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I N F O

A B S T R A C T

Rainfall that exceeds the soil's maximum inﬁltration rate is prone to runoff, and the excess rainfall will ﬂow toward
open water systems. Nutrients, pesticides or other contaminants may be transported along with this overland ﬂow,
thus contaminating surface waters. There are various measures that can be implemented to prevent or reduce runoff,
which involve either improving the soil's inﬁltration capacity or temporarily storing more water at the ﬁeld scale. The
aim of this study was to determine the effectiveness of two mitigation measures, i.e., micro-dams and edge-of-ﬁeld
trenches, in reducing the total number of runoff events and the runoff volume for speciﬁc rainfall events. For this
purpose, numerical simulations were performed with a deterministic soil–water–atmosphere–plant model for reference situations and for situations involving either of the two mitigation measures. The mitigation measures are implemented as a change in the ponding threshold height above which the model predicts runoff. For this purpose, we
considered several soil / groundwater level / crop / intrinsic ﬁeld soil surface storage situations that are common in
the Netherlands. For ridge-furrow cropping systems, micro-dams are more effective than edge-of-ﬁeld trenches. Depending on the soil type (excluding sand), the minimum effectiveness is 70% and may be >90% in speciﬁc situations.
For the edge-of-ﬁeld trench, the reduction in runoff events was mostly in the 24–35% range, while the effectiveness for
the runoff volume for a rainfall event that typically occurs once per year was in the 13–48% range (excluding sand).
Due to the relatively high hydraulic conductivity at saturation for the sandy soils, runoff was simulated in only a
few cases for these soils. The effectiveness was evidently dependent on intrinsic ﬁeld soil surface storage and soil
types, varied slightly between crop types and was very similar across the groundwater level classes considered.

1. Introduction

Abbreviations: EOFT, edge-of-ﬁeld trench; MD, micro-dams.
⁎ Corresponding author.
E-mail address: wim.beltman@wur.nl (W.H.J. Beltman).

Rainfall and irrigation water that exceed the soil's maximum inﬁltration
rate and water that exceeds the soil's storage capacity are prone to runoff,
and the excess water can ﬂow toward open water systems. Fertile topsoil,
nutrients and pesticides remaining at or close to the soil surface after
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2022), AquaCrop (FAO, 2018), DSSAT (Jones et al., 2003), PRZM
(FOCUS, 2010), SWAT (Neitsch et al., 2011)) or by predicting ponding
when the inﬁltration capacity of the soil is exceeded and mimicking overland ﬂow (e.g., COUP (COUP, 2010), DAISY (Hansen, undated), DrainMod
(Workman et al., 1994), Hydrus (Šimůnek et al., 2009), SWAP (Kroes et al.,
2017), SWAT (Neitsch et al., 2011)).
The aim of this study was to determine the effectiveness of two runoff
mitigation measures based on a soil–water–atmosphere–plant simulation
model, i.e., the SWAP-WOFOST model. In SWAP, runoff is simulated
when the rainfall rate exceeds the inﬁltration rate and water ponds at the
soil surface; water is removed when the ponding height exceeds a certain
threshold value, and the removal rate depends on ﬂow resistance. For the
two mitigation measures considered, i.e., micro-dams and an edge-of-ﬁeld
trench, the threshold ponding height is adapted on the basis of their geometrical characteristics. The effectiveness in terms of both number of runoff
events and runoff volume for speciﬁc rainfall events will be quantiﬁed for
different combinations of soil, groundwater level, crop and initial soil
surface storage.

application can be mobilized and transported off-ﬁeld when this surface
runoff occurs. In arable agriculture, pesticides are used almost all year
round to protect crops. The entry of pesticides into water bodies can
pose a signiﬁcant threat to aquatic ecosystems and drinking water resources
(e.g., Dabrowski et al., 2002; Flury, 1996). Runoff is one of the major ways
in which pesticides are transported to surface waters (e.g., Reichenberger
et al., 2007; Louchart et al., 2001; Wauchope et al., 1995; Wauchope,
1996). Contributory factors to the runoff of pesticides have been identiﬁed
as being spatial, such as permeability of soils, topography and the location
of subsurface drainage systems (Leu et al., 2004), temporal, such as weather
year and the timing of rainfall events in relation to the date of application
(Shipitalo and Owens, 2003), or combined, e.g., temporal changes in hydraulic properties during the growing season (Larsbo et al., 2016).
Based on the Dutch national consensus model STONE (Wolf et al.,
2003), Van Bakel et al. (2008) estimated that long-term average runoff
(1971–2000) ranged from nearly zero to 10 mm yr−1 for sandy soils and
from 10 to 50 mm yr−1 for clay soils. Although the magnitude of runoff
may seem small, its effect with respect to erosion and, in particular, as
regards discharge of nutrients and pesticides can be substantial. This has
been conﬁrmed by large amounts of experimental data and by pesticide
models. For example, Adriaanse et al. (2017) showed in a modeling study
that concentrations of weakly sorbing compounds in runoff water decreased with increasing runoff size; runoff events below 1 mm caused the
highest stream concentrations. For strongly sorbing compounds, the runoff
size barely affected the concentrations. Thus, for weakly sorbing pesticides,
preventing small runoff events reduces the exposure of aquatic systems.
Hence, the impact of mitigation measures should be studied both on the reduction in runoff volume and on the reduction in number runoff events.
The impact of the mitigation measures on runoff frequency is therefore critical and must also be evaluated.
Runoff is often related to speciﬁc rainfall events when the rainfall intensity exceeds the soil's inﬁltration rate; this type of runoff is called Hortonian
runoff. In some cases, runoff may also be generated due to the soil's low storage capacity when the groundwater level is close to the soil surface; this is
called Dunne runoff. In the Netherlands, where groundwater levels are relatively shallow, both types of runoff may occur; Hortonian runoff is more
likely during summer rainfall events, i.e., during the cropping season,
whereas Dunne runoff is more common in winter. Summer rainfall events
may become more severe with projected climate change, with an associated
potential impact on runoff and concurrent pollution of surface water systems.
The use of mitigation measures to prevent or reduce runoff in order to
minimize erosion and the discharge of nutrients and pesticides has been locally tested in the ﬁeld. Examples include micro-dams (Sittig et al., 2020),
edge-of-ﬁeld and riparian buffer strips, vegetated ditches and constructed
wetlands (Reichenberger et al., 2007; Vymazal and Březinová, 2015), vegetation covers (Durán Zuazo and Rodríguez Pleguezuelo, 2009) and land
use change and land management, including tillage (Fiener et al., 2011;
Xia et al., 2020). In general, the measures focus either on an increase in
water yield (more water in the soil) or temporal water retention at the
ﬁeld or watershed scale. However, according to Thomas et al. (2011), studies that focus on small catchments or individual ﬁelds are scarce and more
effort should be put into using models to quantify the effectiveness as well
as the uncertainty.
The effectiveness of mitigation measures to reduce runoff and erosion
largely depends on the local situation at a given ﬁeld in terms of weather,
soil, land use and topography. A ﬁeld-speciﬁc assessment of the runoff situation along with an evaluation of the performance of a mitigation measure
is therefore more efﬁcient and effective than a universal recommendation
that does not take the particular local circumstances into account. It is not
always possible to extrapolate ﬁeld results to other soil types, climates
and topographies. Using simulation models to test mitigation measures
can be very helpful for investigating promising mitigation measures in
relation to soil types, cropping systems and ﬁeld topography. Runoff
is often included in soil water simulation models. Roughly speaking,
two classes of runoff modules can be distinguished: runoff is calculated
from rainfall by means of the curve number method (e.g., APSIM (APSIM,

2. Material and methods
2.1. SWAP-WOFOST
SWAP-WOFOST is a soil–water–atmosphere–plant simulation model for
water movement in the top unsaturated/saturated soil (Kroes et al., 2017;
Boogaard et al., 2014; swap.wur.nl). It is a one-dimensional model with
quasi three-dimensional elements that takes account of exchange with
drains, ditches and other open water systems (Fig. 1). The dynamics of
water in the soil is described by the Richards (Richards, 1931) equation
with the water ﬂux density given by the Darcy (1856) – Buckingham
(1907) equation. To solve the Richards equation, information is required
about the water retention and hydraulic conductivity characteristics,
for which the well-known relationships of Van Genuchten (1980) and
Mualem (1976) are used. The amount of water stored in the soil varies dynamically according to inputs via rainfall (and/or irrigation), and removal
via crop transpiration, evaporation at the soil surface, and, if present, via
drains and/or ﬁeld ditches (Fig. 1). All these processes determine the evolution of the gradients in pressure head in the soil, including the gradients of
pressure head near the soil surface. The latter will determine the maximum
inﬁltration rate (details follow below) that can occur, and thus whether
ponding and subsequent runoff will occur. It has been used extensively in
policy-related research in the Netherlands (e.g., STONE, Wolf et al., 2003;
Watervision Agriculture, Werkgroep Waterwijzer Landbouw, 2018) and
by others around the world (see references listed at swap.wur.nl).
For the current study, it is important to know how well SWAP simulates
inﬁltration (capacity), before considering ponding and runoff. The maximum inﬁltration capacity of the surface soil layer is given by the DarcyBuckingham equation, assuming saturation at the soil surface and the simulated conditions in the ﬁrst numerical soil layer. In the event that rainfall
rate exceeds this maximum inﬁltration rate, the top boundary condition in
SWAP is changed from a ﬂux-type to a pressure-head (ponding-height)
type. All the water that is not inﬁltrating into the soil will be stored as
ponded water at the soil surface and may run off. The maximum inﬁltration
rate at the soil surface is given by
q inf; max ¼




K sat þ K 1
h0 − h1
þ1
2
0:5Δz1

ð1Þ

where qinf,max is the maximum inﬁltration ﬂux density (cm3 cm−2 d−1 =
cm d−1), Ksat is the hydraulic conductivity at saturation of the topsoil
(cm d−1), K1 is the hydraulic conductivity at the center of the ﬁrst numerical SWAP layer (cm d−1), h0 is the water level (≥ 0) on top of the soil surface (cm), h1 is the pressure head at the center of the ﬁrst layer (cm) and Δz1
is the thickness of the ﬁrst layer (cm). The ability to reliably predict inﬁltration and time to ponding is shown in Fig. 2 where SWAP simulations correspond well with analytical inﬁltration solutions.
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Fig. 1. Graphical description of the SWAP-WOFOST simulation model: the dynamics of water in the soil is simulated which is subject to boundary conditions such as inputs
via rainfall and/or irrigation, upward input from deep aquifers, and outputs such as evaporation at the soil surface, crop water uptake (transpiration), exchange via drains
and/or ﬁeld ditches and leaching to deeper aquifers. Water that will not inﬁltrate is subject to surface runoff which is further characterized by two parameters: a
threshold ponding height (ho,t, symbolized by a dam at the edge) and a resistance to outﬂow (γ, symbolized by an opening above the dam), and is described in more
detail in the text.

exponent of 5/3, γ is a ﬂow resistance parameter (d), which will be discussed below, and the two constants 1 (cm) are for dimensional purposes
so that the dimension of γ is independent of the value of β and the dimension of qrunoff is cm d−1. Looking at Manning's theory for overland
ﬂow and related analyses on runoff characteristic time constants, it can
be shown that γ is related to Manning's n surface roughness coefﬁcient
(m-1/3 s), a characteristic ﬁeld length L (m) and the square root of the
slope of the ﬁeld α (m m−1) (based on Neitsch et al., 2011; Brutsaert,
2005). Our analysis is focused on ﬁeld-scale runoff. Here, we have assumed
that a reference value for γ should be of the order of 1 h for a reference ﬁeld
with Lref = 100 m, nref = 0.0375 and αref = 0.004 m m−1. For other ﬁeld
characteristics, the local γ value then follows from

Water that will not inﬁltrate directly into the soil will be stored at the
soil surface. Due to micro-relief it is assumed that up to a certain threshold
height water will remain stored at the soil surface. Once the water level
rises above this threshold ponding height, water will move over the soil surface toward the ﬁeld edges (Fig. 1). This latter process is not directly simulated but this is mimicked as follows. By analogy to Manning's overland
ﬂow equation (see e.g., Brutsaert, 2005; Hillel, 1980), runoff in SWAPWOFOST is given by

qrunoff ¼

8
>
<

0


1 h0  h0,t β
>
:
γ
1

h0  h0,t ≤ 0
h0  h0,t > 0

(2)

 3=5
Lnﬃﬃ
p
α
γ ¼ γ ref 
3=5
Lp
nref
refﬃﬃﬃﬃﬃ
α

where qrunoff is the runoff ﬂux density (cm3 cm−2 d−1 = cm d−1), h0 is the
ponding height (cm), ho,t is a threshold ponding height below which no runoff occurs (cm), β is a power constant which is comparable to Manning's

(3)

ref

Fig. 2. (left) Comparison of simulated (symbols) and analytical solutions of Srivastava and Yeh (1991; lines) for inﬁltration into a layered soil (their example), and (right)
comparison of simulated (symbols) and analytical solution of Basha (1999; lines) for inﬁltration up to time of ponding (their example, slightly adapted to reach time of
ponding at 150 min).
3
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Looking in the direction of the furrows, their shapes indicate that the
width of the water body is smaller at the bottom and increases with height.
Clearly, however, for common shapes of ridges and furrows as shown in
Fig. 3 below (left), less than 50% of the ﬁeld area is covered by water. If
the inter-row distance is denoted by Y (m), the width of the bottom of the
furrows by WMD (m) and the slope of the ridges by β (m m−1), then the correction factor f for this general shape is given by

For agricultural cropping systems, Manning's n equals 0.035 for row
crops and 0.04 for ﬁeld crops (Chow, 1959). Other ﬁeld characteristics (L,
α) will be discussed later.
2.2. Mitigation measures
In SWAP-WOFOST, runoff is mainly determined by a threshold ponding
height below which no runoff occurs (h0,t) and a resistance parameter (γ). If
we want to mitigate or minimize runoff, this can be achieved by inﬂuencing
these two parameters. Thus, measures should focus on storing more water
on the soil surface and thus increasing h0,t and/or on increasing resistance
γ by increasing soil surface roughness (Fig. 1). The following two mitigation
measures will be considered: micro-dams in ridge-furrow potato cropping
systems and edge-of-ﬁeld trenches. In the following, these runoff mitigation
measures are abbreviated as MD and EOFT, respectively.

2

f ¼

H
L2
H
α>
L2

α≤

YH

(5)

For example, if Y = 0.75 m, W = 0.25 m, H = 0.1 m and β = 1.6 m
m−1, then f = 5/12 (=0.4167).
This volume of water causes a rise in ponding threshold according to
Δh0;t ¼

2.2.1. Micro-dams in potato cropping systems
Potatoes are often grown on ridges of soil, with furrows between the
ridges. If runoff water occurs, this will collect in the furrows and ﬂow
from there toward the edge of the ﬁeld. Introducing small dams in the
furrows will increase both water storage at the soil surface, i.e., h0,t, and resistance to water ﬂow (γ). Fig. 3 shows a schematic cross-sectional representation of the presence of MDs in the furrows. Dams are separated by
distance L1 (m), have a width x (m), such that the gap between two dams
has a distance L2 = L1 – x (m), their height is H (m) and the soil surface
may be sloping (slope α, m m−1) toward the ﬁeld ditch at the ﬁeld boundary. The additional water storage due to the presence of these MDs can be
calculated based on the geometry according to
8
αL22
>
>
< HL2 
2
V ¼f
2
>
H
>
:
2α

W MD H þ Hβ

V
L1

ð6Þ

Since, in practice, the conﬁguration of the potato ridges and MDs is
likely to deteriorate over time due to erosion, it is likely that the average capacity of water storage between MDs will be less than described above. For
that reason, we decided to multiply Δh0,t by a factor of 0.5, assuming a reduction in the MDs to 50% during the cropping period.
Increasing the surface roughness via the presence of MDs can be
regarded as an increase in Manning's n coefﬁcient. For ﬂoodplains, there
are tabulated n adjustment values as a function of the degree of irregularity
of the ﬂoodplain (Aldridge and Garrett, 1973). In the event that the surface
is very irregular with many rises and dips, the adjustment (addition) may be
of the order of 0.011 to 0.021 units (on average: 0.016). This average value
was used in the calculation of γ according to Eq. (3).

(4)

2.2.2. Edge-of-ﬁeld trench
The second mitigation measure is an edge-of-ﬁeld trench dug next to the
regular ﬁeld ditch. It is commonly dug as a trench with vertical walls with
depth D (m) and width WEOFT (m) (Fig. 3). The soil that is removed is spread
over a relatively large area around the trench so that it does not affect topography (e.g., it is not used to build a dam between the ditch and the
trench). For this measure, the extra storage of water in the EOFT can be
regarded as an increase in ponding threshold; it does not affect resistance

where V is the volume of water stored between two MDs (m2; per unit
length of the ﬁeld parallel to the ﬁeld ditch) and f is a correction factor as
discussed below. It should be noted that the equation is a split equation
due to the different shapes of the water bodies for small and large slopes.

Fig. 3. Reference of a ﬁeld next to a ditch and (left) two situations where micro-dams are positioned in the ﬁeld for ﬁelds with a large and a small slope, showing the typical
measures, and (right) for the situation with an edge-of-ﬁeld trench next to the ditch (see text for explanation of symbols).
4
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to ﬂow. The volume of water storage per unit length of trench (V; m2) is
given by
V ¼ DW EOFT

identiﬁes the slope (gradient or steepness) from each cell of a raster. In
order to avoid extremes inﬂuencing the frequency distribution statistics,
the lower and upper 5% of the values for each ﬁeld were discarded. The
median of the slopes was chosen (Table 2). With the exception of soil
type 507, the slopes are relatively shallow with values ranging from
0.0078 to 0.0105 m m−1, which seems reasonable for the Dutch delta situation. Soil type 507 is in the south-eastern part of the Netherlands with
moderately sloping areas.

(7)

and the rise in ponding threshold is given by
Δh0;t ¼

V
L

ð8Þ

where L is the ﬁeld length (m), i.e., the distance from the middle to the edge
of the ﬁeld.

2.3.2.3. Soil surface storage ho,t. Micro- and meso-storage of water at the soil
surface can be obtained from surface height data (AHN) and the Fills option
in ArcGIS PRO. Experience has shown, however, that this information very
much depends on the scale of the height data. For ﬁve study sites in the
Netherlands, we determined the storage based on 0.5 m and 2.5 m gridded
data. On average, the storage based on 0.5 m gridded data was twice as
large as that obtained for the 2.5 m gridded data. Since the 0.5 m gridded
data is not available for the whole of the Netherlands, it was decided to
estimate the storage based on the 2.5 m gridded data and multiply this
value by 2. As variations in water storage are likely, even within the ﬁnest
0.5 × 0.5 m grid, the values obtained were increased by 5 mm for all soil
types (Massop et al., 2017; their Table 4.6). Since we are very uncertain
about this micro- and meso-storage as obtained from the gridded data, it
was decided to consider three values from the frequency distribution per
soil type, i.e., the 25% (indicated below by storage class S1), 50% (median;
S2) and 75% (S3) values (Table 2).

2.3. Soil, ﬁeld and crop characteristics
2.3.1. Soils and hydro-physical properties
Based on the 1:50,000 Dutch national soil map with 370 characteristic
soil proﬁles (de Vries, 1999) and the Dutch database on soil hydrophysical properties (Wösten et al., 2001; Staring series), a national map of
soil physical properties was derived by Wösten et al. (2013; BOFEK2012).
Out of 72 typical soil proﬁles, we selected the major proﬁles (in terms of
area) present in agricultural parcels (Table 1). Since runoff is mainly
determined by the upper soil layer, these seven proﬁles can be regarded
as representative of other soil proﬁles with the same topsoil layer. The
total area of arable ﬁelds with these top-soil layers is listed in Table 1,
and this equals 86% of all arable ﬁelds. The remaining 14% of arable ﬁelds
have different top-soils, and these were associated to these seven soils as indicated in Table 1. Although areas of soil with a B14 topsoil are small, they
represent a typical loess area in the south of the Netherlands. In SWAP, the
soil physical parameters are described by the Mualem (1976) – Van
Genuchten (1980) equations. The Staring series and BOFEK2012 schematization provide parameters for these relationships.

2.3.3. Groundwater levels
Shallow groundwater is present in the Netherlands, but with a variety of
groundwater level classes, characterized by their mean highest and mean
lowest groundwater levels (MHG, MLG; cm below the soil surface). Out of
eight classes, we have chosen classes IV (MHG: 40–80 cm; MLG:
80–120 cm), VI (MHG: 40–80 cm; MLG: >120 cm) and VII (MHG:
80–140; MLG: >120 cm), as these are the most common for the soil types
considered. We used a similar schematization with respect to lateral and
bottom boundary conditions for the SWAP model as used in the STONE
schematization (Van Bakel et al., 2008). By introducing three levels of
drainage systems and a sinusoidal bottom boundary ﬂux (either with average upward (IV) or downward seepage (VI, VII)), the long-term simulated
mean highest and lowest groundwater levels fell within the desired classes.
Soils with B14 are located in the area with deep groundwater levels, and for
that case we used only groundwater level class VIII (MHG: >140 cm; MLG:
>180 cm) by assuming a free drainage bottom boundary condition and no
drainage lateral boundaries.

2.3.2. Field characteristics
According to Section 2.2, the following ﬁeld characteristics are needed
in order to simulate runoff for speciﬁc ﬁeld conditions: ﬁeld length L, slope
α and micro-meso storage at the soil surface ho,t. This information was obtained from available gridded data at national scale. ‘Average’ values for the
major soil types considered in this study were derived from frequency distributions of these quantities for all parcels within the soil type locations
(‘Basis Registratie Percelen 2017, BRP2017’; see https://www.pdok.nl/
viewer/). Use was made of the Spatial Analyst Tools in ArcGIS Pro (Esri
Inc., 2019).
2.3.2.1. Field length L. For ﬁeld length, the Euclidean distance from the center of grid cells that cover the ﬁeld to the nearest top-10 open water system
was calculated, and the median of the frequency distribution was used,
multiplied by 2 since this distance refers to half the distance between two
water courses. The results are given in Table 2.

2.3.4. Crops
The following major agricultural crops were considered: potatoes,
maize, cereals, sugar beets and seed onions. With the exception of seed
onions, all crops were modelled as WOFOST crops using their standard parameterization, while a simple crop growth model was used for seed onions
(Werkgroep Waterwijzer Landbouw, 2018). Potatoes, maize and seed
onions are considered row crops (with Manning's n = 0.03) and cereals
and sugar beets are considered ﬁeld crops (with Manning's n = 0.04).

2.3.2.2. Slope α. Based on gridded (5 × 5 m) soil elevation data (‘Actueel
Hoogtebestand Nederland, AHN’; see https://www.pdok.nl/viewer/), the
slope of the ﬁeld was derived from a standard GIS slope function that

Table 1
The seven BOFEK2012 soil proﬁles used in this study characterized by their Staring series top-soil layer. The area directly covered by these top-soils are given as well as the
additional area covered by top-soils that have been associated to these seven top-soils. The area percentage refers to the relative coverage of the total arable agricultural area.
BOFEK

Description

Top–soil

Area under arable agriculture (ha)

Additional top-soila

Additional area (ha)

203
304
312
416
418
421
507

Peat on sand
Weakly loamy, very ﬁne to ﬁne (podzolic) sand
(strongly) loamy, very ﬁne to ﬁne (podzolic) sand
(moderate) light loam/clay
Heavy loam/clay
Light clay
Loess (silty loam)

B15
B02
B03
B08
B09
B10
B14

57,944 (7.2%)
146,130 (18.2%)
115,019 (14.3%)
141,783 (17.6%)
128,446 (16.0%)
89,910 (11.2%)
14,025 (1.7%)

B16, B17, B18
B1, B5, O5b
B6
O9b
–
B11, B12
B13

13,546 (1.7%)
30,790 (3.8%)
351 (0.04%)
5405 (0.7%)
–
54,386 (6.8%)
3499 (0.4%)

a
b

Not all of the 18 top-soils occur in arable agriculture, i.e. B4, B7 are not listed.
Some soil proﬁles in the Netherlands have less well-developed A-horizons and thus have been assigned a sub-soil as ﬁrst layer.
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simulation run (all runoff events for the 30-year simulation period) is thus
summarized according to

Table 2
Average ﬁeld characteristics for the seven soil proﬁles: ﬁeld length L, slope α and
the 25% (S1), 50% (median; S2) and 75% (S3) values from the frequency distribution of the micro/meso-storage value for the runoff threshold value h0,t.
BOFEK proﬁle

203
304
312
416
418
421
507

L

α

h0,t

(m)

(m m−1)

(mm)

52.8
61.2
62.0
73.0
79.6
93.6
148.7

0.0104
0.0090
0.0097
0.0105
0.0089
0.0078
0.0380

Q¼

S1 (25%)

S2 (50%)

S3 (75%)

5.9
5.5
5.5
5.3
5.8
6.8
5.0

8.0
6.9
6.8
6.4
8.0
9.7
5.3

13.2
11.4
12.4
9.7
13.3
15.8
6.9

2.3.5. Weather data
With the exception of rainfall, daily meteorological data from the Dutch
Royal Meteorological Institute for the main weather station De Bilt was
used for the period 1988–2018 (1988 was used as a start-up year; results
will pertain to the 30-year period 1989–2018). For rainfall, the daily total
was used together with the total duration of rainfall for that day expressed
as a fraction of the day. All rainfall was considered to have fallen during that
fraction of the day (starting at 00:00). It was known from a pre-study that
runoff was underestimated when using average daily rainfall as opposed
to either hourly rainfall or rainfall + duration. The effectiveness, as discussed later, will be determined for the typical summer rainfall events
that occur once every year (T1 = 33.4 mm), once every ﬁve years (T5 =
48.7 mm) and once every ten years (T10 = 54.2 mm).

(10)

2.6. Simulations
SWAP-WOFOST simulations were performed for the period
1988–2018, with 1988 as a start-up year, and results will pertain to the
30-year period 1989–2018. The necessary output was collected on a minute
basis. The following factors, as discussed above, were varied: soils (7),
groundwater levels (3), crops (5), runoff threshold h0,t or storage class (3;
the ﬂow resistance γ was determined by the ﬁeld characteristics), treatments (3, including the reference situation). Not all combinations were
used: i) MDs only occur in ridge-furrow ﬁelds which are typical for potato
crops only; ii) soil proﬁle 507 occurs only in speciﬁc regions in the
Netherlands where groundwater levels are (extremely) deep so that for
this soil we only considered a single (deep) groundwater level class. The effectiveness was thus obtained for 342 combinations in total.

2.4. Effectiveness

3. Results and discussion

Effectiveness of measures is often expressed in terms of a relative
change in a certain outcome, given by


yreference  ymeasure
∗ 100%
yreference

0
P≤a
ðP  aÞ2
:
a<P
ðP  aÞ þ b

where Q is the runoff volume (mm), P is the rainfall volume (mm), a is a
rainfall threshold value below which no runoff occurs (mm) and b is a
curve-shape parameter (mm); b is the intercept on the x-axis of the asymptote with slope 1 of the Q(P) relationships for P → ∞. The parameters a and
b for each simulation run were optimized by minimizing the root mean
squared error, using the following restrictions: i) events occurring on days
with ponding water present at the start of the day were excluded; ii) the
runoff events in the growing season were selected: for winter wheat from
October 1 to September 1 and for the other crops from April 1 to October
1; iii) for each runoff event in the reference situation, the same event is
available in the mitigation measure situation (even if there is no runoff);
iv) a > 5 mm, because the storage on the soil surface equaled at least
5 mm (see Section 2.3.2); v) a < b < 500 mm; and vi) the total sum of simulated runoff and ﬁtted runoff should be equal.

The MD mitigation measure was only applied in ridge-furrow ﬁelds which
are typical for potato crops only.. The cropping seasons were: maize: April
16 until October 31, potatoes: March 16 until September 30, seed onions:
March 16 until September 30, sugar beets: March 16 until November 15
and winter wheat: October 1 until August 31.

E¼

8
<

Since it is not possible to present results and the consequent parameterizations for all 342 case, we provide examples for both mitigation measures:
in Section 3.1 for the EOFT measure and in Section 3.2 for the MD measure.
We show (i) the relationships and their parameterizations between rainfall
volume and simulated runoff volume both for the reference and for a mitigation measure situation, (ii) how the effectiveness was obtained as a function of rainfall, and (iii) how this effectiveness for each of the typical rainfall
events was obtained. Finally, in Section 3.3 a more in-depth analysis of the
effectiveness is provided.

(9)

where E is the effectiveness expressed as a percentage ranging from zero
(not effective) to 100% (completely effective) and y refers to a certain quantity considered, with subscripts ‘reference’ and ‘measure’ referring to the
reference situation (default situation without mitigation measure) and the
situation with the mitigation measure. The following quantities were considered for y: runoff volume (mm) and number of runoff events.

3.1. Edge-of-ﬁeld trench
Fig. 4 shows the actual simulated runoff data (symbols) for seed onions
in light clay (soil 421) with groundwater level class VI and low soil surface
storage for the reference treatment and EOFT treatment as well as the optimized Q(P) curves. The EOFT treatment resulted in a decrease in runoff and
a decrease in runoff events from 139 events for the reference treatment to
87 for the EOFT treatment. The effectiveness in reducing runoff can be determined from the relative difference in ﬁtted relationships. This results in a
decreasing curve for effectiveness as a function of precipitation (Fig. 5).
That curve can be used to determine the effectiveness for the T1, T5 and
T10 rainfall events; these ﬁgures are 19.2%, 10.6% and 9.1%, respectively.
The effectiveness in reducing the number of runoff events was 100*
(139–87)/139 = 37%. In this case, we therefore observe a greater reduction in the number of runoff events than in the runoff volume for typical
rainfall events.

2.5. Relationship between simulated runoff and rainfall
To condense the results, the simulated runoff was related to the rainfall.
This is in analogy with common practice for studies at regional (watershed)
scale. However, we do not claim that the point/ﬁeld-scale simulation results are identical to such large-scale observations. For example, the largescale runoff is the sum of overland channel ﬂow, overland ﬂow and shallow
subsurface discharge due to daily storm rainfall events (e.g., NRCS-USDA,
2004), whereas in our ﬁeld-scale simulations, it comprises only the amount
of water that has not inﬁltrated and exceeded a certain threshold value
based on rainfall intensities. The analogy we use here is the fact that the relationship between runoff volume and precipitation volume often follows a
curvilinear relationship above a certain rainfall threshold. The data for each
6
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Fig. 4. All simulated runoff events (symbols) for the reference and edge-of-ﬁeld trench (EOFT) treatments for seed onions in light clay (soil 421) with groundwater level class
VI and low soil surface storage (S1) and the optimized relationships given by Eq. (10) (lines). The dashed line is the 1:1 line.

The MD treatment is obviously much more effective than the EOFT treatment at reducing the (number of) runoff events.

3.2. Micro-dams in potato cropping systems
Fig. 6 shows the actual simulated runoff data (symbols) for potatoes in
light loam/clay (soil 416) with groundwater level class VI and low soil surface storage for the reference treatment and MD treatment as well as the optimized Q(P) curves. The MD treatment resulted in a decrease in runoff and
a decrease in runoff events from 87 events for the reference treatment to 13
for the MD treatment. The effectiveness in reducing runoff events was 85%
and the effectiveness in reducing runoff for the T1, T5 and T10 rainfall
events was 91%, 67% and 61%, respectively.
The EOFT treatment was also considered for potatoes (data not shown).
For the same soil, groundwater level and storage situation, the effectiveness
in reducing runoff events was 32% and the effectiveness in reducing runoff
for the T1, T5 and T10 rainfall events was 28%, 15% and 12%, respectively.

3.3. Effectiveness
For all 342 situations, the effectiveness in reducing runoff for the T1, T5
and T10 rainfall events and for the total number of events was determined.
All results are provided in the Supplemental Information. Here, Table 3 provides a snapshot of the complete table: the crop is potatoes and the groundwater level class is IV. Results are shown for two soil proﬁles (a loamy sand,
B03, and a light loam/clay, B08). The effectiveness in the sand was much
higher than in the clay. For the sandy soil, the hydraulic conductivity at saturation is very high, which means that only a very small number of runoff
events were obtained during the 30 years of simulation; no runoff at all
was simulated for some situations. The total number of runoff events varied
per soil type. On average, for all soils, the median was 37 events in 30 years,
with a maximum of 432 for winter wheat grown on loess soil.
3.3.1. Effectiveness: mitigation effect for potatoes
Table 4 shows the averaged effectiveness for potatoes for the seven
soils. The data constitutes averages for the nine combinations of groundwater level and soil surface storage class (unless otherwise indicated). In general, the effectiveness of the MDs is greater than that of the EOFT. This is
due to the higher additional storage of water at the soil surface for the
MDs compared to the EOFT mitigation measure. For a given soil, the
effectiveness does not depend on the groundwater level class to any great
extent (data not shown). As intrinsic soil surface storage increases, the number of runoff events generally decreases. The impact of soil surface storage
on effectiveness for the T1, T5 and T10 rainfall events is small in the case of
MDs and shows a slight general increase in the EOFT case (data not shown).
It should be noted that runoff was not simulated for all combinations in the
case of soil 304 with topsoil B02.
3.3.2. Effectiveness for edge-of-ﬁeld trench treatment per soil and groundwater
level class combination
Table 5 shows the averaged effectiveness for the EOFT treatment for the
45 crop, soil and groundwater level class combinations. The effectiveness
was lowest for the loess soil (B14) and highest for the sandy soils (B02,
B03); it should be noted that only a small volume of data was obtained
for sandy soils and used to calculate the average, and these effectiveness estimates should therefore be interpreted with care.

Fig. 5. The effectiveness obtained from the optimized Q(P) relationships as shown
in Fig. 4 as a function of rainfall, showing how the effectiveness for the T1, T5
and T10 rainfall events was obtained.
7
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Fig. 6. All simulated runoff events (symbols) for the reference and micro-dam (MD) treatments for potatoes in light loam/clay (soil 416) with groundwater level class VI and
low soil surface storage (S1) and the optimized relationships given by Eq. (10) (lines). The dashed line is the 1:1 line.

Table 3
Selected data from the full table with results for the reference and mitigation runoff simulations for the crop potatoes and groundwater level class IV for two soils for the three
intrinsic soil surface storage classes and for the micro-dam (MD) and edge-of-ﬁeld trench (EOFT) treatments. Results pertain to the ﬁtted a and b parameters (Eq. (10)), the
number of events n and the effectiveness E, with subscripts r, m, #, T1, T5 and T10 referring to the reference situation, mitigation measure, total number of runoff events and
the T1, T5 and T10 summer rainfall events.
Soil

Storage

Treatment

ar

br

nr

am

bm

nm

E#

ET1

ET5

ET10

B03
B03
B03
B03
B03
B03
B08
B08
B08
B08
B08
B08

S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3

MD
MD
MD
EOFT
EOFT
EOFT
MD
MD
MD
EOFT
EOFT
EOFT

15.8
37.1
n.d.
15.8
37.1
n.d.
11.7
12.2
13.3
11.7
12.2
13.3

315.5
37.6
n.d.
315.5
37.6
n.d.
20.2
21.5
30.0
20.2
21.5
30.0

5
3
0
5
3
0
119
93
55
119
93
55

47.5
47.5
n.d.
42.2
45.9
n.d.
26.3
26.9
29.2
15.8
16.1
18.1

500.0
500.0
n.d.
48.9
417.4
n.d.
30.5
31.0
30.3
18.4
20.7
27.3

0
0
0
2
1
0
17
17
13
71
59
42

100.0
100.0
n.d.
60.0
66.7
n.d.
85.7
81.7
76.4
40.3
36.6
23.6

100.0
n.d.
n.d.
100.0
n.d.
n.d.
88.1
89.3
93.7
23.5
25.0
31.8

99.9
99.9
n.d.
75.5
99.3
n.d.
60.3
60.8
60.1
11.9
13.1
15.5

97.9
98.3
n.d.
43.3
97.0
n.d.
53.7
54.0
52.1
9.9
11.0
12.8

n.d.: no data.

we only present effectiveness for the number of runoff events and the T1
rainfall event.

3.3.3. Other main effects
The average effectiveness was considered by combining the results for
crops, groundwater level classes and storage classes. Here, we present results for each of these main factors on the basis of EOFT treatment only,
since all combinations were available for this treatment. For convenience,

3.3.3.1. Crops. The average effectiveness (E#, ET1) for the main factor of
crops for the seven soils is shown in Table 6; as a maximum, these averages
are based on n = 9 combinations of groundwater level class and storage
class. For clay (B08, B09 and B10) and loess (B14) soils, the differences

Table 4
Average effectiveness for number of runoff events (E#) and for the T1, T5 and T10
rainfall events for potatoes for the two mitigation measures of edge-of-ﬁeld trench
and micro-dams. Averages refer to the nine (n) combinations of groundwater level
and soil surface storage class unless otherwise indicated (values in brackets).
Edge-of-ﬁeld trench

Table 5
Average effectiveness for number of runoff events (E#) and for the T1, T5 and T10
rainfall events for the edge-of-ﬁeld trench mitigation measure. Averages refer to the
45 (n) crop, groundwater level and soil surface storage class combinations unless
otherwise indicated (values in brackets).

Micro-dams

Soil

E#

ET1

ET5

ET10

E#

ET1

ET5

ET10

B02
B03
B08
B09
B10
B14
B15

n.d.
63 (2)
31
32
28
23 (3)
47 (5)

n.d.
100 (1)
31
26
26
16 (3)
39 (5)

n.d.
87 (2)
16
13
14
10 (3)
38 (5)

n.d.
70 (2)
13
11
12
9 (3)
37 (5)

n.d.
100 (2)
81
79
75
81 (3)
81 (5)

n.d.
100 (1)
93
84
87
71 (3)
90 (5)

n.d.
100 (2)
66
57
61
46 (3)
80 (5)

n.d.
98 (2)
59
51
54
40 (3)
77 (5)

n.d.: no data.
8

Soil

E#

ET1

ET5

ET10

B02
B03
B08
B09
B10
B14
B15

36 (5)
75 (16)
35
35
31
24 (15)
34 (30)

90 (5)
85 (12)
29
25
25
14 (15)
48 (29)

51 (5)
66 (16)
15
13
13
9 (15)
38 (30)

44 (5)
58 (16)
13
11
11
8 (15)
35 (30)
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Table 6
Average effectiveness for number of runoff events (E#) and for the T1 rainfall events for edge-of-ﬁeld trench mitigation measure for the ﬁve crops. Averages refer to the
n combinations of groundwater level and soil surface storage class (n ≤ 9). (M = maize, O = onion, P = potato, S = sugar beet, W = winter wheat).
E#

ET1

n

Soil

M

O

P

S

W

M

O

P

S

W

M

O

P

S

W

B02
B03
B08
B09
B10
B14
B15

n.d.
100
32
34
32
23
19

n.d.
86
35
33
31
24
36

n.d.
63
31
32
28
23
47

n.d.
100
33
31
32
24
19

36
49
44
44
35
29
52

n.d.
n.d.
28
24
24
10
42

n.d.
81
25
23
24
11
43

n.d.
100
31
26
26
16
39

n.d.
99
29
25
24
10
37

90
82
33
26
27
21
76

n.d.
1
9
9
9
3
6

n.d.
5
9
9
9
3
7

n.d.
2
9
9
9
3
5

n.d.
3
9
9
9
3
6

5
5
9
9
9
3
6

n.d.: no data.

between the summer crops (maize, onion, potato, sugar beet) are small,
while the effectiveness was largest for winter wheat. There is a slight tendency toward decreasing effectiveness as the heaviness of the clay soils increases. The mitigation measure was most effective on the peaty sand soil
(B15). For T5 and T10 rainfall events, the effectiveness was much lower
than for a T1 rainfall event, but similar trends as described above were
seen (data not shown).

3.3.4. Reduction in number of runoff events
As mentioned in the introduction, it is not only the reduction in runoff
volume that is of interest, but the reduction in the number of runoff events,
too. According to Fig. 4, Fig. 6 and Table 3, the mitigation measures also reduced the number of runoff events (n). On average (for all combinations of
crop, groundwater level class and soil surface storage), the total number of
runoff events per year per soil type was fewer than eight events for the reference situation and reduced to fewer than six for the EOFT case (Fig. 7). Based
on these averages, we see that, on average, the EOFT mitigation measure reduced the number of events by a third for clay soils (B08, B09, B10) and by a
quarter for the loess soil (B14) (effectiveness). In other words, on average,
every third or fourth runoff event observed in the reference situation does
not occur when the EOFT mitigation measure is put in place. For the other
soils, we see that the average number of events is very close to zero. Small
changes at these low levels sometimes produce a high effectiveness value,
but this should be treated with caution. For MD (potatoes only), the average
total number of runoff events per year per soil type was fewer than six events
for the reference situation and reduced to one or fewer than one for the MD
treatment; the effectiveness was at least 78%. It should be noted that the effectivities in reduction in runoff events presented in Fig. 7 are obtained in a
slightly different way than those presented in Table 4 and Table 5. The data
in Table 5 was obtained by averaging the effectivities for all individually
paired simulation runs, whereas the data presented in Fig. 7 was based on
the total number of events obtained for all simulations, from which the
overall effectiveness was subsequently computed.

3.3.3.2. Groundwater level class. The average effectiveness (E#, ET1) for the
main factor of groundwater level class for the seven soils is shown in
Table 7; as a maximum, these averages are based on n = 15 combinations
of crop class and storage class. For the loess soil (B14), no groundwater was
simulated, since a free drainage bottom boundary was considered. The effectiveness for the number of runoff events ranged between 31% and
36% for the clay (B08, B09, and B10) and peaty sand (B15) soils, with a
slight tendency toward decreasing efﬁciency for deeper groundwater
levels. The effectiveness for the T1 rainfall event ranged from 24% to
31% for clay soils and was higher for the peaty sand (47–48%), with a slight
tendency toward increasing effectiveness for deeper groundwater levels.
For the loamiest sand (B03) with relatively shallow groundwater level
(IV), runoff events were simulated for which relatively high effectiveness
was seen. For T5 and T10 rainfall events, the effectiveness was much
lower than for a T1 rainfall event, but similar trends as described above
were seen (data not shown).
3.3.3.3. Storage class. The average effectiveness (E#, ET1) for the main factor
of soil surface storage class is shown in Table 8; as a maximum, these
averages are based on n = 15 combinations of crop and groundwater
level class. For clay soils and peaty sand, a clear decrease in effectiveness
for the total number of runoff events and a clear increase in effectiveness
for the T1 rainfall event were observed as soil surface storage increased.
This pattern was not seen for the loess soil (B14). For the loamiest sand
(B03), the effectiveness was high for the case with low soil surface storage.
The effectiveness for T5 and T10 rainfall events was much lower than for a
T1 rainfall event, but similar trends as described above were seen (data not
shown).

3.4. General discussion
Since the additional ﬁeld storage increase for the MD treatment is much
larger than for the EOFT treatment, there is a much bigger reduction in both
the number of runoff events and runoff volume in the case of the MD mitigation option. This option is, of course, limited to speciﬁc soil and crop cultivation situations, i.e., crops grown on ridge-furrow systems where MDs
can be created in the furrows. We expect, however, that other mitigation
options resulting in similar additional storage in the ﬁeld may produce similar reductions in runoff. The impact of MD in ridge-grown potatoes has
been studied in practice. For example, Sittig et al. (2020) compiled data

Table 7
Average effectiveness for number of runoff events (E#) and for the T1 rainfall events
for the edge-of-ﬁeld trench mitigation measure for the three groundwater level
classes. Averages refer to the n combinations of crop and soil surface storage class
(n ≤ 15).
E#
Soil
B02
B03
B08
B09
B10
B14
B15

IV
19
65
36
35
31
n.d.*
35

ET1
VI
61
90
35
36
31
n.d.*
34

VII
n.d.
100
34
34
32
24
33

IV
86
75
27
25
26
n.d.*
47

Table 8
Average effectiveness for number of runoff events (E#) and the T1 rainfall events for
the edge-of-ﬁeld trench mitigation measure for the three soil surface classes. Averages refer to the n combinations of crop and groundwater level class (n ≤ 15).

n
VI
95
94
29
24
24
n.d.*
48

VII
n.d.
97
31
25
26
14
n.d.

IV
3
10
15
15
15
n.d.*
15

VI
2
5
15
15
15
n.d.*
14

E#

VII
n.d.
1
15
15
15
15
1

n.d.: no data; *: these situations were not considered in the simulations.
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ET1

n

Soil

S1

S2

S3

S1

S2

S3

S1

S2

S3

B02
B03
B08
B09
B10
B14
B15

48
86
40
40
35
25
40

25
66
39
36
31
23
32

33
33
26
29
28
25
29

82
84
25
20
21
14
43

92
81
28
24
21
15
44

100
100
34
31
33
12
57

2
9
15
15
15
5
11

2
6
15
15
15
5
10

1
1
15
15
15
5
9
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Fig. 7. The average number of runoff events per year for the seven soil proﬁles considered for the reference and edge-of-ﬁeld trench treatments (left) and the reference and
micro-dam treatments (right). Averages for EOFT are based on all crop, groundwater level class and soil surface storage combinations (45; except for B14: 15 combinations);
for MD, these refer to potatoes and all groundwater level class and soil surface storage combinations (9; except for B14: 3). The labels indicate the effectiveness (Eq. (9)).

look at the (relative) change in our b parameters as a result of a certain
treatment in order to estimate the (relative) change of the commonly
used curve numbers.
The results pertain to the climate period 1989–2018 and the typical
summer rainfall events that occur once every one, ﬁve and ten years in
this period. The method can be easily repeated for future climate predicted
weather data (e.g., 2036–2065) combined with typical summer rainfall
events in that same period.
The approach presented here can be repeated for other soil, groundwater level class, crop and meteorological combinations. In that case, a
database covering the most common combinations of crops, soils, groundwater level classes and ﬁeld characteristics can be constructed. This can
then be used by farmers, agricultural advisors, risk and catchment managers or regulators to help select adequate measures for their ﬁelds to
reduce (pesticide) runoff to surface water based on local soil, weather,
cropping and water table depth conditions. It can also be implemented in
a geographical information system so that the most effective measure for
a given location can be viewed quickly.

from the literature that reported a reduction in runoff (volume) of 69–98%
for potatoes with MDs compared to the situation without MDs. This is comparable to the effectiveness obtained from our simulations (Table 4). Sittig
et al. (2021) reported a reduction in runoff volume of 24–71% and of
69–89% for micro-dams in combination with conventional tillage or conservation tillage in maize cultivation. Runoff is often associated with sloping ﬁelds. The slopes in the Dutch delta are generally low-gradient – 1%
or less (Table 2) – with some exceptions in the hilly areas. According to
Olivier et al. (2014), the use of MDs is already worth considering in regions
with slopes starting at 1%, so even in ﬂat deltas.
There was moderate variation in effectiveness for the different crops considered. However, since crop rotation is a common practice, we think it is
worthwhile considering the impact of crops when determining effectiveness.
We have expressed the effectiveness in terms of the change in both the
total number of runoff events and the runoff volume for speciﬁc rainfall
events, i.e., T1, T5 and T10 rainfall events. For high rainfall events
(e.g., T10), the effectiveness is obviously low, since the maximum inﬁltration capacity of the soil is generally exceeded. Under certain circumstances,
even the reduction in runoff for small events can be beneﬁcial in reducing
the runoff of dissolved constituents such as pesticides, nutrients or any
other contaminant of emerging concern. This could be quantiﬁed by considering other rainfall events (e.g., T0.1 or T0.01). However, we believe
the reduction in total number of runoff events here to be a good indication
of the effectiveness of a certain mitigation measure, including the effectiveness for small events.
Although we summarized the simulated runoff events for the simulated
period of thirty years by a runoff/rainfall functional relationship that
resembles the relationship used in the curve number approach, we would
emphasize here that the mechanistically simulated runoff in our SWAP
simulations is an estimate for ﬁeld-scale runoff, whereas the curve number
approach is to be used for the watershed scale and the runoff considered
then includes not only surface runoff, but fast subsurface drainage, too.
Moreover, in the NRCS-USDA National Engineering Handbook Hydrology
(NRCS-USDA, 2004), it is explicitly stated that the original development
of the curve number method did not envision it to be used “... as an inﬁltration method for individual storm runoff events and as a loss function for continuous simulation”. It is speciﬁcally for this reason that we have not calculated
curve numbers from our runoff/precipitation data. This is especially tempting for models that rely on the curve number method as the only option for
considering runoff, such as the pesticide risk assessment model PRZM
(e.g., Adriaanse et al., 2017; Sittig et al., 2021). With calculations such as
these, it might be found that a curve number obtained from our reference
simulations differs from that obtained from existing curve number tables
applicable to the same reference situation. It could perhaps be useful to

4. Conclusions
The soil–water–atmosphere–plant (SWAP) model mechanistically simulates runoff by comparing rainfall intensity with the local maximum possible inﬁltration rate, which is dependent on the transient soil conditions.
When the rainfall rate exceeds this maximum, ponding occurs, and when
the ponding level rises above a certain threshold ponding height, water is
removed from the system as runoff, with assumption of a certain resistance.
In this study, we have shown that, by altering the soil surface ponding storage threshold through consideration of two runoff mitigation measures,
i.e., micro-dams (MD) and edge-of-ﬁeld trenches (EOFT), and by making
the resistance to water removal a function of speciﬁc ﬁeld characteristics,
it was possible to investigate the effectiveness of these measures in reducing
runoff, both in terms of number of events and runoff volume. This was
investigated for seven soils (including accompanying ﬁeld characteristics),
ﬁve crops, three groundwater level classes and three intrinsic soil surface
storage classes.
• For ridge-furrow cropping systems (e.g., potatoes), the MD mitigation
measure is much more effective in reducing runoff than the EOFT mitigation measure. Depending on the soil type considered in this study (excluding sand), the minimum effectiveness for a rainfall event that occurs once
a year for the MD mitigation measure is 71% and may be >90% in speciﬁc
situations. The number of runoff events is reduced by 75–81% (excluding
sand).
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• For the EOFT mitigation measure, the reduction in runoff events was
mostly in the 24–35% range, while the effectiveness in reduction for a
rainfall event that occurs once a year was in the 14–48% range (excluding
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• The effectiveness was evidently dependent on intrinsic soil surface storage and soil type. It varied slightly between crop types and revealed
only negligible differences with regard to the groundwater level classes
considered.
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