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Here, we evaluate how well a modified version of the spatially distributed multi-class
sediment transport model (MCST) simulates the effectiveness of control measures for differ-
ent event sizes. We use 8 year runoff and sediment delivery data from two small agricultural
watersheds (0-7 and 3-7 ha) under optimized soil conservation. The modified MCST model
successfully simulates surface runoff and sediment delivery from both watersheds; one of
which was dominated by sheet and the other was partly affected by rill erosion. Moreover,
first results of modelling enrichment of clay in sediment delivery are promising, showing the
potential of MCST to model sediment enrichment and nutrient transport.

In general, our results and those of an earlier modelling exercise in the Belgian Loess Belt
indicate the potential of the MCST model to evaluate soil erosion and deposition under dif-
ferent agricultural land uses. As the model explicitly takes into account the dominant effects
of soil-conservation agriculture, it should be successfully applicable for soil-conservation
planning/evaluation in other environments. Copyright © 2008 John Wiley & Sons, Ltd.
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Introduction

Soil erosion has been recognized for a long time as one of the most serious environmental problems associated with
agricultural land use (Morgan, 1996). It has severe on-site as well as off-site impacts. On-site problems cover the loss
of topsoil and fertilizer, the decrease in crop yield (where plants are eroded, covered by sediments or in the case of
gullying) in the short term and a decrease in soil fertility in the long-term (Lal, 2001). The off-site problems, which
are nowadays more in the public and political focus, are the pollution of surface waterbodies with suspended sediments
and colloids (see, e.g., Haygarth et al., 2006; Bilotta et al., 2007) and other substances attached to the sediment
particles (e.g. phosphorus and pesticides) and the silting of riverbeds, reservoirs and ponds, as well as the damage of
infrastructure and private properties by local muddy floods (Verstracten and Poesen, 1999; Boardman et al., 2003).

Soil erosion and deposition models are essential tools for the implementation of effective and site-specific soil
conscrvation measures on agricultural land. During the last decades several models have been developed. All of these
models have different strengths and limitations because each was developed against the background of a particular
philosophy, for different objectives and for specific site conditions (Grunwald and Frede, 1999).

Still very common is the empirical, spatially and temporally lumped Universal Soil Loss Equation (USLE, Wischmeier and
Smith, 1978) and its derivates such as the Revised USLE (RUSLE, Renard et al., 1991), or the Erosion-Productivity Impact
Calculator (EPIC, Williams and Renard, 1985). These models assume in principle a spatially uniform slope, although
they have been applied to complex terrain coupling with GIS, e.g. in the differentiated USLE (dUSLE, flacke er al., 1990).
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In order to improve the reliability, generality and accuracy of erosion prediction, more physical process-based
erosion models have been developed within the last decades. The more recent ones are: the Water Erosion Prediction
Project (WEPP, Flanagan and Nearing, 1995), the European Soil Erosion Model (EUROSEM, Morgan et al., 1998),
the Kinematic Runoff and Erosion Model (KINEROS2, Smith et al., 1995) and the Limburg Soil Erosion Model
(LISEM, De Roo et al., 1996a, 1996b). Due to the complexity and the spatial and temporal variation of erosion
processes a large number of parameters have been integrated in these models. Hence, much attention was paid to the
acquisition of input data (Jetten et al., 1996). Nevertheless, these models do not necessarily perform better than the
lumped, empirical based models, mainly because input errors increase with model complexity (Jetten et al., 2003) and
because of uncertainties in model structure and process representation (Parsons et al., 2004).

In this context, reduced complexity modelling has received increasing attention during the past few years. This
tendency can be found generally in the environmental sciences and is basically due to the fact that it is now realized
that better predictions might be obtained using simpler model structures with a reduced parameter space rather than
very complex model systems for which the necessary parameter values and input data are impossible to obtain (see,
c.g., Brazier et al., 2000, 2001). Examples of such models are the Sealing Transfer Runoff Erosion Agricultural
Modification model (STREAM, Cerdan et al., 2001) and the Water and Tillage Erosion Model (WaTEM, Van Oost
et al., 2000) .

However, there exists a trade-off between reduced model complexity and the predictive power of a soil erosion
model. This is especially relevant when evaluating the on- and off-site effects of different land management strategies.
For this purpose, a model should (i) predict the amount as well as the size distribution of sediments delivered from an
agricultural watershed, which is a major prerequisite for a reasonable prediction of the erosion and export of sediment
bound substances such as particulate organic matter and nutrients, (ii) give a good spatial representation of where
erosion and deposition is actually occurring at different scales, (iii) account for effects of different erosion control
measures, namely changes in tillage techniques and field layout as well as the implementation of grass filter strips etc.,
and (iv) provide explicit information about the quality of the model predictions and the uncertainty associated with the
model.

This study focuses on the dynamic Multi-Class Sediment Transport model (MCST) developed by Van Oost et al.
(2004). Although this model uses a limited set of parameters, it is dynamic and accounts for size-selectivity during
scdimentation, within a two-dimensional context on an cvent basis. Erosion patterns, sediment delivery and sediment
quality can therefore be modelled. Thus far the model has only been tested for rainfall-runoff events in a small
conventionally managed watershed (30 ha) in the loam belt of Belgium, where measured erosion and deposition
patterns after a series of winter storms were used for model validation (Van Oost et al., 2004). To use the model under
different environmental conditions, especially to account for soil conservation techniques, more rigorous model testing
and possibly model modifications are necessary.

Our objectives were (i) to validate the MCST model using a unique 8 year monitoring data set from two small
watersheds (0-7 and 3-7 ha) managed using optimized soil conservation techniques, located in Southern Germany, (ii)
to modify the model in terms of process representation in order to simulate adequately soil crosion processes under
soil conservation and (iii) to carry out first tests of the modified model’s ability to predict grain size distribution in
delivered sediments, a prerequisite to simulate the transport of sediment bound substances.

Materials and Methods

Study site

The study site is part of the Scheyern Experimental Farm located about 40 km north of Munich in the Tertiary hills, an
important agricultural landscape in Central Europe. The study site covered two small adjacent agricultural watersheds
3.7 and 0-7 ha in size (Figure 1), situated at an altitude of 454—469 m above sea level (48°30’50” North, 11°26"30”
East). Loamy and silty loamy Inceptisols dominate throughout the watershed (Sinowski and Auerswald, 1999), with a
median grain size diameter between 12-5 and 16 pum. Between 1994 and 2001 the mean annual air temperature was
84 °C, and the mean annual soil temperature at a depth of 0-05m under grass was 10-2 °C. Ground frost was
observed approximately 21 days per year occurring between December and the beginning of March. The average
annual precipitation (1994-2001) was 834 mm.

Both watersheds drained a single large field with a crop rotation consisting of potato (Solanum tuberosum L.),
winter wheat (Triticum aestivum L.), maize (Zea mays L.) and winter wheat. Before each row crop a cover crop
(mustard, Sinapis alba L.) was cultivated after wheat harvest in August. Potato ridges were already formed prior to
mustard seeding and potatoes and maize were planted directly into the winter-frost killed mustard, maintaining some
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Figure |. Topography, field borders, tillage direction and location of measuring devices in watersheds W03 and WO04.

mustard cover after planting the potatoes. Wide low-pressure tires were used on all machinery to reduce soil compaction
and to avoid the development of wheel-track depressions, which usually encourage runoff (Auerswald et al., 2000;
Fiener and Auerswald, 2003b). At the down-slope end of the field in both watersheds a 5-10 m wide vegetated filter
strip (VES) was established, wherein the runoff is routed along a slightly elevated field road to the watershed outlet
(Figure 1).

Data collection

Runoff was continuously collected between 1994 and 2001 at the outlet of the watersheds. The measuring systems
were based on a Coshocton-type wheel runoff sampler collecting an aliquot of 0-52-0-55% (watersheds W03 and
W04, respectively) from the total runoff coming from the outflow pipe. The aliquot volume was measured and at least
one sample was taken during or after each event, and later dried at 105 °C to determine the sediment concentration.
The measuring system was tested for function at the end of each runoff event. A more detailed description of the
measuring system and the results of a precision test can be found in the work of Fiener and Auerswald (2003a).
Two meteorological stations were located about 500 and 100 m from the watersheds at 453 and 480 m above sea level,
respectively. At these stations triggered rainfall data (0-2 mm per trigger) were collected. For modelling, the measure-
ments were aggregated to minute values and the data of the farther station were only used in the case of equipment
failure of the nearer station. Precipitation events were differentiated when no rainfall was measured for at least 6 h.
Plant and residuc cover was measured bi-weekly during the vegetation period, four weekly in autumn and spring,
and before and after each soil management operation. The measurements were carried out at three locations in the
field of the tested watersheds and in three neighbouring fields with identical crop rotation between January 1993 and
April 1997. Residue cover was measured manually using a pocket rule. Plant height was determined in the field and
plant cover was derived from photographs taken around noon from a height up to 4 m (in the case of full-grown
maize) using image analysis. Therefore, photographs were digitized and the percentage of plant cover was calculated
after interactively determining all areas with and without plant cover. Between January 1994 and April 1997 the cover
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measurements made in the watershed were directly used for modelling. From May 1997 to December 2001 an average
cover of cach specific crop was derived from all measurements (including measurements in neighbouring ficlds)
covering 16 years of winter wheat and 8 years of maize and potato, respectively. This average cover information was
adjusted to account for field operations, which were all monitored during the total measuring campaign (1994-2001).

Soil samples were taken in a 50 m X 50 m grid in both watersheds to derive soil properties, such as grain size
distribution, carbon and nutrient content etc. For model parameterization we used the grain size distribution in the
topsoil (0—0-2 m) homogenized by field operations. To determine grain size distribution the topsoil samples were
dispersed, decalcified and analysed with the sieve—pipette method.

Modelling Structure

A detailed description of the MCST model was given by Van Oost et al. (2004). Here, we give an overview of the
most important components and focus on the modifications made in this study. MCST is a grid based model and has
threc major components: (i) a runoff generation module using a modified SCS curve number (CN) technique, (ii) a
runoff routing algorithm that redistributes runoff via flow paths to the outlet of a watershed taking into account flow
direction effects due to tillage roughness and (iii) an crosion, transport and deposition module calculating the spatial
distribution of soil erosion and deposition.

Runoff generation. The runoff generation routine in the original MCST was only tested for wet winter conditions
under conventional agriculture (Van Oost et al., 2004). To apply the model for different seasons under conservation
agriculture, the originally used SCS curve number technique was fundamentally modified to account for variations of
antecedent soil moisture, effects of cover management, soil crusting, run-on and infiltration after the end of rain event
(afterflow infiltration) in areas of high infiltration capacities.

In the original SCS CN model the antecedent soil moisture content (AMC) is taken into account for three different
soil moisture conditions (dry, average and wet) represented by different equations to calculate the CNs (see, ¢.g., Chow
et al., 1988). The incorporation in terms of three AMC levels causes unreasonable and sudden jumps in the CN variation.
To prevent these and to objectify the simulation, an approach developed by Mishra et al. (2004) was adopted. In this
approach, which was tested for about 63 000 storm events from 234 watersheds in the USA varying in size from
0-1 ha to 30 350 ha, runoff generation is calculated taking the five days antecedent precipitation APs into account:

_ (P-L)P-1 +M)

R = L Tm+s =
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M =051+ S + (1= 27" + 4AP; S 3)

where Ry is the estimated direct surface runoff (mm), S is the potential maximum retention (mm), 7, is the initial
abstraction (mm), P is the total precipitation of an event (mm), M is the antecedent soil moisture (mm) and AP is the
antecedent 5 day precipitation amount (mm).

In the original curve number technique, time is not represented and hence the technique does not allow accounting
for variations in rainfall intensity and duration. Van Oost (2003) found that using Equation (4) to account for rainfall
intensity significantly improved the prediction of direct runoff from a small agricultural watershed in the Belgium
loam belt, so this was also implemented.

R =Ry(IN,,.,,/10)” 4

max10
where IN, .o 1S the maximum 10 minute rainfall intensity and ¢ is a calibration parameter.

Furthermore, to use the curve number technique in small agricultural watersheds under different cropping practices
the selection of CNs used to calculate S should follow objective rules accounting for surface conditions, namely soil
cover and crusting stage. To represent the effect of soil cover on CNs an approach presented by Auerswald and Haider
(1996) was adopted. These authors found in plot experiments (plot size 7-187 m? 1 h rain of 60—74 mm, SCS-CN
hydrological soil group C) carried out at the Scheyern test site and in the surrounding landscape that there is a more
distinct difference between CNs for different field conditions than represented by the original approach (e.g. USDA-
SCS, 1986). In general the experiments demonstrated a strong relationship between soil cover by plants and plant
residues and CN. For small grains this is described by Equation (5) (Auerswald and Haider, 1996), while for row
crops Equation (6) can be used (Auerswald, 2002).
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CNg; =87 — 47COVER (n=51, R=-091) 5)

CN,. = 80 — 40COVER (n=23, R=-0-77) (©)

where COVER represents relative soil cover (plants and plant residues), CNg; and CN are CNs for small grains and
row crops, respectively, and the standard error for the Pearson correlation coefficient R is 0-06 and 0-13 for Equations
(5) and (6), respectively; for both equations R is significantly different from zero (P < 0-001).

The plot experiments were carried out under uncrusted conditions (personal communication, K. Auerswald) and,
hence, crusting was introduced following Equation (7) (Van Oost, 2003):

1
CN = CNgae + 5 CRe 7

where CR is the crusting stage (Govers, 1986), CNgrc are CNs derived from Equations (5) and (6) and c¢ is a crusting
coefficient.

The crusting stages vary between O and 5, representing the full range from a non-sealed, initial fragmentary
structure with all fragments clearly distinguishable to a continuous state with depositional crusts (Govers, 1986). The
value of c is set so that the CN for crusting stage 5 is equal to the CN of 0% soil cover according to Equations (5) and
(6) (for small grains ¢ = 87 — CNg; for row crops ¢ = 80 — CNy.). The introduction of crusting stages into the CN
calculations was successfully applied for a small agricultural watershed in the Belgium Loam Belt, where crusting
stages were monitored over three years (Van Oost, 2003).

To ensure the applicability of the model where such measurements are not available, we introduced and modified a
soil crusting approach developed by Schroder and Auerswald (2000; Schroder, 2000). The principal ideas of this
approach are the following: (i) Following Morin and Benyamini (1977), the decrease in infiltration rate caused by soil
crusting can be described by a negative exponential equation taking into account start and minimum (end) infiltration
rate, rainfall energy and a parameter representing soil susceptibility to crusting. (ii) If the soil is protected by a plant or
a residue cover, the effective rainfall energy is reduced and hence the soil is less vulnerable to crusting. (iii) The initial
infiltration rate for an event following a crusting event is equal to the end infiltration rate of the preceding cvent.
(iv) During a period without rain there is a decay of the existing crust caused by earthworm activity and soil crack
formation. Due to the complex interaction of soil properties (texture, organic carbon content, pH etc.) and earthworm
activity as well as soil temperature and moisture the authors did not find any adequate physical basis to calculate the
time of recovery. Therefore, a simple estimate, is used applying a crust half-life time of 30 days approximated from
field experience.

For our approach we modified the original exponential equation, introducing crusting stages instcad of start and
minimum infiltration rates:

CR(1)) = CRpyyy = (CRypy — CR(1y))e” wHmen®) ®)
where CR(#)) is the crusting stage after time #,, CR(#,) is crusting at the beginning of the event, CR,, is equal to
crusting stage 5, and Eking is the effective kinetic rain energy.

i}
Ekin; = J Ekin(#)(1 — COVER) dt C))
)

where Ekin is the energy of a rainfall for time ¢, and ¢, is the start time of a rain event.

Kinetic rainfall energy Ekin is calculated following the standard USLE procedure (Wischmeier and Smith, 1958)
also applied under German conditions (Schwertmann et al., 1987). For 53 rainfall experiments at the Scheyern
research farm carried out on plots under seedbed conditions with a wide range of soil textures (plots of 8 m%, 1 h rain
of 60—63 mm, slope 1-14%, clay content 12-31%, silt content 15-67%), Schroder and Auerswald (2000) found that
a kinctic rainfall energy of about 400—500 J m™ produced a fully crusted soil, a result that is in line with other
experiments on loamy and clay soils (see, e.g., Lado et al., 2004). Further rainfall experiments with different soil
covers (n =139, cover 10-25%) allowed us to confirm that the relationship between crusting and rainfall kinetic energy
can also be used for surfaces covered with vegetation residue provided that the effective kinetic rain energy reaching
the soil surface, Ekin., is used.

The soil crusting parameter C;; was determined based on the 53 rainfall experiments under seedbed conditions,
where the start and minimum infiltration rate (crusting stage 0 and 5, respectively) were measured and rainfall kinetic
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energy was calculated from measured rain intensities. C; was most strongly related to soil texture: for soils of texture
class 1, i.c. soils with a clay content between 15 and 22%, the average Cy is 0-015 (SD 0-007, n = 19). For soils of
texture class 2, characterized by a silt content less than 50%, the average Cy was 0-0075 (SD =0-005, n = 34).

To approximate the recovery of crusting stages (or infiltration rates) Equation (10) was used. Morcover, crusting
stage was set to zero in the case of any tillage operation.

CR(ty, n) = CR(fpg, 1 = 1) = CR(tepg, 1 — 1)(1 = ™) (10)

where CR(#,, n) is the crusting stage at the beginning of a new event, CR(7,,4, n — 1) is the crusting stage at the end of
the previous event, fr is a recovery parameter, and At is the time of crust recovery. Due to a lack of clear information
on the factors controlling crust recovery, a simple time dependency is used, where fr was set to —0-02 to reach a half-
life time of the crust of 30 days.

Runoff routing. In the MCST model a numerical solution of the kinematic wave approximation is used to estimate
discharge and water depth at every location in the grid at all time steps. MCST uses different hydrological models for
sheet flow and concentrated (rill) flow. Sheet flow is modelled according to the Manning equation and it is assumed
that the flow width is equal to the grid cell size. For self-forming rills, flow velocities and cross-sectional arcas are
predicted from discharge alone (Govers, 1992b). Moreover, the model uses a multiple-flow algorithm for sheet flow,
while a single-flow algorithm is used for rills.

The model assumes sheet flow until a critical shear stress of 0-9 Pa is exceeded, which is sufficient to initiate rill
formation on an erodible loamy soil (Govers, 1985). In this study, shear stress was calculated as

n 3/2
T= pgDS(—g) (11)
n

where 7 is shear stress (Pa), p is water density (kg m™), g is the acceleration due to gravity (m s™), D is the flow depth
(m), S is the local slope, n, is the Manning roughness cocfficient for barc soil and n is the Manning roughness
coefficient depending on plant and plant residue cover.

Compared to the original MCST the term (ng/n)3’ % in Equation (11) was added to the general shear stress calculation
to account for the reduced shear stress affecting the soil surface if the soil is protected by plant residues (Govers,
1992a). This situation can typically be found under soil conservation agriculture or if soil is covered by dense grass
due to the installation of vegetated filter strips (VFSs). The Manning roughness coefficients for surfaces covered
with plant residues are calculated following Gilley et al. (1991). From flume experiments (flow rates 524 x 10*~1-01 x
107" m? s7') these authors derived empirical relationships between different types of plant residue (cover 15-99%) and
Manning’s n. For Reynolds numbers less than 20 000 Equation (12) can be used for different residues types:

n=1-89 x 107 COVERy)""'"/Re"'* (12)

where COVERy, is surface cover by plant residucs, and Re is Reynolds number.

For the calculation of Manning’s 7 in the model a Reynolds number of 2000 was used. For Watershed W03 typical
values calculated for Re range between 250 and 2000. Hence, the Re used to calculate n leads in most cases to a
conservative estimate of the hydraulic roughness effect of soil cover introduced by soil conservation. Clearly, this
correction procedure could be improved if more information on runoff hydraulics on vegetation covered surfaces were
available.

To decide whether runoff will follow the topographical or the tillage direction, the TCRP model of Takken et al.
(2001) is used. They found that runoff patterns on agricultural land are strongly affected by tillage direction. Incorpo-
ration of these effects in runoff routing significantly improved prediction of ecrosion and deposition patterns.

To allow for run-on and afterflow infiltration, which can both be prominent in the case of soil conservation
measures such as grassed waterways, simple estimates of these infiltration rates derived from the CN methodology are
used in the modified MCST. If runoff is routed into a grid cell where no rain excess occurs till time #, re-infiltration I,
(mm s™) is calculated and the initial abstraction of this cell is reduced by the re-infiltrated volume:

I, = P)D,
D,

N

Iy (1) = (13)

where P is the cumulative precipitation (mm) till time ¢, D, is the event duration in days (-) used to scale /, and P, and
D, is the event duration (s).



1645

Afterflow infiltration is assumed if runoff is routed through a grid cell that previously produced infiltration excess.
This is especially important for arcas along the thalwegs of a watershed, where runoff lasts longest after the end of a
precipitation event, and where conservation measures can effectively reduce runoff velocity due to an increased
hydraulic roughness. This afterflow infiltration 7, (mm s™) is estimated using Equation (14):

Ly(1) = L/ D, (14)
where 1, is the cumulative infiltration (mm) during an event according to the SCS-CN methodology (I, = S(P —1,)/
(P-1,+9)).

Based on the dynamic simulation of rainfall, infiltration and runoff generation, the MCST model calculates an
effective steady-state flow and effective runotf duration.

Erosion, transport and deposition. The erosion, transport and deposition component of the MCST model uses a
concept of three different erosion/deposition domains, representing areas dominated by different erosion/deposition
processes as proposed by Beuselinck et al. (1999a, Figure 2). Below a critical threshold, no entrainment of particles
occurs and sediment deposition is governed by simple settling as a function of fall velocity (Domain 1). Above this
threshold, two other domains were identified, where entrainment of original soil, deposition and re-entrainment of the
deposited particles all occur simultaneously. In Domain 3 entrainment and re-entrainment are dominant, resulting in
net erosion, while in Domain 2 deposition is dominant but significant sediment re-entrainment occurs.

The concept was implemented in the MCST model of Van Oost et al. (2004) and was successful in predicting the
erosion/deposition pattern in a small agricultural watershed (3 ha) in the Belgium loam belt after a wet winter (1992—
1993). Under these conditions (conventional cultivation of winter wheat with a cover less than 10%, erosion prone
silty loam) erosion/deposition is dominated by rill erosion in areas where Q > € and deposition of the rill-eroded
sediment at the foot slope: it was therefore not necessary to explicitly account for sediment transport by interrill
runoff. To predict soil erosion during the vegetation period under soil conservation agriculture, sheet crosion, driven
by a combination of rain drop impact and flow transport, must be explicitly taken into account. Therefore, we
modified the process description for Domain | (Figure 2).

It is generally accepted that soil detachment by splash far exceeds the transporting capacity of interrill flow, so that
interrill erosion is basically a transport-limited process (Foster and Meyer, 1975). Interrill transporting capacity was
modelled using the interrill transporting capacity relationships developed by Everaert (1991). Based on a series of
flume experiments with typical interrill flow discharges (unit discharge: 0-002—0-025 m?> m™ s™"), Everaert developed
transporting capacity relationships. On slopes ranging from 1.7 to 17-4%, without and with rain on the surface
(intensity of 60 mm h™), the solid discharge in the case of a median sediment diameter between 33 and 122 um can be
expressed as

q, =174 x 10°Q4 DY (R*=0-89; n=394) (15)
and the effective stream power is calculated as (Govers, 1990; Foster and Meyer, 1972)
Q= QD (16)
where Q is stream power (g s™) and D is flow depth (cm).

Equation (15) is used to model interrill sediment transport in Domain 1. If the sediment input into a raster cell is
larger than its specific potential to transport solid discharge, size-selective deposition is assumed. Therefore, ten

Q < ch‘n Q > chi(
H>1 H<1
Domain 1 Domain 2 I Domain 3
T1<09Pa|t>09Pa
Simple Settling Simple Settling —
Theory + Sheet Theory + Sheet Rill
Erosion Re-entrainment Erosion Erosion

Figure 2. General implementation scheme of modified dynamic Multi-Class Sediment Transport model (MCST).
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equally distributed sediment classes represented by specific settling velocity classes are used and continuous mixing of
water and sediment is assumed (Beuselinck et al., 1999a). Sediment concentration c; for each settling velocity class is
given by (Beuselinck et al., 1999b; Hairsine et al., 2002)

_vtxt

c(xX)=cpe ¢, i=12..1-1 (17)

where c;, is the initial concentration of velocity class c;, v; is the settling velocity of class i and x; is the evaluation
distance.
In contrast to the approach used to model sediment re-entrainment (Domains 2 and 3), changes in grain size
distribution due to selective deposition are not taken into account to calculate interrill sediment transport in Domain 1.
Erosion and deposition in Domains 2 and 3 are calculated according to the original MCST model (Van Oost et al.,
2004). If the local stream power exceeds €2, the shielding factor H, from the Hairsine—Rose model (1992a, 1992b), is
calculated to decide whether net deposition (Domain 2) or net erosion (Domain 3) occurs:

H= (o - p)gzvici (18)
oF(Q - Q)
where ois sediment density (kg m™), p water density (kg m™) and F the fraction of stream power used for re-
entrainment. As H is a shiclding factor, its maximum value is set to H=1.
If H=1 (Domain 2), simultaneous re-entrainment and deposition of sediment occurs. The variation of sediment
concentration with distance downslope can then be described as follows for steady-state flow (Sander et al., 2002):

= -1 i=12..1 (19)

where
L Q
* — ml]— 22 20
. o
1
=F0'pSKm @1
o-p

and the flow depth D is given by the generalized depth discharge equation

1

(g
D—(K) (22)

where ¢ is the unit discharge (m?s™") and K is a coefficient related to surface slope and hydraulic roughness (K = S"%/
n), and m is a flow constant of 5/3 for turbulent flow (Beuselinck et al., 2002).

From these equations the spatial pattern of sediment deposition and sorting of all sediment size classes can be
calculated if values for ¢, v, g, S, D and ¢ are known at the entry and the exit of each grid cell.

If H < 1, net erosion occurs (Domain 3). As long as the flow shear stress (Equation (11)) is below the critical value
for rill initiation of 0-9 Pa, interrill erosion is modelled according to Equation (15). If 7 exceeds the critical value, rill
detachment is calculated as a function of slope and discharge following Equation (23):

Dr = a,, $*'Q (23)
where Dr is the detachment rate (kg m™ s™), a,, is a rill erodibility factor, S is the local slope gradient, Q is the rill

discharge and ser and de are topographical exponents, which are based on rill erosion experiments conducted by
Gimenez and Govers (2002), and are set to fixed values of ser =0-9 and de =0-73 (Govers et al., 2007).
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Table 1. Main input data, parameters and variables of the Multi-Class Sediment Transport model (MCST)

Description Symbol Unit Range/value
Digital terrain model m 5x5

Land use map

Soil cover for each field and land use % 0-100

Tillage roughness (and direction) for each field R, m 0-0-25
Hydraulic roughness fields n sm™3 0-016-0-300
Water density p kgm™ 1000
Sediment density o kg m™ 1800-2600
Vertical mixing coefficient / I
Characteristic settling velocity for class i v, ms™ 16X 107-3-4x 107
Threshold of re-entrainment T, Pa 0-6
Threshold of rill erosion Pa 09
Re-entrainment parameter F / 01

Hydraulic roughness vegetated filter strip Nurs sm™”? 0-20

Curve number CN / 65

Model implementation

To simulate runoff formation and routing in the runoff module a precalibration procedure, using nine runoff events
(>0-5 mm) in Watershed W03, was applied to determine the parameters A and ¢, accounting for antecedent soil
moisture (Equation (3)) and rain intensity (Equation (4)), as well as a, to consider the site-specific rill erodibility
(Equation (23)). The optimal parameter set was determined using the highest model efficiency coefficient (MEF), as
proposed by Nash and Sutcliffe (1970).

Z(QL - Mi)2
MEF, =1-+— (24)
2.,(0,-0)

i=1
where O, is the observed and M, is the modelled variable of parameter set i.

The main input data required for the model, except for the calibration parameters given in the results section, are
summarized in Table I. Moreover, ten equally distributed sediment size classes for each watershed were calculated
from the soil sampling at the test site. The time step used for modelling was 60 s.

The output of the model consists of the following maps: discharge of every time step, effective discharge, stream
power, location of sheet and rill erosion, net erosion/deposition and deposition of each sediment size class. Moreover,
a hydrograph, total runoff, total sediment output and sediment size distribution at the outlet are also calculated.

Results and Discussion

Measurements

During the observation period (1994-2001) 1413 rainfall events have resulted in 218 and 154 runoff and sediment
delivery events in Watersheds W03 and W04, respectively. On average a runoff of 38-5 mm a™' (runoff coefficient
0-05) and a sediment delivery of 437 kg ha™ a™ were measured in W03 during the 8 year observation, while in W04
measured average annual runoff was 9-6 mm a™' (runoff coefficient 0-01) and sediment delivery was 40 kg ha™ a™
(Figure 3). The difference in runoff coefficient by a factor of five was probably caused by a different area ratio between
ficld and vegetated filter strip (the VFS—field area ratio is equal to 1/28 and 1/8 in W03 and W04, respectively). The arca
and topography also play an important role in sediment production and delivery: W03 has a much higher total
sediment yield because this watershed has longer and partly steeper slopes and a clearly defined thalweg, which is
more prone to rill erosion. The formation of rills was observed in W03 after a few larger events, while almost no rills
developed in W04.
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Figure 3. Measured rainfall, runoff, sediment delivery and air temperature below 0 °C (1994-2001) at the tested watersheds in
Scheyern; only those events are shown where runoff from Watershed W03 is at least 0-5 mm; grey bars indicate time periods
(April-November) used for modelling as long as the air temperature was above 0 °C.

The relatively low rates of soil erosion and runoff are attributed to the soil conservation techniques established in
the watersheds, which result in a high soil cover by plants and plant residues throughout the year (Figure 4) (Auerswald
and Haider, 1996; Auerswald et al., 2000; Fiener and Auerswald, 2001). Hence, during the vegetation period (April—
November), when the highest rain intensities can be expected (see, e.g., Bartels et al., 1997), only a few storms
produce significant runoff volumes (>0-5 mm). Nevertheless, these storms dominate the erosion (72% of the total
annual sediment delivery) within this period; two large erosion events contributed substantially to the total sediment
delivery in Watershed WO03. These events, occurring within two wecks after potato harvest in October 1998 (Figure 3),
produced a sediment delivery of 1715 and 467 kg ha™, respectively, representing 61-5% of total sediment delivery
measured within the 8 year observation period. In contrast, relatively low sediment delivery rates were observed in
WO04, which drains the same large field as WO03: here only 55 and 4 kg ha™ was measured for the same events, which
again can be attributed to a shorter slope length and hence absence of intensive rill formation and a wider vegetated
filter strip at the down-slope end of the watershed.

Modelling

The MCST model is not able to represent snow melt or ground frost, and events where these processes played an
important role were excluded from our analysis. For the test sitc snow and ground frost free conditions are met for the
period from April to November (Figure 3). During the 8 year observation 108 and 92 events occurred between April
and November in W03 and W04, respectively, representing 86 and 84% of the total measured sediment delivery.

For practical reasons, and due to the fact that only the largest events dominate the erosion processes, only those
events with a runoff in Watershed W03 of at least 0-5 mm were modelled. The selected events represent 95-5% of
runoff and 98-7% of sediment delivery measured in W03 between April and November (1994-2001). For Watershed
WO04 the same events were modelled, to evaluate whether the model has the ability to handle more rill erosion driven
events in W03 as well as interrill dominated events in W04. An overview of all modelled events and the associated
event and watershed characteristics is given in Table II.

Hydrology. The precalibration procedure of the hydrology module to determine the optimal parameter set for A and
a, accounting for antecedent soil moisture and rain intensity, showed that the model is highly sensitive to changes in
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A, while changes in o have only a minor effect as long as A is close to the optimal value (Figure 5). An optimal model
performance for the nine calibration events (Table 1I) indicated by an MEF of 0-88 and an RMSE of 3-2 mm could be
obtained using a A of 0-2 and an o of 0-7. The calibration results in exactly the standard A value used in the original
SCS-CN approach. From Figure 5 it is obvious that the calibrated value of ¢ gives a very similar model efficiency to
the one that could be reached using an o of 0-9 obtained by Van Oost (2003) through a similar calibration procedure
for a Belgian watershed.

1-0
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—1-0 1

—1-5 1

05~
0-3
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A 01 00 0-0

Figure 5. Model efficiency (MEF) calculated according to Nash and Sutcliffe (1970) for the hydrological module of MCST, varying
the calibration parameters A and o, accounting for antecedent soil moisture (Equation (3)) and rain intensity (Equation (4)).
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Figure 6. Measured versus modelled runoff in Watersheds W03 and W04 for measured runoff events in Watershed W03 of at
least 0-5 mm.

Based on the standard model parameterization (Table I) and the calibrated values of A and ¢, the comparison of
measured and predicted runoff volumes for all 19 events in Watershed W03 larger than 0-5 mm shows a reasonable model
performance (MEF =0-86, RMSE =4-1 mm). This is especially true for the larger events dominating the overall
crosion during the observation period (Table II, Figure 6). For smaller events (measured runoff <3 mm) the modified
MCST model partly overestimated runoff, and for some events no runoff was simulated while a runoff between 0-5
and 2-1 mm (average = 1-0 mm) was observed. This indicates that for small storms it is problematic to use a static
value of A to determine the initial abstraction or rainfall amount that must be reached before rain excess occurs. This
problem has already been reported by Hawkins ef al. (1985): they concluded that the standard CN method should only
be used for storm depths of at least 0-46 times the maximum retention depth for average moisture conditions.

Comparing measured and predicted runoff volumes for all 18 events in Watershed W04, in general a much weaker
model performance (MEF =-2-3, RMSE =3-0 mm) was determined. This might have three main reasons: (i) the
runoff module was calibrated for WO03; (ii) in W04 the observed runoff volumes (maximum 7-0 mm, Table II) were
generally smaller and therefore higher errors can be expected due to the increasing event variance with decreasing
event size (see, c¢.g., Nearing, 2006); (iii) as the observed runoff volumes in W04 vary only between O and 47 m’,
while in W03 volumes from 20 to 1550 m® were measured, the relative runoff reduction effect of the downslope
VES in both watersheds is more pronounced in the smaller Watershed W04. Hence, the model results are in general
much more sensitive to parameterization and size of the VFS. This is shown for Event 253 (Figure 7, Table II).
The simulation of the effects of such small structures is difficult due to a lack of data on their temporally variable
properties (see, e.g., Fiener and Auerswald, 2006), the unknown degree of concentration of runoff within these
structures and a potentially too coarse spatial resolution, which does not account for the exact size and geometry of the
VES. Due to these problems the analysis of erosion and deposition modelling is focused on the larger runoff events
dominating the overall erosion in both watersheds. For these larger events the overall performance of the runoff
module, indicated by an overall MEF in both watersheds of 0-82 and a RMSE of 3-6, is assumed to be sufficient.

Erosion and Deposition. As more important erosion events occurred in Watershed W03, the data from this water-
shed are mainly used to evaluate the erosion—deposition component of the model. Nevertheless, the erosion and
deposition modelling is also tested against data from W04 to evaluate whether the model predicts the occurrence of
rills correctly.

Based on effective discharge and effective event duration, the patterns of erosion and deposition as well as sediment
delivery from the watersheds were modelled.

As there are no data from rill erosion experiments using soils from the research farm in Scheyern, the erosion
module has to be calibrated to determine the rill erodibility coefficient a,. Best results for the nine calibration events
were reached for a rill erodibility coefficient of 46 (MEF = 0-88, RMSE = 17-7 kg ha™).
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Figure 7. Relative change in modelled runoff volume for Event 253, comparing the results of the standard parameterization of the
vegetated filter strips (VFSs) located at the down-slope end of Watersheds W03 and W04 with results from varying Manning’s n
and curve number (CN) for the VFSs; standard parameterization for the VFSs is ny, =02 and CNy =65 (Table ).

Based on the calibration, a comparison between measured and modelled sediment delivery is shown in Figure 8.
The generally smaller sediment delivery per watershed area in Watershed W04 compared with W03 is well repre-
sented by the model. Nevertheless, sediment delivery from W04 is overestimated for all events less than 2-5 kg ha™,
again indicating problems with runoff prediction for these small events. This represents a general problem in model
accuracy in the case of watersheds under soil conservation. As event size decreases due to conservation measures, the
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Figure 8. Measured versus modelled sediment delivery in Watersheds W03 and W04 for measured runoff events in Watershed
WO03 of at least 0-5 mm.
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Table Ill. Range of results for modelled effective discharge (Q.¢), sediment delivery and spatial proportion of erosion/deposition
domains, as well as total sediment delivery ratio (SDR,,,) for watersheds W03 and W04

Watershed W03 Watershed W04
Max. Min. Average Max. Min. Average

Q. outlet (m’s™) 0-0243 0-00 0-0088 0-0035 0-00 0-0016
Sediment delivery (kg ha™") 7614 0-0 69-8 587 0-0 64
Area of watershed' in

Domain | (%) 100-0 821 984 100-0 937 99-1

Domain 2 (%) 0-5 0-0 0-1 0-0 0-0 0-0

Domain 3 (%) 17-3 0-0 [-5 63 0-0 0-8
Proportion of deposition® in

Domain | (%) 100-0 385 77-0 100-0 100-0 100-0

Domain 2 (%) 615 0-0 230 0-0 0-0 0-0
SDR,.," 0-52 0-15 0-34 0-29 0-15 0-22

* Results given for all events where a runoff greater than 0-0 was modelled.

variance in sediment delivery of single events increases, which was shown by Nearing et al. (1999) for more than
2000 natural rainfall events on erosion plots distributed all over the United States.

For the largest event (No. 228, Table II), the modelled effective discharge in W03 was about seven times larger than
in W04 (Table IIT), while the modelled sediment delivery differs by a factor of about 13. While in Watershed W04
almost no linear erosion in rills was predicted (Figures 9 and 10) and no rills were documented by a qualitative
observation, the erosion in the larger Watershed W03 was dominated by rill erosion, which was modelled (Figures 9
and 10) and also qualitatively observed after the event. Nevertheless, in W03 the sediment delivery for this largest
event, representing 67% of total sediment delivery, was significantly underestimated. In the case of Event 228 a heavy
rain (P =107 mm; I,,,,,, = 13-2 mm h™) fell on an erosion prone field shortly after potato harvest. Due to field opera-
tions during harvest the soil had almost no cover (<2%) and the soil was in a very erodible condition as it was sieved
by the potato harvester, thereby decreasing the stable aggregate diameter (e.g. a Dy, of 120 and 55 um was measured
before and after harvest in 1995) (Fiener and Auerswald, 2007). Moreover, the VES at the downslope end of the
watershed was partly damaged due to repeated crossing with the potato harvester.

Under these specific conditions, the model underestimates the sediment delivery by a factor of 2.3, which is
probably caused by the static parameterization of soil and VES properties. The difficulties in predicting erosion and
deposition accurately in the case of Event 228 are a major reason for the relatively low MEF of 0-62 and high RMSE
of 238 kg ha™ for the erosion model validation, because both measures of goodness of fit are highly sensitive to the
largest values of a comparison. The situation in the case of Event 228, especially the part failure of the VFS, also
points out a general problem in the parameterization of erosion models under very specific conditions, which are not
properly monitored even at a research farm. This is even more problematic for optimized soil conservation systems,
where larger events are rarer compared to conventional agriculture, and where these events more often occur in the
casc of a part failure of the conservation system, which is difficult to parameterize.

Considering the fact that soil erosion is an inherently variable phenomenon (e.g. Nearing, 1998), we may conclude
that the MCST model yiclds promising results for conservation tillage. Nevertheless, further analysis of model uncer-
tainties and further tests under different land management conditions must be carried out for an ongoing improvement
of the model.

Rill erosion was qualitatively observed by regular field visits during the observation period (1994-2001), therefore
the modelled rill erosion after large events along the thalweg of W03 and the near absence of rills in W04 could be
confirmed. Moreover, as expected, modelled sedimentation in the VES at the downslope end of the watersheds was
indeed found in the field after the larger events.

Focusing on the model representation of the processes in the different domains (Figure 2, Table III), most areas
in both watersheds belong to Domain 1, representing sheet erosion and simple settling (average area in W03 and
W04 98-4 and 99-1% respectively). This indicates that in both watersheds sheet erosion is the dominant process during
most events. Only for the larger events in W03 are Domains 2 and 3 more prominent (maximum 17-3 and 0-5%,
respectively). Despite the small area of the field experiencing re-entrainment (Domain 2), Domain 2 can dominate
total deposition in W03 in the case of large events (Table IIT) and its explicit consideration may therefore improve
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Figure 9. Spatially distributed modelling of erosion and deposition in watersheds W03 and W04 for Event 228 occurring at the
beginning of October 1998.

modelling of sediment size-selective erosion and deposition in a watershed experiencing significant erosion. Re-
entrainment in Domain 2 was not modelled for any of the 18 events in W04.

Due to the fact that no detailed ficld surveys of changes in topsoil texture after crosion events were made, which
would have been more or less impossible because of the small erosion and deposition amount under the soil conserva-
tion system, it is not possible to compare measured and modelled patterns of clay, silt or sand enrichment within the
watersheds. However, the enrichment of clay and organic matter in sediments leaving the watersheds was measured in
all 16 watersheds (including the test watersheds) of the Scheyern research farm in 1993 and 1994. From these data
Auerswald and Weigand (1999) derived a relationship between enrichment of fines, total sediment delivery of an event
and median texture in a watershed:

log(ER) = —0-27 + 0-45 log(Ds,) — 0-05 log(SD) (R*=0-51, n=195) (25)

where ER is the enrichment of clay and organic matter (=), Ds, is the median grain size (Lm) of a watershed and SD
is the sediment delivery (t ha™).

As Equation (25) was derived from the tested watersheds and 14 others of similar scale (0-5-16 ha), we assume that
it is reasonable to compare the results from Equation (25) with the clay enrichment modelled by MCST (Figure 11).
For total clay delivery the modelled clay enrichment fits very well with the results of the Auerswald—Weigand (1999)
approach. This is a first indication that MCST is able to predict clay enrichment in delivered sediments. As the
enrichment of sediment bound nutrients and organic matter is often closely related to the enrichment of clay in
delivered sediments (see, e.g., Auerswald and Weigand, 1999; Steegen et al., 2001), MCST also has, therefore, the
potential to predict nutrient or organic matter delivery.

Representation of soil conservation agriculture. One of the main goals of this study was to test whether the MCST model
can adequately represent soil erosion and deposition under conservation agriculture. Therefore, the main aspects of
soil conservation in fields, namely permanent soil cover, adapted crop rotation and minimum mechanical soil disturbance,
as well as structural measures such as reducing field sizes, VFS or grassed waterways, were taken into account.
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Figure 10. Modelled rill pattern in watersheds W03 and W04 for Event 228 occurring at the beginning of October 1998.
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Figure 11. Comparison between clay delivery calculated with a multiple-regression approach (Auerswald and Weigand, 1999)
using modelled total sediment delivery and median sediment size in Watersheds W03 and W04 (Equation (25)) and the clay
delivery due to the sediment size-selective modelling presented in this study.

The aspects of cover management and adopted crop rotation are considered in MCST, as soil cover is one of the
dominant parameters in the model. It affects (i) runoff formation, which was intensively tested in rainfall experiments
(Schroder and Auerswald, 2000; Auerswald and Haider, 1996) used to modify the traditional CN technique, (ii) runoff
velocity, because of its dependence on hydraulic roughness and the decision between interrill and rill flow, (iii) peak
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Table IV. Modelled effect of soil residue cover on curve number and hydraulic roughness (Manning’s n), and hence on runoff
volume, peak discharge and volume of afterflow infiltration, shown for 86:8 mm rain occurring on 12—14 April 1994 in Watershed
WO03; for the calculations a constant plant cover of 20% is assumed

Afterflow
Runoff volume Peak discharge infiltration
Residue Curve Manning’s _—

cover [%] number n [m*] [%] [m®s™] [%] [m’] [%]
0 85 0-016 1350 100 0-063 100 73 5
10 84 0-031 1282 95 0-056 89 90 7
20 82 0-045 166 86 0-049 78 101 9
30 80 0-057 1061 79 0-043 69 106 10
40 77 0-068 913 68 0-036 57 106 12
50 73 0-079 727 54 0-027 43 103 14

discharge, which is reduced when runoff velocity decreases, and (iv) afterflow infiltration, which increases with
decreasing runoff velocity. All these aspects have a strong impact on modelled runoff volume and peak discharge; this
is illustrated for a range of surface covers in the case of Event 100 occurring in April 1994 (Table IV). For example,
if the surface residue cover increases from O to 50% a decrease in runoff volume of 46% and in peak discharge of 57%

1s modelled.
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Figure 12. Effects of changes in soil cover by plants and plant residues on modelled peak discharge and sediment delivery,
exemplarily shown for Event 100, which occurred in April 1994 (Table II).
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While modelled peak discharge is more or less linearly related to plant and plant residue cover, modelled sediment
delivery is not (Figure 12). For example, if residue cover in the case of Event 100 increases from 0 to 5% (10% plant
cover), the total sediment delivery decreases by 24% (134 kg) because no rills are modelled at the downslope end of
the thalweg of WO03. Hence, sediments are deposited instead of being delivered to the outlet. This indicates that the
model is sensitive to slight changes in cover management, which can reduce total sediment delivery significantly. This
was indeed the case for W03, where, in an 8§ year observation period, rills were most likely to occur in the case of total
cover failure (e.g. Event 228) and almost no rills have been observed as long as a small surface cover could be
maintained.

In addition to the representation of soil cover, the MCST model also allows simulation of soil conservation
measures such as VES or grassed waterways. By taking into account their high hydraulic roughness and infiltration
capacity, the calculation of runoff velocity, run-on, afterflow infiltration, transport capacity and erodibility is modified.
Minimum mechanical disturbance is only indirectly represented in the model by taking residue cover into account and
by using a site-specific rill erodibility factor. The static parameterizations of site-specific soil properties inhibit the
representation of scasonal or inter annual variations and long-term changes in soil structure. This can be problematic
in the case of rare specific soil conditions, e.g. the case of the largest erosion event during the 8 year observation
period (Event 228, Figure 8), where the soil was strongly disturbed and disaggregated after potato harvest.

The importance of low frequency, high magnitude events becomes higher under conservation agriculture than under
conventional agriculture as they occur only in the relatively short periods when the soil is unprotected, e.g. after potato
harvest and damage of the VFS in Watershed WO03. Moreover, these rare events are often the result of site-specific
conditions, which are extremely difficult to represent, e.g. the partial failure of the VFES in W03 in the case of Event
228.

One of the incentives to develop and test MCST was that erosion models often need a large number of parameters
for which data are often not available. While MCST also still needs a considerable number of parameter values, model
behaviour is still transparent as the role of the various parameters can be casily understood. An advantage of the model
is also that many of its modules are based on existing model structures so that an estimate of most parameter values
needed can be obtained from available literature, at least for silty loam soils. Its dynamic, 2D nature nevertheless
implies that MCST is primarily aimed at applications in a research environment.

Conclusions

The monitoring of runoff, sediment delivery and watershed characteristics clearly show that optimized soil conserva-
tion minimizes soil loss. Nevertheless, even under optimal soil conservation practices, soil protection is insufficient
during short periods, e¢.g. shortly after potato harvest in the case of the largest measured event, and large erosion
and deposition events may occur. As these events are rarer compared to conventional agriculture, data sets covering
longer periods of time are required to evaluate the crosion potential of a soil conservation system and to test the
performance of models. The 8 year data record used in this study provided a comprehensive basis for model testing
and modification.

In this study a modified version of the MCST model was used. To consider soil conservation measures in the
watersheds, effects of soil cover on runoff formation, runoff routing, run-on and afterflow infiltration as well as rill
erosion were taken into account. Moreover, algorithms for interrill erosion, more prominent under soil conservation,
where rills can be widely prevented, were implemented.

Application of this modified MCST model indicated that in the case of runoff events greater than 3 mm the model
simulated runoff accurately, while for small events results are biased by the threshold behaviour of the modified SCS-
curve number technique and probably also by the dominant effects of runoff conservation structures such as VFS,
which are difficult to parameterize. As the larger events dominate the erosion and deposition within the watersheds,
the overall results of the runoff module are promising. Moreover, the relatively simple model structure and the
calibration results for A and o (Figure 5), which indicate that the modelled runoff is only slightly sensitive to o and
the value of A can be set to the SCS-CN standard value, warrant a wider applicability.

The model also showed reasonable results for sediment delivery (MEF =0-62; n=37), and for larger cvents
modelled interrill, rill and sedimentation patterns were confirmed by qualitative field observations. In most cases, soil
conservation measurements were adequately represented in the model by taking into account the effects on soil plant
and plant residue cover. In principle, the model is easy to use in other watersheds under soil conservation, where soil
cover data can be estimated. However, better data on rill erodibility may be necessary as well as a better approach to
predict the effect of vegetation cover on runoff hydraulics, as it was recently shown that the approach developed by
Gilley et al. (1991) may not always be applicable (Giménez and Govers, 2008).
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The application also demonstrated some fundamental limitations to the modelling of single events: single events
may play a very important role but characterization of the causative rare and site-specific soil conditions leading to
high erosion rates can be extremely difficult.

The sediment size-specific modelling of deposition successfully reproduced the clay enrichment at the watershed
outlet as proposed by a regression model developed at the research farm (Auerswald and Weigand, 1999). As such,
the model is one of the first 2D models to have the ability to dynamically model the delivery of sediment bound
substances to watercourses. The fact that space can be represented correctly in the model is essential: tillage direction
as well as the presence of soil conservation structures cannot be accounted for when a 1D hillslope profile approach is
used.
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