b _ed byLazzarotto et ak2009, remained unsolved: (1) some

means of a TDR100 and stored by a data logger (CR10X! |gh_runoff peaks were still uno!erestir_nated, a_nd (2) baseflow
Campbell Scientific, Inc.). The volumetric soil water content declined too fast after long periods with no rainfall (F2p).
(m3m~3) was calculated using the equation givenTopp

et al.(1980. Volumetric soil samples were taken at each of
the four soil water monitoring locations using steel cylinders
to determine soil bulk density and porosity.

Soil moisture measurements

Model validation — Stagbach 2010

To test how well the model performs when applied outside
the watersheds used for calibration, we applied the calibrated
Piezometer and overland flow detectors Version 2 model to the Stagbach catchment for a forward
prediction of discharge during the year 2010 and compared
Furthermore, we installed a piezometer equipped with a lightpredictions with measurements. Figu@snd4 show that
plummet and an overland flow detector (OFD; &mppler  the model performed well for the entire catchment as well as
et al, 2012 at each soil water monitoring station and 6 other for the Stag2 sub-catchment. The median NSC values were
locations. Readings of these instruments were taken approxX3.62 and 0.72, respectively (Tab#. With the global pa-
imately once a week normally and more often after rainfall rametercye ranging mainly between 0.7 and 0.92 (25%
events. and 75% quantiles), anchoor ranging between 0.33 and
0.61, more baseflow was predicted to come from the well-
drained than from the poorly drained HRU. Thus, the rela-
tively high amount of well-drained soils within the valida-
tion catchments as compared with the calibration catchments
(Table 2) led to a baseflow overestimation in both valida-

3 Results

3.1 Model performance at the catchment outlet

31.1 The rainfall-runoff model tion catchments. Due to the ger_leral overestimation of ba§e-
flow, accelerated baseflow decline as observed for the Lip-
Model calibration with data from the year 2000 penritibach catchment in 1999 was only observed during the

very dry period in summer. The underestimation of discharge
Without separate calibration of the urban parameters (Verduring the large event end of Juliy £ 5000) was probably
sion 1), the model performed poorly. Out of 7 million Monte due to the fact that no rain data were available from the Stéag-
Carlo (MC) simulations, no parameter set achieved a NSCbach weather station for this event, while spatial variability of
value> 0.5; 661 parameter sets yielded a NS©.4. Sepa- rainfall was very high in the study area, as indicated by the
rate calibration of the urban parameters (Version 2) improvedHellmann rain gauges. One Hellmann rain gauge collected
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Table 3. Site characteristics of the four permanent measurement stations in the Stédgbach catchment.

S1 S2 S3 sS4
HRU well drained well drained poorly drained well drained
Topographic index 7.16 10.65 11.13 7.27
Soil map vertically permeable vertically permeable ground-/slope vertically permeable
soil soil water-dominated soil soil, partly ground- or
slope water-influenced
Soil Calcaric Cambisol Eutric Cambisol Eutric Cambisol Eutric Cambisol
Texture (FAQ) loam sandy clay loam loam loam
Soil depth 10cm 30cm 10cm 30cm 10cm 30cm 10cm 30cm
Clay [%0] 20.94+:0.66 22.14£1.03 25.63:1.26 26.52£2.11 25.25-0.13 19.62£0.35 17.80t1.39 18.99+2.27
Silt [%] 32.99+1.24 3898091 36.2743.41 39.78:0.09 46.39:-0.82 44.03£0.56 32.40:0.47 35.03£0.2
Sand [%] 46.040.58 38.88£0.12 38.10:3.75 33.7H2.02 28.36:0.95 36.34:0.21 49.80:0.92 45.9742.07
pH 7.02 7.16 6.05 6.26 5.32 5.45 5.89 6.59
pore volume [%)] 52 47 54 49 41 41 53 44
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Fig. 3. Simulations (lines, 10 % and 90 % quantiles) using RRP Ver-
gion 2 versus measured (points) discharge and DRP loss from the
Stagbach catchment in 2010.

Fig. 2. Simulations (lines, 10 % and 90 % quantiles) using RRP Ver-
sion 2 versus measured (points) discharge and DRP loss from th
Lippenritibach catchmentin 1999. Thexes in figures on the right
are in logarithmic scaleB) or focus on a certain part of the value

range D). (C) shows the total range of the DRP loads measured and )
simulated on a non-log scale. the lower value otwen (25 % and 75 % quantiles: 0.31, 0.75)

and the lower areal fraction of well-drained soils in Version 3
_ _ ~ (Table2), resulting in higher soil moisture and consequently
126 mm rain while the other one Only collected 88 mm within also in h|gher peak flows. The |arger area of poor|y drained

the same time frame. soils also led to steeper decline of the hydrographs @jig.
_ - _ due to a larger contribution of the poorly drained HRU to fast
Influence of soil classification — model Version 3 flow. Apart from these rather small differences, both versions

) o ) _ of the model simulated the discharge dynamics of the study
As in the calibration, Version 3 did not perform as well as catchments quite well.

Version 2 also in the validation for the Lippenrutibach catch-

ment (Tabled), as runoff peaks were slightly lower in simu- 3.1.2 The phosphorus model

lations with Version 3 than with Version 2. The higher value

of cpoor and the higher areal percentage of HfgsJ(62.1%)  The simulated DRP losses for the Lippenritibach catchment
resulted in higher slow flow from poorly drained soils, which in the year 1999 and the Stagbach catchments in the year
led to lower soil moisture and thus to lower peak flows. In 2010 are in fair agreement with the measurements (Rgs.
contrast, the change in soil classification from Version 2 t03, 4, Table S1). There was little difference between Version 2
Version 3 improved model predictions for the entire Stag-and 3 of the model. The predictions of DRP loads mainly de-
bach catchment and the Stég2 sub-catchment (Bblehe pended on runoff prediction. For example, DRP losses from
improvement was due to better simulations of baseflow andhe Lippenritibach catchment were underpredicted for the
of the large runoff event in June. This can be attributed toevents at the beginning of June, in July and November 1999,
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Table 4. Performance of different model versions in three catchments (Lippenriitibach catchment (LIP), Stagbach catchment (Stag), Stagbach
sub-catchment (Stég2)), measured with the Nash—Sutcliffe criterion (N&Gh(and Sutcliffe1970. Version 1 — corrected original model,
Version 2 — separate urban parameter calibration, Version 3 — separate urban parameter calibration + different soil classification.

Lip Stag Stag2
Model version NSC quantiles Calibration
25% 50% 75% 25% 50% 75% 25% 50% 75% NS&hold
Version 1 042 044 0.46 050 0.61 0.70 065 0.71 0.78 0.4
Version 2 048 050 0.52 053 062 071 0.66 0.72 0.80 0.6
Version 3 0.44 046 0.48 0.62 0.68 0.75 0.68 0.74 0.80 0.5
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Fig. 4. Simulations (lines, 10 % and 90 % quantiles) using RRP Ver- Fig. 5. Simulations (lines, 10 % and 90 % quantiles) using RRP Ver-
sion 2 versus measured (points) discharge and DRP loss from thsion 3 versus measured (points) discharge and DRP loss from the
Stagbach sub-catchment (Stag2) in 2010. Stagbach catchment in 2010.

for which runoff was underestimated as well. On the other3 > Spatial model performance
hand discharge and DRP load were well predicted for the™ P P
large events in May 1999 (Lippenritibach) and in June 2010, . :
(Stagbach). As the simulated water fluxes match the observea'z'1 Hydrological risk areas

water fluxes most of the time quite well, a good match of theFOr each time step, we constructed maps showing for each

observed DRP losses implies that also the DRP concentra-. .
tions are matched well. Unfortunately, in the Stagbach catch? Ixel the fraction of accepted parameter sets (out of a total

ments no samples were collected during the second peak c*f 724 accepted sets for Version 2 and 606 accepted sets for

. . X Qersion 3) that resulted in fast flow in that pixel at the re-
the extreme event because the sampling device was elthesr ective time. These mans aive a picture of the uncertaint
clogged (Stag) or dislocated (Stag?2). P ; Ps g P y

The simulated loss of DRP from the Lippenriitibach in the prediction of fast flow at the specific time across the

catchment that was attributable to recently applied manurecatchment for the respective model version. For simplicity,

(Fig. 2d) was about 1/5 of the total DRP loss (Fig) dur- we refer to the fraction of accepted parameter sets predicting

) ! fast flow as “risks” of fast flow. This measure reflects how
ing the large event in May, and less than half of the total " L

simulated DRP load in most of the other events. Thus mosf"en‘c'ltlve the fast f'OW prediction is towards changes of the
DRP lost with runoff came from the Soils accor.ding té the parameter sets. We introduce four classes and denote values
model. In the Stagbach catchments, a good fit between simading between 0 and 0.2 a low risk, values between 0.2

ulations and measurements was obtained despite the Iimite%rld 0.5 a medium risk, values between 0.5 and 0.8 a high
P isk, and values between 0.8 and 1 a very high risk of fast

availability of manure application data, suggesting again thai low

soil P was the main source for the DRP losses with runoff. The spatial extent of risk areas changes with time. For the
small runoff event of 14 May 2010, 7 % of the agricultural
area in the Stagbach catchment was classified as very high
risk area, whereas for the large event in June (19 June 2010)
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16 % (Version 2) or even 21 % (Version 3) of the agricultural Table 5. Spatial extent of risk classes in the Stagbach catchment for
area was very high risk area. Also the percentage of higtdifferent model versions and two runoff events in 2010 — relative to

and medium risk areas within the catchment increased durthe total agricultural area in %.

ing this event (Tabl®&). On the other hand, large fractions of
the catchment were considered at low risk during the small Risk classes Low  Medium High ~ Very high

event by both model versions (76 and 48 %, respectively). _ NSk values 0002 02105 05t008 08tl
However, during the June event, model Version 3 predicted a Version 2

low risk for only 13 % of the catchment, while this percent- ~ Small eventin May 6 12 5 7
. . large event in June 44 23 17 16
age was higher (44 %) for model Version 2. Hence, based on ;. cion 3
the model results one cannot exclude the risk for DRP losses  small event in May 48 41 4 7
from a considerable fraction of the area. large event in June 13 50 16 21
The spatial patterns of predicted fast flow risk areas were
very similar for model versions 2 and 3 (TaldgFig. 6). The . .

major difference was that the medium risk was more preva-
lent and the low risk class less frequent in Version 3 than in /\A -l *;#\
Version 2. This can be attributed to the lower overall runoff v’ - Y 4
in Version 3 simulations, which led to higher soil moisture
predictions and thus lower topographical threshold values.

RRP . P RRP e
3.2.2 Spatial predictions of DRP losses from soil hydrological  T-ENYE b
[ Jo-o02 ‘\\ﬁ (//’ [ Jo-02 ‘ -
~ loz-0s j'(> | oze0s N
In the RRP model, the risk of P loss depends on the combi- =Z:’1” Bl o505
nation of runoff risk and the presence of DRP at a given lo- ' . - .
cation. While manure is a DRP source that decreases rapidly ¢ st 1710 2200 A o —ees A

after application and can be managed, soil DRP has muct
slower dynamics and is always present as a soltieeman . . ) .
et al, 20113. Areas with high simulated DRP loads were Fig. 6. Risk maps for the large event_ofJune 2010 in th(_e Stagbach
mainly distributed along the stream network, or in flat areascatchmem’ obtained with model versions 2 (left) and 3 (right). Grey

- - . - . shading denotes forested and urban areas
with high soil P concentrations a bit farther away from the
stream (Fig.7). There was little difference between the two
model versions regarding the area that is expected 0 cong 3 gpatial model performance and field measurements
tribute the most. The extent of the hatched area in Fig.
however was larger for Version 3 than for Version 2. The 3.3.1 Test of model assumptions
hatched area illustrates where less than 80 % of the simu-
lations resulted in the same distribution of fast flow gen- The data from the four permanent measurement stations
eration and thus indicates where model predictions wereshown in Fig.8 supported the assumptions underlying the
fairly uncertain. Accounting for all model predictions, we model that (1) soil water saturation increases with topo-
calculated the average DRP load for each pixel. For 90 %graphic index., and that (2) well-drained soils are drier than
of the agricultural area in the Stagbach catchment, the avpoorly drained soils. The location of station S3, which was
erage DRP load calculated over the whole simulation pe-situated in the poorly drained HRU of the Stégbach catch-
riod was below 14.9 mgh pixel~! for Version 2 and be- ment, had the highest(11.13) and showed the highest wa-
low 13.7 mg it pixel~?! for Version 3. The remaining 10% ter saturation over the whole measurement period. In con-
of the agricultural area delivered more than half of the to-trast, the location of station S1, which was situated in the
tal load exported from agricultural land (Version 2: 52 %, well-drained HRU, had the lowestvalue (7.16) and always
Version 3: 54 %). Neglecting winter months, the estimatedshowed the lowest soil water saturation. Station S2, which
yearly DRP loads from 10 % of the agricultural area averagedwvas also situated in the well-drained HRU but at a location
3.4kghal (Version 2) and 3.1kg hd (Version 3). During  with a higherx value (10.65) than S1, showed a soil wa-
the large runoff event in June 2010, much higher loads peter saturation between that of S1 and S3 and similar to that
hour were simulated. Again, 10 % of the agricultural area de-of station 4. The latter also had a similar topographic index
livered more than 50 % of the DRP load from the total agri- (A = 7.27) as station 2, while it had an intermediate position
cultural area. The estimated load per hectare for 10 % of thevith respect to the classification by drainage classes. Station
area averaged 24 ghéh~! (Version 2) and 29ghah~1 4 was situated in the poorly drained HRU according to the
(Version 3) during this event. soil classification used in Version 3 of the model but in the
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Fig. 8. Comparison of soil moisture measurements, runoff measure-
Fig. 7. Simulated distribution of DRP loads in the Stagbach catch-Ments (with overland flow detectors, OFDs) and model predictions
ment during the large event in June 2010 obtained by averaging?f fast flow risks at the four permanent soil moisture measurement
over all Monte Carlo simulations. Red color shows the area (10 %Stations in the Stagbach catchment for the year 2010.

of the total agricultural area) where according to the simulations

more than 50 % of the total DRP loss occurred. Areas for which o )
less than 80 % of the simulations resulted in the same distributiorPver-prediction of runoff risks may be due to the fact that

of fast flow generation are hatched. Grey shading denotes foreste@FDs only collect surface runoff, whereas predicted fast flow
and urban areas. also includes preferential flow in the RRP model. This may

in particular have been the case at station S7, which was one

of the six other measurement stations that were not perma-
well-drained HRU according to the classification used in Ver- nently operated. For this location both model versions often
sion 2. Thus, the results suggest that soil moisture was morgredicted high fast flow risks, sometimes even in all simula-
closely related to topographic index than to soil drainage cattjons, but runoff was collected only once with the installed

egory. OFD. This station was located close to a brook where a large
amount of the simulated runoff may actually have been due

3.3.2 Model predictions and soil moisture to subsurface flow. In contrast to stations S1, S2, S3 and S7,
measurements the risk of runoff from station S4 was underestimated. Sur-

) ) ) face runoff was collected at S4 during the large eventin June,
Figure 8 furthermore shows that the predicted risk of fast \pije model Version 2 predicted fast flow only in 6 % of the
flow was closely related to measured soil water saturationgjmations. Similarly, no elevated risk was predicted for the
confirming the validity of the hydrological simulations pre- o ant at the end of July, when 10mL of runoff were col-
sented before. Atthe two stations with higlalues (S2, S3),  |gcted (Fig.8). Using model Version 3 substantially higher
the_ predicted risk of fast flow str_ongly |r_10reased when soil gy s of fast flow were predicted for S4 than by Version 2,
moisture approached full saturation, while there was generg ;¢ eyen for the extreme event in June the predicted risk still
ally a very low risk of fast flow with comparatively little re-  ig ot exceed a value of 0.3. Similar under-predictions of
sponse to variations in soil moisture at the two stations with, . o¢ risks were also obtained for one event at sites S5. S8
low 2 values (S1, S4). Version 3 consistently predicted higher, 4 S10, where runoff was collected by the OFD, while the
risks of fast flow than Version 2, in line with the results pre- predicted risks remained below 0.1 for model Version 2 and
sented in Sec8.2.1 below 0.3 for model Version 3. At two of the three locations,
infiltration excess runoff or runoff from a street farther up-
slope may have had some influence.

While OFD-recorded runoff data only showed a rather

The model predictions of fast flow risks were also in rea- loose relationship with the prediction of fast flow events,

sonable agreement with runoff data recorded by the OFDthere were close relationships between groundwater levels

(Fig. 8). Surface runoff occurred at sites S2 and S3 when bothrecorded by the piezometers _and the fra}ct_ion of accepted
model versions predicted a risk of fast flow above 0.75. Nopqrameter sets that resulj[ed in the prediction of fast .ﬂOW
runoff was collected when the predicted risk was below 0.5.(':'9' S2). Even changes n groundwater_taple at re_lat_|vely
On the other hand, runoff was never observed at station SlIOW Ie\_/els were associated W'th changes in risk predictions,
for which the predicted risk values were always below 0.05Ih particular with model Version 3.

for model Version 2 and 0.225 for model Version 3. Some

3.3.3 Model predictions, OFD and groundwater
measurements
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4 Discussion conditions, the use of is justifiable. It however restricts fast
flow generation, including infiltration excess runoff (IER), to
Despite the low amount of input data required, the predic-potentially wet areas and therefore may underestimate the ex-
tions of the RRP model were in good agreement with thetent of IER generating areas. This as well as the occurrence
measurements, especially after separate calibration of the unf local thunderstorms, for which the amount of rain may not
ban HRU parameters. The latter improved the prediction ofbe recorded correctly, can lead to underestimations of runoff
small runoff peaks, which were overestimated by the originalpeaks.
model (azzarotto et a).2006. The fact that the model ade- Due to the crucial role of hydrology in P losses, which was
quately predicted discharge and DRP export at the outlet of @lso pointed out byKleinman et al.(20113, the accuracy
catchment and sub-catchment that had not been used for cabf predictions of DRP loads at the catchment outlets mainly
ibration is evidence for the validity of the underlying concept depended on the quality of the hydrological simulations, an
and assumptions. The comparison of hydrological model preobservation also made bifively et al. (200§. The good
dictions with measurements of soil moisture, surface runoffagreement between predictions and measurements obtained
and groundwater levels at various locations within the Stag-when discharge was described well indicates that the model
bach catchment provides further support for this conclusionadequately captured all relevant processes in our catchments.
Of course, model application is always limited to situations Thus, there was no need to incorporate further processes,
that fulfill the assumptions on which a model is basRdd- such as those proposed Madas et al(2011). They sug-
cliffe et al,, 2009 Schoumans et al2009. gested relating DRP concentrations to the runoff-to-rain ra-
One of the inherent assumptions of the RRP model is thatio. According to them, a higher runoff-to-rain ratio leads
soil can be represented as a single compartnieagz@arotto  to higher DRP concentrations in runoff from manured soils.
et al, 2006, which is a linear storage for the slow flow com- Based on data from 9 studiegadas et al(2011) showed
ponent. These simplifications lead to an accelerated baseflothat a high runoff-to-rain ratio often means that runoff starts
decline during dry conditions. This may limit the usefulnessin an earlier phase of an event than in events with a low ra-
of the model for areas dominated by highly permeable soilstio. This was considered important because concentrations of
and for long dry periods. Limited performance during dry P released from manure decrease with time during an event
periods may furthermore be explained with (i) the short dry (Sharpley and Moyer2000. While the RRP model worked
period in the calibration data set and with (ii) the role of the well in our study without such a refinement, it would be
topographic index in the modelWestern et al(1999 found easy to incorporate this relationship if deemed appropriate
that the spatial organization of soil moisture could be well de-for other applications.
scribed by topography during wet periods, when surface and According to our simulations, most DRP lost with runoff
subsurface lateral redistribution of water occurs. During dryoriginated from P-enriched soils. This holds despite the un-
periods they observed little spatial organization of soil mois-certainty of the representation of manure-derived losses.
ture. Thus, triggering fast flow by a threshold based on theVarying parametek, which describes the temporal decay of
topographic index is assumed to perform better for wet tharthe manure-P pool, between 0.003 and 0.011 changed the
for dry soil conditions. Furthermore, thiedoes not account fraction attributed to manure between 20 and 30 %. How-
for differences in soil moisture caused by aspéaigecky  ever, soil P was mostly the dominant fraction. Using a fully
and Cizkova2010. This might partially explain the limited distributed modelHively et al.(2006 came to a similar con-
differentiation between S1 and S4. To test how the linear-clusion for a rural watershed in the New York State. These
ity of the slow flow storage affects the model results, we findings support the conclusions kfeinman et al(20113,
also implemented a version where flow is proportional to thewho announced that legacy P continues to represent a high
square of the storage. Although the model version resulted imnd permanent risk of P export into waters that needs to be
slightly better NSC values, the basic problem of drying outreduced. Also manure application can lead to substantial P
too quickly remained and the spatial CSA predictions wereloads in runoff Shigaki et al. 2007, Withers et al.2003.
rather similar (see Fig. S3). It seems that a better model per- Unfortunately, the capability of models to determine the
formance for dry conditions would probably need a bettersources of P in catchment discharge has still not been tested
depth resolution of the model at the cost of higher modelby direct measurements. This lack of validation also includes
complexity. Another drawback of the RRP model is that it the capability of models to allocate the spatial origin of P
disregards connectivity. Although the measurements showetbsses from a catchmenihite et al, 2009. Till now vali-
that the model did not identify all locations of high fast flow dation has been mainly based on the comparison of P concen-
risk, we do not consider the soil representation and disregartrations in different stream segmen@Ghurek and Sharpley
of connectivity a major problem for the target region becausel999. Further development of isotopic methods such as that
in the hilly areas of the Swiss Plateau, soils are generallyof Tamburini et al(2010 is needed to determine the sources
of low permeability and often directly connected to streamsof P (manure, legacy P) found in runoff. While tracers have
or lakes through artificial subsurface drains. Since baseflowbeen used to determine source areas of eroded sediments
simulations are less important for DRP losses than high flow(Stevens and Quinter2008 and pesticidesOoppler et al,
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2012 Leu et al, 20049, the identification of source areas for to allow the use of conventional soil maps to assign the soils
P losses remains challenging. of the simulated catchment to these classes. The hydrological
Our model predictions were quite robust with respect topredictions were in line with the CSA concept and highlight
the two schemes of binary soil classification by drainage cathe dominant role of topography. While the model suggests
pacity compared in our study. This applied not only to dis- that the 10% of the catchment area contributing the most
charge predictions but also to the delineation of CSAs withindelivered more than 50 % of the total DRP load, the result
the catchment, which makes the model valuable for the idenalso reveals a considerable risk that larger fractions of the
tification of CSAs within catchments. Our findings suggest catchments contribute as well. For practical applications this
that soil drainage capacity was less important for soil mois-means that targeting the 10% of high risk areas will most
ture status, and thus also for the risk of fast flow generatiorprobably reduce DRP losses. However, more areal options
in our study area, than topography. may be needed to reduce them to a sufficient degree. Accord-

In accordance with the “variable source area” concepting to the model, the actual measures should focus on legacy
(Ward, 1984 and observations ofsburek and Sharpley P as it was the dominant source for DRP losses. These find-
(1998, the RRP model predicted an increase in runoff generings confirm conclusions of previous authors that P enrich-
ating areas with increasing soil moisture. If enriched with P ment in soils of hydrological active areas presents a high risk
sources that can be easily mobilized, these hydrologically acfor water quality and needs to be reduced. The parsimonious
tive areas can be a severe threat for water qualibufek and  RRP model is a suitable tool to delineate risk areas and guide
Sharpley 1998. In the Stagbach catchment, areas with highthe implementation of mitigation measures.
simulated DRP loads, averaged over the monitoring period,
were mainly situated along the stream network. Nevertheles
there are also some high risk areas located farther away fro : i ,
streams, which can contribute to catchment runoff and P ex@vailable online athttp://www.hydrol-earth-syst-sci.net/
port via drainage systems. According to our simulations, thel //3679/2013/hess-17-3679-2013-supplement. pdf
10 % of the area contributing the most delivered more than
50 % of the total DRP export from the Stagbach catchment.
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