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Abstract

BACKGROUND: One of the most important sources of pesticide pollution of surface waters is runoff and erosion from
agricultural fields after rainfall. This study analyses the efficacy of different risk mitigation measures to reduce pesticide runoff
and erosion inputs into surface waters from arable land excluding rice fields.

RESULTS: Three groups of risk mitigation measures were quantitatively analyzed: vegetative filter strips, micro-dams in row
crops and soil conservation measures. Their effectiveness was evaluated based on a meta-analysis of available experimental
data using statistical methods such as classification and regression trees, and exploratory data analysis. Results confirmed
the effectiveness of vegetative filter strips and micro-dams. Contrary to common assumption, the width of vegetative filter
strips alone is not sufficient to predict their effectiveness. The effectiveness of soil conservationmeasures (especially mulch-till-
age) varied widely. This was in part due to the heterogeneity of the available experimental data, probably resulting from the
inconsistent implementation and the inadequate definitions of these measures.

CONCLUSION: Both vegetativefilter strips andmicro-dams are effective and suitable, and can therefore be recommended for quan-
titative assessment of environmental pesticide exposure in surfacewaters. However, the processes of infiltration and sedimentation
in vegetative filter strips should be simulated with amechanistic model like Vegetative Filter Strip Modeling System, VFSMOD. The
reduction effect of micro-dams can bemodelled by reducing the runoff curve number, e.g., in the pesticide root zonemodel, PRZM.
Soil conservationmeasures are in principle promising, but furtherwell-documenteddata are needed todetermine underwhich con-
ditions they are effective.
© 2023 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
1.1 Why is risk mitigation necessary and what are the
possible drawbacks?
One of the most important pesticide transport processes into sur-
face water bodies is runoff and erosion from agricultural fields after
rainfall.1–4 Many plant protection products (PPPs, hereafter referred
to as pesticides) can cause severe harm to aquatic organisms – they
can pose an unacceptable risk for aquatic organisms according to
regulatory risk assessments. Therefore, many pesticides can only
be authorized if risk mitigation measures are imposed. An evalua-
tion of the European risk assessment defined by the requirements
of regulation (EC) No 1107/20095 concerning the placing of PPPs
on the market showed that 26% of all registered active substances
require a risk mitigationmeasure for surface water (no further spec-
ification what kind of measure was given).6 An evaluation specific
for runoff risk mitigation measures shows that in Germany 28.1%
of all authorized PPPs (516 out of 1836) have at least one authorized
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use with mandatory runoff mitigation measures (Federal Office of
Consumer Protection and Food Safety (BVL)).7 Appropriate risk mit-
igation measures can reduce the contamination of surface waters
adjacent to a field by pesticides during or after their application.
Only if these restrictions are adhered to in the application of these
pesticides the environment, and in particular aquatic ecosystems,
can be adequately protected. The effect of a risk mitigation mea-
sure is therefore an integral part of risk assessment to enable autho-
rization of a pesticide.
However, if the effect of a risk reductionmeasure is overestimated

during the authorization process, this may in practice lead to severe
underestimation of the predicted environmental concentrations
and is one possible reason why recent comprehensive surface
water monitoring studies have frequently detected higher concen-
trations than expected from the risk assessment.8,9 Therefore,
knowledge of the effectiveness of a particular mitigation measure
to reduce exposure, in this case of surface waters, is essential for risk
assessment in the authorization procedure. On the other hand, risk
mitigationmeasures that are not properly implemented in the field
may also result in increased pesticide inputs to surface waters.
Risk mitigation measures can be classified according to their

impact location and structure into three different major categories:
edge-of-field measures like vegetative filter strips, in-field measures
such as soil conservation measures (e.g., no-till, mulch-tillage, ridge
tillage, strip tillage, contour cropping) and relief-forming measures
(e.g., micro-dams).6 A special case requiring its own methods is rice
cultivation. Extensive literature covering the differences in American,
Asian and European rice production and also models accounting for
water management are available.10–12 Due to the differences in
methodology, rice paddies are beyond the scope of this study.
Vegetative filter strips (VFS) are areas coveredwith dense vegeta-

tion that are designed to intercept surface runoff. They are often
located at the downslope field edge, but can also be established
in fields.13,14 VFS act as a physical hindrance to surface runoff: by
reducing the kinetic energy of the overland flow, filtering water
and retaining sediment, they reduce the passage of water, sedi-
ment and diffuse pollutants (such as nutrients and pesticides).13

Soil conservation measures like mulch-tillage or no-till leave ample
vegetation or crop residue on the field. Increased soil cover primar-
ily reduces the impact of rainfall and thus erosion, but increased
aggregate stability also reduces silting and crusting. Fields where
soil conservationmeasures are practiced tend to have a higher infil-
tration capacity, so both the frequency of occurrence and themag-
nitude of runoff events are reduced. This effect is further enhanced
if the soil is not ploughed for several years. Micro-dams, which are
built vertically to the ridge-furrows, at certain distances from each
other, can be applied to row crops such as potatoes or maize.15

Micro-dams were originally developed for erosion control. Their
mechanism of action is to improve the retention of rainwater at
the surface, thereby increasing infiltration and reducing the occur-
rence and extent of surface runoff events. For example, in Germany
risk mitigation measures for runoff listed in the register of PPPs
comprise vegetative filter strips adjacent to fields with a minimum
width of 5, 10 or 20 m, which can be omitted if soil conservation
measures such as no-till or mulch-tillage are applied in the field
(measure NW706 stipulated by the Federal Office of Consumer Pro-
tection and Food Safety (BVL)).16 Accordingly, in regulatory practice
it is assumed that soil conservation measures are as effective in
reducing pesticide losses as vegetative filter strips of 20 m width.
Although soil conservation measures, if implemented properly,
are considered effective in reducing pesticides losses through
runoff,6 the extent of the reduction as currently assumed for

pesticide authorization in Germany is questioned.17–19 Also, moni-
toring results indicate that the runoff mitigation implemented is
not as effective as expected.20

1.2 Current situation in runoff exposure assessment and
risk mitigation
For authorization within the European Union (EU), the pesticide
mass entering surface waters via runoff and erosion is calculated
using the pesticide root zone model (PRZM)21 as part of the
FOCUS Surface Water package.22 Pesticides leaving the field
through runoff and erosion can either be dissolved in runoff or
adsorbed to eroded soil particles. However, for most pesticides,
runoff losses are much more important than erosion losses
because the eroded soil mass lost from a field is typically small
compared with the runoff volume.23,24

In PRZM, the runoff volume is calculated with the curve number
(CN) approach.25 The CN is an empirical parameter used to predict
daily runoff for a given rainfall volume and depends on soil type,
crop type, management practice and soil moisture status. The
higher the CN, the more frequently runoff events occur and
the larger the runoff volumes are.
If the predicted environmental concentrations exceed a certain

threshold derived from the ecotoxicological data submitted for
product authorization, risk mitigation measures are necessary. Con-
sideration of in-field risk mitigation measures in the exposure
modelling should therefore preferably be linked to defined CN
changes for the given measure. To facilitate the derivation of
generic CN changes (with respect to the standard practice) for reg-
ulatory scenarios, sufficient experimental data points are needed
where a CN is fitted to a given field/event combination.15

Since edge-of-field mitigation measures do not affect the field
itself, in regulatory modelling frameworks risk mitigation at the edge
of the field by VFS is considered independently of the field-scale run-
off simulation. In the risk assessment at the European level the effec-
tiveness of VFS is currently described by default reduction factors that
only depend on the width (more precisely, the length in flow direc-
tion) of the vegetative filter strip.26,27 Alternatively, vegetative filter
strips can be simulated with the model Vegetative Filter Strip Model-
ling Sytem (VFSMOD).28–30 Here, infiltration and sedimentation are
simulatedmechanistically,31 while the reduction of pesticides ismod-
elled using regression-based or mechanistic trapping equations.32

1.3 Research question
The objectives of the present study were to (i) quantify the effective-
ness of various runoff mitigation measures and (ii) derive recom-
mendations on how the measures identified as effective and
suitable can be implemented in the exposure and risk assessment
for the authorization of pesticides. These aims were addressed in a
three-step approach. First, the economic viability, controllability, cur-
rent and potential dissemination (but not the effectiveness) of these
mitigation measures was assessed on the basis of a survey of key
experts in Germany. In a second step, the effectiveness of the mea-
sures was analyzed quantitatively. Third and finally, it was investi-
gated whether these risk mitigation measures are suitable for
environmental exposure assessment in the authorization of pesti-
cides in Germany and how they could be implemented there.

2 MATERIALS AND METHODS
2.1 Qualitative assessment
To get an overview of the available measures in different coun-
tries (mainly in Europe and North America), a literature analysis
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on available risk mitigationmeasures was carried out starting with
measures currently in place for pesticide regulation16,33 and
complementing them with available comprehensive reports and
articles,6,17,23,25,26,33–35 grey literature36,37 and documents from
agricultural consulting services.38,39 The resulting collection of
42 different risk mitigationmeasures was subsequently prioritized
by their general applicability as risk mitigation measures for the
authorization of plant products (as opposed to measures falling
in the domain of best management practices) and narrowed
down to a list of the 16 potentially most promising measures with
details on the measures given in Table S1. The 16 measures were
presented to five experts with in-depth knowledge not only of the
scientific basis but also of the situation at the level of the farmers
(their fields of expertise are given in Table S2). The objective of
this expert consultation was to further narrow down the list
of suitable measures and to rank them according to the following
criteria: economic viability, controllability, and current and poten-
tial dissemination by the experts. Economic viability here denotes
the impact on a farm's marginal income under the current
Common Agricultural Policy of the EU, including subsidies and
requirements. Controllability was considered as the effort needed
to enforce the measures. The current dissemination in Germany
was defined as the proportion of the cultivated area where the
corresponding measure is already applied and was supported
with statistical data if available (see Table S3 for details and
Table S4 for the full list of all 16 measures). The potential dissem-
ination in Germany was considered to be the proportion of the
cultivated area where the corresponding measure could be
applied in the near future. Measures that exceedingly failed in
one of the mentioned criteria are not considered suitable. The
study authors are aware that these criteria are difficult to define
precisely but considered them useful for a qualitative discussion.
Note that the effectiveness was not evaluated using this admit-
tedly subjective approach.

2.2 Quantitative data analysis
The quantitative analysis of the selected measures was based on
the effectiveness defined by the comparison of plots with and
without the corresponding measure. Due to the different quality
and temporal resolution of the available experimental data, differ-
ent techniques were applied to different datasets for the quantita-
tive analysis of the mitigation measures recommended by the
experts.

2.2.1 Vegetative filter strips
Quantitative analysis of the effectiveness of VFS was done with
classification and regression trees (CARTs)40 using the experimen-
tal dataset (n = 115 for water and eroded sediment, n = 244 for
pesticides) compiled and published by Reichenberger et al.41

The dataset comprises event-based data on precipitation, volume
of runoff water, mass of eroded sediment, site and experimental
treatment (e.g., type of vegetative filter strip, VFS dimensions,
source/strip ratio), event and active substance. A full overview of
the variables included in this dataset is given in Table S5.
The aim of the CART analysis was to explain the observed reduc-

tion efficiencies with the seven available independent experimen-
tal variables: vegetative filter strip width and area, clay and
organic matter content in field topsoil, runon volume, precipita-
tion and eroded sediment yield. CART was performed in R using
the package rPART42 for three target variables shown to be
most relevant for modelling the loss reduction by the vegetative
filter strip23:

• Total water inflow (volume of runoff water + precipitation):
relative reduction (%) of total inflow (ΔQ)
• Eroded sediment mass: relative reduction (%) of sediment
load (ΔE)
• Pesticide load: relative reduction (%) of pesticide load (pesticides
leaving the field) by the vegetative filter strip (ΔP)

Following Reichenberger et al.41 the following criteria were used
as measures of prediction accuracy: Pearson (r2), coefficient of
determination (R2, corresponds to the Nash–Sutcliffe coefficient
[NSE]), percentage bias (PBIAS) and root mean square error of pre-
diction (RMSEP).

2.2.2 Soil conservation measures
For soil conservation measures, the main data sources were (i) a
plot experiment database of annual surface runoff and soil loss
compiled by Maetens et al.,18 (ii) a field study with event-based
data on surface runoff, erosion and pesticide loss,43 and (iii) two
reviews with data on pesticide loss over the whole season.19,44

These two reviews analyzed in total 14 studies executed in the
United States. Due to the heterogeneity of the available data in
terms of temporal resolution and the availability of experimental
variables, the evaluation had to be done separately for (i),
(ii) and (iii). Furthermore, there were differing definitions of vari-
ous soil conservationmeasures. For a substantial share of the data
only the information that the plot was not tilled with a moldboard
plough was available and thus crucial information for differentiat-
ing the type of measure and judging the quality of the study was
missing. The efficiency of the measures was assessed by compar-
ing runoff, soil loss (erosion) and pesticide loss with the control
treatment (conventional tillage). The resulting quantities were
runoff ratio (RR, runoff with soil conservation measure/runoff with
conventional tillage), soil loss ratio (SLR, soil loss with soil conser-
vation measure/soil loss with conventional tillage) and pesticide
loss ratio (PLR, pesticide loss with soil conservation measure/
pesticide loss with conventional tillage). The annual and seasonal
data were analyzed by means of box- and scatterplots using run-
off ratio, soil loss ratio and pesticide loss ratio, while for the single
study with event-based results,43 runoff CNs25 were calculated
(a detailed description of the method is given in Sittig et al.15).

2.2.3 Micro-dams
For the analysis of micro-dams we mainly relied on the event-
based data compiled by Sittig et al.,15 which comprised five stud-
ies in potatoes and two in maize (in Belgium, Germany and
France). CNs for each event had already been fitted by Sittig
et al. In addition, the study of Sui et al.45 on micro-dams in maize
in China and the study of Keshavarz et al.46 on micro-dams in fur-
row irrigation (bare soil) in Iran were evaluated. Again, for each
event, CNs were calculated and compared between micro-dams
and conventional tillage.

3 RESULTS
3.1 Qualitative analysis by expert consultation
In expert interviews, 16 mitigation measures were qualitatively
evaluated (Table S4). Regarding economic viability two risk mitiga-
tion measures were consistently considered to be particularly
applicable: no-till and reduced tillage. Six further measures pri-
marily relating to cultivation methods (mulch tillage, strip tillage,
cover crops in general, cover crops with deep roots and micro-
dams) were assessed to be economically neutral. Eight measures
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were classified as slightly uneconomical among them various
types of vegetative buffer strips (vegetative filter strip, riparian
and thalweg buffers) with noticeable differences in the assess-
ment between the different experts (Table S4).
The controllability was the criterion with the most positive rat-

ings but varied between measures: while off-field measures can
be controlled by remote sensing if data with a high spatial and
temporal resolution are available, in-field measures usually
require field inspections. Some measures have the potential for
efficient record keeping, e.g., through the use of smartphone apps
to determine whether a particular plot had a sufficient soil cover
to be effective as a soil conservation measure.
The current dissemination of the different soil conservation mea-

sures was determined using data from the German Federal Statis-
tical Office (Destatis). In 2015, 40% of arable land was managed
with conservation tillage and less than 1%with no-till.47 Quantita-
tive information on the dissemination of riparian buffer strips in
Germany is also available, as this measure is an indicator in the
National Action Plan required under the Sustainable Use Directive
(2009/128/EC) of pesticides.48 According to the last progress
report, the fraction of agricultural streams with buffer strips
increased from 38% to 47% from 2010 to 2016.49

Another aspect assessed in the expert interviews was critical fac-
tors for success. These were weighted in the following order: the
measuresmust be easy to integrate into agricultural practice, they
must be easy to adapt to local conditions and the necessary
know-how must be available or easy to acquire. In addition, it
was suggested that the measures must be able to be described
in a legally binding way.
Measures that not only contribute to the reduction of pesti-

cide losses but also to soil and erosion protection are preferable.
Thereby, they protect the economic production factor soil and
are thus also beneficial for the farmers themselves. Labor
management and economic constraints sometimes push this
self-interest into the background in practice. For example, the
short-term concern for a close harvest date may be weighted
higher than the long-term perspective of avoiding soil
compaction.
The measures finally selected for quantitative analysis based on

the results of the expert assessment belong to three major
groups: vegetative filter strips, soil conservation measures and
micro-dams. The need for up-to-date knowledge on the first two
groups is particularly high, as these measures are currently
imposed during pesticide authorization in the case of Germany,
but also in other countries like Switzerland. The group of soil con-
servation measures is heterogenous and comprises measures
such as no-till, strip till, mulch-tillage and, in some reports, simply
low tillage intensity. In Germany, mulch-tillage, a technique in
which 100% of the soil surface is disturbed, is the most wide-
spread soil conservation measure.

3.2 Quantitative data analysis
3.2.1 Vegetative filter strips
Results show that the width of the VFS cannot predict any of the
three target variables: reduction of total inflow by the vegetative
filter strip (ΔQ), reduction of eroded sediment load (ΔE) or reduc-
tion of pesticide load (ΔP) (e.g., Fig. 1 and Table S6). The total
inflow Qi (normalized to the vegetative filter strip area), i.e., the
hydraulic load, has a stronger influence on the reduction of the
total inflow (ΔQ; Fig. 2), eroded sediment load (ΔE; Fig. S3) and
pesticide load (ΔP; Fig. S4) than the VFS width (Figs 1, S1 and S2,
respectively).

Using all available independent variables ΔQ can be predicted
relatively well using CART, with runon volume and eroded sedi-
ment load entering the VFS being the twomost important predic-
tors (R2 = 0.61; Table S6 and Fig. S6). In contrast, ΔE cannot be
predicted well (R2 = 0.45) and ΔQ is necessary for its prediction
in CART (Fig. S7 and Table S6). Reduction of pesticide load (ΔP)
can be predicted well from ΔQ, ΔE and the other independent
variables using CART (R2 = 0.78; Figs S8 and S9, and Table S6),
with ΔQ and ΔE being by far the most important predictors
(Table S6). However, this also means that uncertainties in ΔQ
and ΔE are further reflected in ΔP.

3.2.2 Soil conservation measures
Not as much or as well-documented data were available for
quantifying the effectiveness of soil conservation measures as
for vegetative filter strips. Only one study by Erlach43 contains
event-based data on pesticide load, runoff and soil loss reduction,
as well as data on cover over the course of the season. The remain-
ing studies contain only more general data on a seasonal or
annual basis.

Figure 1. Relative reduction of total inflow by the vegetative filter strip
ΔQ as a function of the buffer strip width (length in flow direction). The
total inflow equals the runoff leaving the field and the rainfall on the veg-
etative filter strip. Reichenberger et al.41 n = 115.

Figure 2. Relative reduction of total inflow by the vegetative filter strip
ΔQ as a function of total inflow normalized to the vegetative filter strip
area Qi. The total inflow equals the runoff leaving the field and the rainfall
on the vegetative filter strip. Reichenberger et al.41 n = 115.
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The effectiveness of mulch-tillage in reducing runoff and pesti-
cides was found to be very variable. Erlach43 found from event-
based data that mulch-tillage clearly reduced runoff, both in
terms of occurrence andmagnitude (complete elimination of run-
off for experiment with winter oilseed rape, clear reduction for
maize, slight reduction for winter wheat; Table S7). On the other
hand, the data by Maetens et al.18 indicate no difference between
annual runoff volumes of mulch-tillage and conventional tillage
(Fig. 3). Also, soil loss was substantially reduced by mulch-tillage
in the event-based data of Erlach43 (Table S8) but was unaffected
at seasonal level in Maetens et al.18 As expected, in Erlach,43

pesticide losses due to runoff were reduced for most compounds
bymulch-tillage (Tables S9–S11). The only exceptionwas isoproturon,

increasingly lost after mulch-tillage in winter wheat, suggesting
desorption from the mulch during runoff events.
In the data ofMaetens et al.18 with no-till (zero tillage), the efficacy

of runoff reduction was also variable but higher than with mulch-
tillage (Fig. 3). No-till showed a clear reduction in runoff (median
runoff ratio 0.78), especially at high annual runoff volumes (fig.
21 in Klein et al.50), and erosion (median soil loss ratio 0.39). In the
experimental plots of Erlach,43 no-till even led to a complete elimi-
nation of runoff and hence pesticide loss. Analysis of the available
annual data on pesticides losses (n = 79; n = 29 for artificial and
n = 50 for natural rainfall)19,44 demonstrated that no-till reduced
pesticide loss via runoff and erosion by 54% after artificial rainfall
and by 90% after natural rainfall (median values, see Tables 1 and
2). The condensed evaluation of conservation tillagemeasures such
as ridge till or chisel showed a median pesticide loss reduction by
25% for artificial rainfall (n = 69) and 55% under natural conditions
(n = 26) (see further details in Tables 1 and 2).
For a large part of the data, the exact type of soil conservation

measure was not specified, neither in the data compiled in Mae-
tens et al.18 nor in the original publications. Thus, information on
the degree of soil cover as well as on the intensity and frequency
of the soil cultivation method is missing.
The measures referred to as contour tillage in Fig. 3 were also

quite heterogeneous and ranged from the formation of ridges
along contours, e.g., for potatoes, to more subtle methods such
as a seed placement along contours. This aggregated group had
the lowest median runoff ratio, implying high effectiveness in
reducing runoff. Contour tillage therefore seems to be a recom-
mendable method when the plot size and orientation allow culti-
vating along contours. The information on slope gradient shows
that there is a large fraction of rather steep slopes. This could
explain why forming ridges along contours resulted in a substan-
tial reduction in annual runoff and erosion. However, due to the
heterogeneity of the data and the lack of event-based data, only
limited conclusions can be drawn for this type of measure as well.

Figure 3. Ratio of annual surface runoff volume with soil conservation
measures to the runoff volumewithoutmeasure (runoff ratio, RR) in arable
crops for the data compiled by Maetens et al.18 Hence, if the runoff ratio is
<1, the runoff volume with a particular soil conservation measure is lower
than without the measure. The label ‘Cons. till., not spec.’ stands for ‘con-
servation tillage, not specified’.

Table 1. Pesticide loss ratios for various soil conservation measures and no-till under artificial rainfall conditions (according to Dönges44 and Faw-
cett et al.19)

Measure Measure category Median 5th percentile 25th percentile 75th percentile 95th percentile

Ridge till, n = 19 Conservation tillage 1.06 0.24 0.39 1.28 1.94
Chisel, n = 19 Conservation tillage 0.91 0.18 0.69 1.37 1.45
Till plant, n = 9 Conservation tillage 0.89 0.62 0.72 1.26 1.47
Disk, n = 18 Conservation tillage 0.61 0.13 0.38 0.93 1.21
Strip till, n = 4 Conservation tillage 0.03 0.02 0.02 0.05 0.05
Conservation tillage (all), n = 69 Conservation tillage 0.75 0.12 0.45 1.19 1.58
No-till, n = 29 No-till 0.46 0.04 0.17 0.89 1.62

Table 2. Pesticide loss ratios for various soil conservationmeasures and no-till under natural rainfall conditions (according to Dönges44 and Fawcett
et al.19)

Measure Measure category Median 5th percentile 25th percentile 75th percentile 95th percentile

Ridge till, n = 16 Conservation tillage 0.45 0.11 0.25 0.62 1.00
Chisel, n = 10 Conservation tillage 0.44 0.09 0.21 0.49 0.52
Conservation tillage (all), n = 26 Conservation tillage 0.45 0.09 0.20 0.55 0.79
No-till, n = 50 No-till 0.10 0.00 0.04 0.26 0.77
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For strip tillage, eight data points were available, all from the
same study. The observed maximum annual runoff volume for
the control treatment was very low in this study (4.5 mm), which
impairs comparability with the other measures.

3.2.3 Micro-dams
Micro-dams in potatoes were able to substantially reduce the
occurrence and magnitude of runoff from the field.15 The event-
based reduction of the runoff volume was up to 100%, while the
reduction in the CN ranged between 1 and 36 points
(Table S12).51 It should be noted that the reduction in the CN for
a given event strongly depends on event characteristics, notably
the antecedent (i.e., pre-event) soil moisture status.
Themicro-dams studiedwere also found to be effective in terms

of soil losses (seasonal reduction efficiency 66–99.8%)51,52 and
pesticide losses from the field (mean seasonal reduction effi-
ciency of 91% and 84%)51,52 (see Tables S13 and S14).
For the studies of Sui et al.45 in maize and Keshavarz et al.46 for

furrow irrigation, mean CN reductions of 7 (Table S15) and
9 (Table S16) were found, respectively. The micro-dams in these
studies had larger spacings than the micro-dams typically used
in potatoes, however, and are thus not directly comparable.

4 DISCUSSION
Risk mitigation measures can have two different purposes: Either
they prevent the occurrence and extent of runoff leaving the field
as so-called in-field measures or, as edge-of-field measures, they
reduce runoff at the edge of the field if it has already occurred.
The regulatory exposure assessment should consider the effect
of both types of measures using different approaches.

4.1 Vegetative filter strips
VFS are among the established risk mitigationmeasures for runoff
and erosion in the authorization process. As they are usually are
located at the edge of the field, they do not interfere with agricul-
tural operations in the field. In the exposure assessment for autho-
rization of pesticides, their effectiveness is linked to the width of
the filter strip: It is assumed that reductions in runoff, erosion
and pesticide load are a function of the filter strip width alone.26,27

However, the evaluation in this study showed that the width of
the filter strip is not sufficient to predict for the three target
variables (reduction in total inflow, eroded sediment load or
pesticide load; Figs S1–S3). Note that the weak dependency of
pesticide reduction efficiency on filter strip width has been shown
previously23 (Fig. S5). Instead, it was found that the hydraulic load
(the total water inflow into the vegetative filter strip [runon and
precipitation], normalized to the VFS area) is the most important
predictor of VFS effectiveness. This implies that VFS effectiveness
is not a constant, but strongly varies from event to event and
needs to be estimated on an event basis. Therefore, a constant
reduction factor depending solely on the filter strip width, as
recommended by FOCUS,26,27 does not seem reasonable: with
fixed reduction factors the true reduction efficiency of a VFS will
be underestimated for small runoff events and overestimated
for large runoff events.
The weak dependency of VFS effectiveness on VFS width has

been noted before (e.g., Reichenberger et al.23) and also been pre-
dicted based on hydrological considerations (e.g., in Schulz53).
The fact that VFS effectiveness has a stronger dependence on
hydraulic load than on VFS width is closely linked to the issue of
VFS performance under concentrated flow conditions (where

the runoff enters the VFS in concentrated form and flows over
only a small area fraction of the VFS) because it is essentially
equivalent whether the volume of water entering the VFS is dou-
bled or the area of the VFS over which runoff flows is halved: the
hydraulic load on the VFS is the same in both cases. The impact of
flow concentration/convergence on VFS performance has been
investigated in several publications (e.g., Arora et al.54

Boyd et al.55 Poletika et al.56 Helmers et al.57), several of which have
been included in the dataset compiled by Reichenberger et al.41

Even though flow concentration was clearly found to impact the
effectiveness of VFS (e.g., Poletika et al.56), this impact can be well
predicted with modelling (e.g., Muñoz-Carpena et al.14).
Our evaluations have demonstrated that the reduction of pesti-

cide load (ΔP) by the vegetative filter strip can only be predicted
well if accurate estimates of the reduction of total inflow (ΔQ) and
the reduction of sediment load (ΔE) are available. Hence, both
quantities, ΔQ and ΔE, should be calculated with a dynamic,
event-basedmodel like VFSMOD.28 VFSMOD calculates infiltration
and sedimentation mechanistically as a function of precipitation,
runoff and eroded sediment yield (e.g., provided by PRZM), VFS
dimensions and slope, filter media (grass) properties, VFS
soil-hydraulic properties and antecedent soil water content,
and properties of the eroded soil material (median particle size,
organic matter content etc.).14 It can also simulate the degrada-
tion of pesticide residues in the VFS between events and the
remobilization of residues at the next event.

4.2 Soil conservation measures
A number of soil conservation measures were assessed for their
potential to reduce the frequency of occurrence and the magni-
tude of runoff events in the field. Only no-till showed a clear
reduction in all variables assessed, i.e., runoff, sediment load and
pesticide losses. As for the other soil conservation measures, no
effect on annual runoff was found in the data of Maetens et al.18

while median pesticide losses decreased by about 25–50%.19,44

These limited effects do notmean that soil conservationmeasures
have no potential to reduce runoff, but this would require further
event-based studies that additionally include relevant parameters
such as soil cover. In the event-based study43 evaluated, soil cover
was monitored throughout the whole season, which confirms
that this particular study was performed in an exemplary manner
(see details in Tables S7–S11). The fact that the soil cover
remained above the threshold of 30% throughout the growing
season was probably the main reason for the good efficacy in this
particular trial. This lack of more comprehensive data is the main
reason why no-till can only be recommended as a regulatory mit-
igation measure to reduce runoff and erosion to some extent but
not as a substitute for a VFS.
There is therefore an urgent need for more precise definitions of

the terms reduced tillage (e.g., used in TOPPS58), conservation till-
age (e.g., used by Destatis47) and specific conservation tillage
measures such as mulch-tillage (specified by Brunotte59), both in
the scientific literature and in practice. A more precise definition
of conservation tillage would, on the one hand, generate more
comprehensive data sets that include information on important
variables such as the degree of soil cover. On the other hand, it
would also allow a more precise and controllable application of
what some authors called a thunderstorm-resistant mulch-till-
age.60 In Germany, mulch-tillage is by far themost widespread soil
conservation measure, with 40% of the cultivated area managed
with this technique.48 However, exemplary monitoring data of
fields with mulch tillage in maize crops from the German federal
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state of Bavaria60 show that the degree of soil cover is often low:
Only one plot was covered with more than 30% mulch, which is
a recommended value for effective protection against
erosion.35,61,62 The majority of the maize plots examined (75%)
had a soil cover of less than 10%. Nevertheless, according to the
German regulation all these plots are officially considered to be
cultivated with soil conservationmeasures with a runoff reduction
comparable to a 20-m wide vegetative filter strip.
Although the effectiveness of soil conservation measures alone

to reduce runoff could not be quantified in this study, the authors
generally advocate a combination of differentmeasures in the risk
assessment. It should be recognized that any measure that
reduces runoff formation in the field will always contributes to
the efficiency of a vegetative filter strip outside the field. This is
because the effectiveness of the vegetative filter strip depends
on the hydraulic load imposed on it. This applies both to the
reduction of pesticide losses and to soil losses during heavy rain-
fall events.

4.3 Micro-dams
Finally, the assessment demonstrated that micro-dams as an in-
field measure can also substantially reduce the occurrence and
magnitude of runoff events and the associated soil and pesticide
losses. Our analysis was limited to potatoes and, to a lesser
extent, maize. However, micro-dams can also minimize water
loss through runoff in furrow irrigation systems.46 It can be con-
cluded that micro-dams are an effective mitigation measure,
provided that agricultural machinery is available to establish
the dams and the soil texture is suitable for dam formation. For
crops such as potatoes, where soil structure is already severely
compromised, the formation of micro-dams does not cause
any additional disturbance. The applicability to other crops
needs to be further investigated, also in terms of how to avoid
possible conflicts with the basic idea of soil conservation mea-
sures, namely, to minimize soil disturbance and thereby increase
water infiltration.
As mentioned before, for the authorization of pesticides in the

EU (exposure through runoff is assessed with the model
PRZM),21 which uses the CN technique25 (section 1.2). Since
the CN determines the occurrence and magnitude of surface
runoff as a function of a given rainfall volume, it makes mathe-
matically more sense to describe the reduction effect on surface
runoff with a reduction of the runoff CN than as a fixed percent-
age of runoff volume. With the CN approach, the reduction effi-
ciency automatically depends on the amount of precipitation
and can be modelled directly in PRZM. In irrigated agriculture,
micro-dams can also substantially reduce the loss of irrigation
water via surface runoff and thus increase irrigation effi-
ciency.46 Therefore, in-field risk mitigation measures should
be included in the exposure assessment by changing the runoff
CN for reference soil moisture conditions. However, elaborating
a CN table for, for example, the FOCUS scenarios would require
an in-depth analysis of the available data, considering site
hydrology, soil texture and the antecedent soil water content
for each event.

5 CONCLUSION
After having evaluated various risk mitigation measures for runoff
exposure, only the following two measures can be proposed as
measures with a sufficient basis of quantitative data.

Vegetative filter strips are already considered in quantitative risk
assessment and hence in the context of regulatory decision-
making. However, the calculation of their effectiveness should
be changed in regulatory practice. Instead of the current
approach, which uses fixed reduction factors for runoff, soil loss
and pesticide reduction as a function of filter strip width, infiltra-
tion and sedimentation in a vegetative filter strip should be simu-
lated with a mechanistic model such as VFSMOD. The pesticide
load reduction by the VFS can then be calculated based on the
predicted runoff and sediment reduction using mechanistic or
regression-based trapping equations.
Micro-dams in row crops are also recommended as a regulatory

mitigation measure in a quantitative risk assessment. Yet, suffi-
cient data as well as specific technology to create micro-dams
are only available for potatoes. Their effect can be modelled with
a reduction of the runoff CN.
The effectiveness of the various soil conservation measures

(e.g., mulch-tillage) could not be quantified sufficiently well due
to the high variability of results and limited availability of data
comprising essential aspects such as soil cover and loss of pesti-
cides. Although these measures have the potential to reduce run-
off, they cannot be currently recommended as regulatory
mitigation measures to reduce surface runoff and erosion unless
a better data basis of event-based data is established and more
specific guidelines are developed on how soil conservation mea-
sures should be applied to effectively reduce pesticide losses.
The current German regulatory approach, that mulch-tillage can

replace a vegetative filter strip of 20 m width, implying that these
two measures are equally effective, therefore cannot be corrobo-
rated with the available data. However, mulch-tillage and soil con-
servation techniques in general might be particularly effective in
combination with VFS as the reduction of runon volume to the
vegetative filter strip by soil conservation measures might result
in a synergistic effect.
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