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Abstract 

In Italy high-quality vines are grown on sloping fields where pesticide runoff 
to surface water is possible and vegetated buffers are suggested as mitigation 
measure. Spinosad is an insecticide used to control pests in vineyards. For 
regulatory purposes, FOCUS modelling is used to calculate pesticides runoff 
reduction provided by a vegetated buffer, but there is an urgent need for 
field-based results. A field trial with artificial runoff was performed in Sep-
tember 2017 in Northern Italy to evaluate the efficiency of a grassed buffer to 
reduce spinosad runoff. Trial conditions were based on FOCUS scenarios but 
made worse to draw prudent conclusions. For the first time in Italy, the trial 
was conducted according to Good Laboratory Practices to increase reliability 
of results and reproducibility of the study for regulatory purposes. Five plots 
were tested, each simulating a grassed buffer of 12 m length on a slope of 10% 
- 13%. The artificial runoff was 200 mm in 3 hours and rainfall pre- and dur-
ing runoff was 45 mm. Results show that the 12 m buffer completely retained 
runoff and effectively mitigated runoff concentration, and mean reduction of 
spinosad concentration was 59%. A width effect exists, and every 6.5 m of 
buffer reduces concentration by 50%. Comparison of field results with 
FOCUS modelling shows that both VFSMod and LM models provide accept-
able estimation of runoff reduction for a 5 m buffer, while LM seems more 
precise. For a 10 m buffer the VFSMod is very accurate, while LM underesti-
mates reduction observed in the field.  
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1. Introduction 

Pesticides runoff to surface water poses a risk to the aquatic environment, and 
recent studies show that pesticides from agricultural land use are a major threat 
to small streams and their biodiversity [1] [2]. 

Compared with several other land uses, vines often create favourable condi-
tions for water runoff and sediment loss, mainly because vines are planted in the 
direction of slope and cultivation practices increase soil compaction [3]. In-
ter-row management is also important, the highest runoff rates and soil losses 
are observed for chemically weeded vineyards, while grassing might be the best 
option for runoff reduction [4]. 

Spinosad (Dow Agrosciences, Indianpolis, IN) is a naturally derived insecti-
cide containing a mixture of two structurally similar molecules widely used in all 
the Southern Europe Registration Zone, to control pests on several crops in-
cluding vineyards, also in organic farming. 

According to EPA Toxicity categories, Spinosad is classified “slightly to mod-
erately toxic” to fish, most aquatic invertebrates and algae [5]. In Europe Spino-
sad is classified as “Very toxic to aquatic organisms, may cause long-term ad-
verse effects in the aquatic environment” and requires ecosystem protection. 
Additional labelling with risk phrases and safety phrases is affixed, particularly 
to enforce prevention of any entry into surface waters; furthermore the KOW val-
ues ranging from 2.78 to 5.21 (depending to pH) indicate that bioaccumulation 
or accumulation in sediment can occur [6]. For use in vineyards in Italy the label 
of the most recent formulation (Tracer 120 SC, released 30 January 2019) indi-
cates the requirement of a no-spray zone of 15 m to protect water courses. Pro-
tection from drift can involve both no-spray zone and drift reduction tech-
niques, while protection from runoff can take advantage of soil incorporation, 
treatment localization and a properly managed vegetated filter strip (hereafter: 
VFS). 

Various recent studies show that VFS are in general effective for runoff reduc-
tion and can be suggested as a mitigation measure [7] [8]. Studies on soil erosion 
[9] showed that to be effective the grass cover must be dense. 

In Italy high-quality vines are grown on hilly fields, where spinosad runoff to 
surface water is possible. However, no experimental data are available on spino-
sad displacement in VFS on sloping fields. 

Results from field trials are few since they are difficult and very time and la-
bour consuming, so the main evaluation of runoff magnitude and reduction 
provided by VFS derives from model outcomes [10]. FOCUS Landscape and Mi-
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tigation v2 (hereafter: FOCUS L & M) allows VFS as a mitigation measure 
against the risk of pesticides runoff to surface water, and provides values of pes-
ticide removal efficiency [11] [12]. 

The current mitigation approach of FOCUS L&M is based on static reduction 
factors related to buffer width. Recent models have been developed to estimate 
VFS trapping efficiency dynamically after single runoff events, and to identify 
the importance of factors for the prediction of runoff, pesticide reduction, the 
VFS hydraulic properties being the most important [13]. 

Mitigation capacity of a VFS depends on width, slope, grass and litter cover 
[8]. Models account for complete grass cover, laminar flux and lack of preferen-
tial flow. 

A recent study performed in Germany [14] showed that efficacy calculated by 
models is 35% - 40% higher than that obtained in real, not perfect, conditions. 

Field trials are indeed of great importance, 1) to enlarge the database on which 
the model can rely, 2) because they can improve model parametrisation to take 
into account grass cover conditions, and 3) provide hard evidence for Authori-
ties for pesticide use regulation based on real VFS efficiency, for example in hilly 
areas rich in water courses. 

Furthermore, a recent Document from the Italian Ministry of Health [15] al-
lows VFS as a mitigation measure for runoff to surface water, but for sloping 
fields considers reduced mitigation efficiency, i.e. with a >5% slope the efficiency 
is 30% of that for plain fields. The Document is regularly under revision in the 
light of new and hard evidence, such as results from field trials. Publication of an 
updated revision is expected in March 2020. 

It is worth noting that for regulatory purpose, National Authorities evaluate 
mainly, or only, studies performed according to accepted procedures, such as 
those from Good Laboratory Practices, the results of which are officially vali-
dated after a formal audit by the competent Ministry. The important extra-cost 
of this approach makes runoff field studies “GLP compliance” very rare or com-
pletely lacking, as in Italy. 

The aim of this field study was to evaluate in a real vineyard-buffer system the 
capacity of a grassed buffer to reduce runoff concentration of spinosad. Runoff 
conditions were based on FOCUS R2 and R3 scenarios, but with a steeper slope 
to draw more prudent conclusions. More specifically, the aim was to evaluate 
mitigation capacity of a grassed buffer, both on spinosad concentration and ru-
noff displacement, and provide recommendation for regulatory purposes. 

2. Material and Methods 
2.1. Experimental Site 

The trial site was near Verona, in a hilly area with many vineyards and famous 
for high-quality wine production (45.39N, 10.77E). The site was selected as it 
was highly representative of vineyards on sloping fields in the Mediterranean 
EPPO zone, and similar to the FOCUS R2 and R3 scenarios. The site was a slop-

https://doi.org/10.4236/jep.2020.113011


S. Otto et al. 
 

 

DOI: 10.4236/jep.2020.113011 172 Journal of Environmental Protection 
 

ing area permanently grassed for 10 years, surrounded by vineyards. It was not 
subject to extensive grazing by livestock as the grass was typically cut twice a 
year for hay. The soil type on site was sandy loam or sandy-clay loam according 
to the Soil Texture Calculator (www.nrcs.usda.gov, based on [16]) (Supplemen-
tary data, Table S1). 

The site texture was similar to the mean texture of R2 and R3, and the critical 
hydraulic properties of field capacity very close to those of R2 and R3 (Supple-
mentary data, Table S2). 

2.1.1. Plot Layout 
In the middle of the grassed area, 5 plots of 50 m2 (4.17 m wide * 12 m length) 
were selected. Slope was measured with a laser level, and ranged from 10.6% to 
13.2% (Supplementary data, Table S3). This slope is at least double that consi-
dered in FOCUS R2 and R3 scenarios, where it is set at 5%. 

Grass cover was assessed visually, and ranged from 75% to 90%. Vegetation 
cover and species spectrum was uniform across plots (Supplementary data, Ta-
ble S4). 

From May to September 2017 the grassed area was managed to allow a runoff 
flow free of obstacles according to the creation of a worst-case scenario. Grass 
cutting was regular every 8 days to avoid formation of thatch or a residue layer, 
to stabilize grass cover density and avoid runoff preferential flow. With this high 
frequency, cuttings were of about 1 cm and their removal was not needed as they 
quickly dried out in summer. The last cut was done 7 days before the first runoff 
application and vegetation height was about 5 cm in all 5 plots. 

2.1.2. Source-To-Buffer Ratio 
The trial accounts for a source-to-buffer ratio of 10 to 1, as if the runoff gene-
rates in an area of 500 m2 (5 m wide * 120 m length, source) flowing into the plot 
of 50 m2 (4.17 m wide * 12 m length, buffer). 

For this, 20 mm of rainfall and runoff generated in the source correspond to a 
runoff flow of 10,000 L in the buffer. This volume of runoff water was applied to 
the plot using a custom runoff applicator at the upslope edge of each plot over a 
2.25 hours period, following completion of the initial irrigation phase. 

The contributing area (source) was broadly representative of typical field size 
in the area, as determined by the following expert judgement. In Veneto and 
other Regions in Northern Italy, the most frequent cropping unit for vineyards is 
about 3500 m2. On sloping fields, to ease operations, vine rows are usually 
planted about 3 m apart according to the iso-level lines. A common crop unit 
includes at least 10 rows, so it has a short side of 30 m and a front side of 110 m. 
The front side is usually used as tractor path and is 3 - 4 m wide, accounting for 
an area of 350 m2. In this scenario a cropped area of 3500 m2 (source) has a 
non-cropped edge of 350 m2 (buffer). What makes this scenario worst is the hy-
pothesis that runoff generated inside the source doesn’t infiltrate between rows 
but flows entirely to the buffer, accounting for a source-to-buffer ratio of 10 to 1. 
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2.2. Chemicals and Analytical Procedure 

Spinosad is an insecticide widely used in Italy for many crops, included orchards 
and vineyards. It consists of two active ingredients (spinosyn A and spinosyn D) 
and two primary N-demethylated metabolites (spinosyn B and N-demethyl spi-
nosyn D, also referred to as spinosyn B of D). Hereafter those 4 compounds are 
named “spinosyns” and coded as “Sp. A, Sp. D, Sp. B, Sp. BoD”. 

The 4 spinosyns were provided by Dow AgroSciences (Indianapolis, IN, 
USA), the KBr by Merck KGaA. The acetonitrile organic solvent (CAS N. 
75-05-8) was supplied by Vetrotecnica Srl (Padova, Italy). Analysis was done by 
CEM Analytical Services Ltd (CEMAS-Wokingham Berkshire, UK). Spinosyns 
were analysed by LC-MS/MS, KBr by IC-CD (chemicals identification and ana-
lytical procedure are in Supplementary data, Text S4). 

2.3. Mechanics of the Experiment and System Set-Up 

The 4 spinosyns were dissolved in the laboratory then released into tanks filled 
with pure water, the run-on reservoir. Input concentration was 2.0 μg/L. After 
0.5 hours mixing and recirculation, the solution was conveyed to the custom 
runoff applicator 5 m away. From here the solution was continuously released 
into the plot for 2.25 hours, and sampled at 0.75 - 1.5 - 2.25 hours after runoff 
start. Mixing and recirculation in the run-on reservoir continued until the end of 
runoff sampling (Supplementary data, Figure S1). 

Irrigation was applied throughout the experiment. Detection of the tracer KBr 
guarantees proper sampling (water from runoff, not from irrigation only), and 
expected concentrations of spinosyns in runoff must be lower than input. 

Before the first application with the spinosyns, 8 preliminary tests were done 
using pure water from June to September in order to fine-tune the system me-
chanics, i.e. timing of irrigation and sampling, engine settings, sprinkler position 
and height. Results show that runoff displacement was of variable length but did 
not breach the 12 m length buffer in any preliminary test, the final length of 
plots and sampling timing were then set accordingly. 

2.4. Artificial Runoff Application 
2.4.1. Selection of Rainfall Event 
Analysis of FOCUS scenarios indicated that the R4 scenario would be the realis-
tic worst-case scenario to be applied in the field trial. Representative rainfall, as-
sociated runoff volume and target spinosyns concentrations are similarly de-
rived, and rainfall/runoff duration determined using long-term climate data ob-
tained for the Mediterranean area. 

Particularly, the return periods for daily rainfall events are calculated from 
long-term climate data obtained for the R4 scenario (weather station in Roujan, 
France) since both the Roujan and Verona areas belong to the same R4 scenario, 
rainfall erosivity for both areas is the same [17], and outcomes are consistent 
with results from recent studies conducted in Northern Italy [18]. Given the se-
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lected parameters, conditions of the experiment can be considered highly pre-
cautionary. 

The runoff in R4 scenario is generated by a rainfall event of 45 mm in 1 day. 
According to FOCUS (daily data), this type of event is quite frequent and has a 
return period of about 0.34 years (4.1 months). 

2.4.2. Timing 
A rainfall of 45 mm is supposed in the area. According to selected scenario, a 
fraction of about 45% of the rainfall, corresponding to 20 mm, does not infil-
trate and becomes runoff. A source of 500 m2 generates about 10,000 L (i.e. 20 
mm), and this volume is entirely delivered into a plot of 50 m2 in about 2 
hours. 

The runoff event consisted of 2 phases: 
1) Irrigation pre run-on/runoff with sprinkler at 14.5 mm/h for 0.83 hours (0 

h: 50 min), for a total of 12 mm applied, to simulate rainfall before runoff; 
2) Run-on/runoff event: 200 mm of water was released into a plot (the buffer 

area) in 2.25 hours (2 h: 15 min) using a custom runoff applicator (flow of 89 
mm/h). 

Run-on water contained a precise amount of the 4 spinosyns and a tracer 
(KBr). The tracer was added to run-on water to ensure that samples of runoff 
water were not generated by irrigation only. 

(Details on spinosyns application are in Supplementary data, text S4). 
Once released into the buffer area, the “run-on” solution in the reservoir be-

comes “runoff”, and runoff water was sampled at 0.75 hours (0 h: 45 min), 1.5 
hours (1 h: 30 min) and 2.25 hours (2 h: 15 min) after run-on start. 

During run-on, irrigation continued until the end of run-on (other 33 mm), 
and a total of 45 mm was applied to the buffer area in 3.08 hours (3 h: 05 min) 
(mean intensity: 14.6 mm/h) (Supplementary data, Figure S2). 

One artificial runoff application was made to each plot, and the five applica-
tions were performed from 12 to 29 September 2017 when the plot vegetation 
was well developed and the cover uniform. Each application was concluded on 
the same day, in 3.08 hours (Supplementary data, Table S5). 

2.4.3. The Custom Runoff Applicator 
To achieve an even application of run-on water, a custom runoff applicator was 
built (Figure 1). This consisted of a wooden frame that spanned the width of the 
plot (i.e. 5 m), with plexiglass plates connected to the frame and touching the 
ground at an angle of c. 45˚. The artificial runoff was applied with an array of 
nozzles (ARAG micro-spray 180˚) directed on to the plexiglass plates to create 
laminar runoff flow from the custom runoff applicator down to the end of the 
plot. 

Plots were separated by 3 - 4 m space, but to prevent lateral movement of ru-
noff to an adjacent plot, the full length of the plot was bordered by overlapping 
stainless steel metal sheets inserted into the soil. 
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Figure 1. Custom runoff applicator in operation during artificial runoff. Sprinklers used 
for pre- and during runoff application are shown, together with the water for irrigation 
and item reservoir (blue tanks). The site is in a typical hilly vineyard landscape as around 
Verona and all over the Pre-Alps. 

2.4.4. Summary of the Selected Trial Conditions 
Trial conditions were based on FOCUS R4 scenario, but made worse: 

1) High source-to-buffer area proportion (10 to 1); 
2) High runoff/rainfall rate in the source area (20 mm runoff for 45 mm rain 

= 45%); 
3) Heavy rainfall (245 mm in 3 hours, return period of 2 years); 
4) Steep buffer slope (from 10% to 13%); 
5) Low grass cover height (5 cm, without residues on soil). 
Selected conditions can be considered highly favourable for runoff, allowing 

precautionary conclusions and recommendations. 

2.5. Sampling 
2.5.1. Run-On Sampling 
For spinosyns and KBr grab samples of run-on water were collected at the ap-
plication nozzles of the custom runoff applicator, at 0.75 hours and 2.25 hours 
after run-on start, i.e. at the start and end of the runoff sampling. Results for KBr 
are in Table 1, for spinosyns in Table 2. 

2.5.2. Runoff Sampling 
Runoff samples were taken: 

1) For KBr at 2.25 hours from runoff start (results in Table 1); 
2) For spinosyns at 0.75 - 1.5 - 2.25 hours from runoff start (results in Table 

2). 
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Table 1. KBr concentration (g/L) in run-on and runoff. Samples taken at custom runoff applicator at 0.75 hours (Start) and 2.25 
hours (End) after run-on start. 

Plot Appl. date Sample Concentration in Run-on (g/L) Concentration in Runoff (g/L) 

1 29/09/2017 Start 0.291  

  End 0.267 0.164 

2 22/09/2017 Start 0.286  

  End 0.277 0.195 

3 27/09/2017 Start 0.274  

  End 0.270 0.214 

4 18/09/2017 Start 0.289  

  End 0.279 0.242 

5 12/09/2017 Start 0.288  

  End 0.290 0.223 

 
Table 2. Spinosyns concentration (μg/L) in run-on. Samples taken at custom runoff applicator at 0.75 hours and 2.25 hours after 
run-on start. 

Plot Appl. date Sample 
Concentration in run-on (μg/L) Mean conc. (μg/L) 

Sp. A Sp. D Sp. B Sp. BoD Sp. A Sp. D Sp. B Sp. BoD 

1 29/09/2017 Start 1.579 1.648 1.444 1.279 1.258 1.273 1.437 1.247 

  End 0.937 0.897 1.430 1.214     

2 22/09/2017 Start 1.799 1.323 1.652 1.845 1.649 1.165 1.497 1.727 

  End 1.499 1.006 1.341 1.609     

3 27/09/2017 Start 2.269 1.758 1.344 1.467 1.777 1.337 1.331 1.352 

  End 1.284 0.915 1.318 1.236     

4 18/09/2017 Start 2.649 1.224 1.540 1.184 2.222 1.110 1.585 1.265 

  End 1.794 0.996 1.629 1.346     

5 12/09/2017 Start 1.580 1.335 1.359 0.865 1.454 1.058 1.408 0.801 

  End 1.328 0.780 1.457 0.736     

(Sp. A: Spinosyn A; Sp. D: Spinosyn D; Sp. B: Spinosyn B; Sp. BoD: Spinosyn B of D). Concentrations higher than input are in bold. 

 
The sample at 2.25 hours was that at the furthest point reached by runoff 

down the grassed buffer. Each sample was taken directly from the ground using 
an amber glass jar. Plastic marker sticks were used to indicate runoff displace-
ment (Supplementary data, Figure S3). Samples were processed, frozen and 
shipped (Supplementary data, Table S6). 

2.6. Data Analysis 

It is expected that concentration of spinosyns decreases as water flows from the 
custom runoff applicator to the end of the plot 12 m downslope because of ad-
sorption to the plant-soil system [19] [20]. The reference concentration is 
run-on concentration at the custom runoff applicator (average of the 2 values) 
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and the concentration reduction is called “mitigation”. For example, for Sp. A in 
Plot 1, run-on concentrations were 1.579 μg/L and 0.937 μg/L; the mean value 
(1.258 μg/L) is the reference value for the calculation of mitigation in runoff 
samples. 

In Plot 1, the first runoff sample collected 5.6 m downslope contained a con-
centration of 0.477 μg/L, so the reduction (mitigation) was: M% = 100 * (1.258 − 
0.477)/1.258 = 62%. 

This means that in 5.6 m displacement concentration of Sp. A in runoff de-
creased by 62%. 

Reduction was calculated for each of the 3 runoff samples collected in each 
plot (Table 3). 

2.7. Meteorological Parameters and Soil Moisture 

Standard meteorological parameters were recorded for each plot during runoff 
events. In brief, runoff events occurred on warm days (17˚C - 29˚C), without 
wind. The soil moisture was measured with the EC5 Soil moisture sensorTM 
(Decagon devices Inc., Pullman, WA) 3 times: 1) before trial start (pre-storm); 
2) at run-on start (i.e. at end of pre-runoff irrigation); 3) at end of trial (Supple-
mentary data, Table S7). 

2.8. FOCUS Modeling 

A comparison was made between experimental results and runoff reductions  
 

Table 3. Runoff displacement, spinosyns concentration in runoff and Run-on/Runoff concentration reduction (mitigation). 

Plot Appl. date Sample 
Runoff 

displac. (m) 

Concentration in runoff (μg/L) Run-on/Runoff conc. reduction (%) 

Sp. A Sp. D Sp. B Sp. BoD Sp. A Sp. D Sp. B Sp. BoD 

1 29/09/2017 Closest 5.6 0.477 0.233 0.444 0.349 62 82 69 72 

  Interm. 6.3 0.363 0.334 0.704 0.601 71 74 51 52 

  Furthest 8.6 0.146 0.394 0.649 0.583 88 69 55 53 

2 22/09/2017 Closest 8.7 0.193 0.128 0.446 0.354 88 89 70 80 

  Interm. 10.3 0.088 0.045 0.206 0.175 95 96 86 90 

  Furthest 11.6 0.402 0.124 0.395 0.746 76 89 74 57 

3 27/09/2017 Closest 7.3 0.768 0.590 1.254 1.425 57 56 6 −5 

  Interm. 9.8 0.484 0.379 1.171 1.084 73 72 12 20 

  Furthest 11.5 0.293 0.239 0.773 0.599 84 82 42 56 

4 18/09/2017 Closest 5.1 0.787 0.247 0.721 0.508 65 78 54 60 

  Interm. 6.1 0.591 0.195 0.750 0.477 73 82 53 62 

  Furthest 7.1 0.757 0.445 1.241 0.788 66 60 22 38 

5 12/09/2017 Closest 3.7 0.301 0.116 0.526 0.205 79 89 63 74 

  Interm. 4.6 0.629 0.406 1.969 0.988 57 62 −40 −23 

  Furthest 5.3 0.342 0.144 1.044 0.638 76 86 26 20 

(Sp. A: Spinosyn A; Sp. D: Spinosyn D; Sp. B: Spinosyn B; Sp. BoD: Spinosyn B of D). Reduction values in bold are negative. 
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performed by the models used for calculations of Predicted Environmental 
Concentrations of pesticides in surface water (PECSW). 

Several simulations were done with the tools provided by the FOCUS guide-
lines. The FOCUS SWASH (v. 5.3) cell was used for Step3 calculations, and the 
SWAN (v. 5.0.0) tool was used for Step4 calculations. Runoff mitigation in 
FOCUS modelling can be considered in two ways. The first is by manually en-
tering in SWAN the values for runoff reduction parameters reported in the 
FOCUS Guidance on Landscape and Mitigation (SANCO/10422/2005, v. 2.0, 
Sept. 2007), while the second way is by selecting the buffer width in SWAN and 
using the VFSMod. 

VFSMod is a computer simulation model created to study hydrology, sedi-
ment and pollutant transport through vegetative buffer strips.  

Both these approaches depend on the buffer width, but they can provide very 
different results. During this study, a comparison was made between the two 
approaches and the experimental results, in order to analyze the reliability of the 
modelling methods and to define which one is more suitable for PECSW calcula-
tion. 

The FOCUS crop “Grass/alfalfa” was selected to reproduce the experimental 
conditions. R2 and R3 scenarios were selected, because FOCUS models do not 
associate “Grass/alfalfa” crop with the R4 scenario. 

Four different time-steps (application date in January (T1), April (T2), June 
(T3) and September (T4)) were considered, in order to take into account the 
meteorological variability of the calculations. Spynosin A, Spinosyn B and Spi-
nosyn D were considered; the input parameters reported in the models were 
taken from the DAR of spinosad. 

The FOCUS Guidance on Landscape and Mitigation (LM) provides runoff 
reduction values for three different buffer widths: 5 m, 10 m and 20 m. The 5 m 
and 10 m widths were chosen, because they are similar to the experimental con-
ditions. One granular application of 1 kg/ha each year was simulated, and drift 
reduction was suppressed in the SWAN tool in order to consider only runoff 
reduction. 

3. Results and Discussion 
3.1. Irrigation Efficiency 

Soil moisture increased regularly as irrigation proceeded: before trial start it was 
18% - 30% (%v/v), after pre-runoff irrigation, i.e. at field capacity, it was 37% - 
43%, at end of runoff final moisture was at least 40% for the five plots. Irrigation 
system and application timing was 100% efficient (Supplementary data, Figure 
S4). Field capacity was very close to that considered in R2 and R3 scenarios (36% 
- 37%). 

3.2. KBr and Spinosyns Release and Sampling Precision 

Detection of KBr and spinosyns in all samples were always positive. This showed 
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that release with run-on and sampling procedure of runoff were 100% effective 
(119 positive over 119 possible detections) (Supplementary data, Table S8). 

3.3. KBr Concentration in Run-On 

KBr was detected in all samples, with a concentration of 0.281 ± 0.009 (CV = 
3%) g/L, very regular and lower than input concentration (0.5 g/L) (Table 1). 

3.4. Spinosyns Concentration in Run-On 

The 4 spinosyns were detected in all samples, with a concentration of 1.397 ± 
0.379 (CV = 27%) μg/L, regularly lower than input concentration (2.0 μg/L) ex-
cept in two cases (Table 2). These results show that dissolution and release of 
spinosyns by custom runoff applicator were 100% effective (Supplementary data, 
Figure S5). 

3.5. KBr Concentration in Runoff 

KBr was detected in all samples, with a concentration of 0.208 ± 0.030 (CV = 
14%) g/L, very regular and lower than run-on concentration (Table 1). 

3.6. Spinosyns Concentration in Runoff 

The 4 spinosyns were detected in all samples (60 values), with a concentration of 
0.541 ± 0.369 (CV = 68%) μg/L, regularly lower than run-on concentration ex-
cept in 3 cases (Table 3). 

Taking into account the 57 positive values, mitigation provided by the grassed 
buffer was 65 ± 21 (CV = 33%) percent, and the maximum mitigation value was 
96%. 

Taking into account the entire set of 60 mitigations, included the 3 negatives, 
Upper Confidence Limit for mean (UCL) 95% is 67%, this means that in 95% of 
possible events concentration of runoff was reduced by 67%. 

3.7. Runoff Displacement 

In the 5 plots, runoff displacement ranged from 3.7 to 11.6 m (7.4 ± 2.5 (CV = 
34%)). Inter-plot variability was observed, i.e. in Plot 2 the range was 8.7 - 11.6 
m, in Plot 5 was 3.7 - 5.3 m. This variability of displacement is acceptable since 
runoff in field trials is usually very variable even in very small plots. For exam-
ple, in an experiment with plots of 0.25 m2, [9] found for soil erosion a runoff 
coefficient variable from 0.4% to 77%. 

According to the aim of the study to explore worst-case conditions, the focus 
was on maximum displacement in each plot: this ranged from 5.3 to 11.6 m (8.8 
± 2.7 (CV = 31%)). 

UCL95% is 12 m, this means that in 95% of possible events, the entire runoff 
flow remains inside a 12 m grassed buffer. UCL99% is 14 m. 

3.8. Effect of Buffer Width on Mitigation 

For the evaluation of the distance-to-mitigation effect no generally accepted 
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method is available, particularly when displacements are of variable length. 
In this study a method based on mean concentrations in two selected dis-

placement ranges was used. Limits were based on quartile range of 15 runoff 
displacements observed: 25th = 5.3 m, 75th = 9.8 m. To separate an equal number 
of lower and higher displacements, quartile range was rounded to 5.2 m and 10.0 
m. According to this procedure, results show that a grassed buffer of 6.7 m pro-
vides a concentration mitigation of 44.8% (Figure 2) (Supplementary data, Ta-
ble S9). 

3.9. Field Data and FOCUS Output Comparison 

Considering a 5 m VFS, with LM model the runoff mass reduction was 50.2% ± 
1.3%, with a related PECSW reduction of 44.8% ± 0.5%. Results from this model 
were of low variability and not affected by the scenario or application period. 

With VFSMod model higher reduction values were obtained, with a runoff 
mass reduction of 91.4% ± 12.7%, and a related PECSW reduction of 92.6% ± 
11.6%. These values are very different for R2 and R3 scenarios (runoff mass re-
duction was 100% ± 0.0% for R2 and 82.7% ± 13.1% for R3), showing that the 
model output was significantly affected by the properties of the scenarios. Ap-
plication period also had an influence on mean runoff mass reduction, which 
was 95.7%, 98.6%, 91.7%, 84.5% for T1, T2, T3, T4. Results for this model were 
of quite high variability, mainly affected by the meteorological and pedological 
conditions of scenarios, while effect of application periods was minor. 

Considering 10 m VFS runoff reduction was higher for both models. With LM 
the runoff mass reduction was 95.6% ± 8.3%, with a related PECSW reduction of 
60.2% ± 1.0%. With VFSMod the runoff mass reduction was 95.6% ± 8.3%, with 
a related PECSW reduction of 96.3% ± 6.9%. 
 

 
Figure 2. Effect of runoff displacement on spinosyns concentration. The 60 concentra-
tions values in runoff are plotted against displacement length. For each displacement 
there are four values, one for each spinosyn (Sp. A, Sp. D, Sp. B, Sp. BoD). The red square 
A is the mean displacement for distances ≤ 5.2 m (4.5 m), and the corresponding mean 
concentration (0.617 μg/L). The blue square B is the mean displacement for distances ≥ 
10.0 m (11.1 m), and the corresponding mean concentration (0.340 μg/L). Distance be-
tween A and B is (11.1 − 4.5) = 6.6 m. According to the method suggested, mitigation 
from A to B is: M% = 100 * (0.617 − 0.340)/0.617 = 44.8%. 
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Detailed results are reported in Supplementary data (Tables S10-S12). 
Comparison of field trial results with models outputs for a 10 m grassed buffer 

show that VFSMod provides a very accurate estimation of what was observed in 
the field: in the field runoff mass reduction was 100% (12 m VFS), for VFSMos it 
was 90% - 100% (10 m VFS), the second value is for R2 scenario, with soil tex-
ture more similar to the field. Instead, LM model underestimates the runoff re-
duction provided by the buffer strip (runoff mass reduction for LM was 60%). 

Comparison of models outputs for a 5 m grassed buffer with field trial results 
is not possible since runoff volume was not measured after 5 m displacement. 
Yet, visual assessment of runoff flow suggested that most of the runoff volume 
was retained in the first 5 - 6 m buffer, so it can be concluded that for a 5 m 
grassed buffer the VFSMod model (runoff reduction was 82% - 100%) slightly 
overestimates field observations, while LM model (runoff reduction of 50%) is in 
very good agreement. 

From a scientific point of view therefore, both VFSMod and LM models seem 
to describe the behaviour of the vegetated buffer strip with some imprecisions, 
and are thus not totally reliable. 

From a regulatory point of view, the dependence of VFSMod on pedological 
and meteorological properties of FOCUS scenarios can be considered a disad-
vantage. Since the reproducibility and reliability of the results of evaluations are 
the main goals in regulatory processes, LM should be preferred. 

When models results are compared with field results, a general conclusion is 
that both models provide acceptable estimation for runoff reduction for a 5 m 
grassed buffer, where LM seems more precise. For a 10 m grassed buffer the 
VFSMod is very accurate, while LM underestimates the reduction. 

In any case, the procedure for artificial runoff used in this field trial proved to 
be adequate to evaluate or improve models parametrisation; furthermore, the 
low variability of results support the use of this field method for chemicals and 
scenarios comparison, and to provide evidence for regulatory purposes. 

4. Conclusions 

1) A reliable run-on and runoff method is available for runoff experiments 
with pesticides for scientific and regulatory purposes. The study was acknowl-
edged for its “GLP compliance” by the Italian Ministry of Health [21]. In order 
to ease replication of the experiment, a complete set of information is provided 
in the Supplementary data. 

2) A grassed buffer of 12 m can completely retain runoff even with a 10% - 
13% slope and under heavy rainfall conditions, and effectively mitigate concen-
tration of spinosad in runoff, providing a reduction of up to 96%. This is consis-
tent with the quite high lipophilicity of this insecticide. 

3) An effect of grassed buffer length on mitigation exists. Using rounded val-
ues, a 6.5 m grassed buffer can mitigate spinosad concentration by about 50%. 
According to the iterative method suggested by the Italian Ministry of Health 
[15], a total length of 13 m provides a total mitigation of 75%. A further length 
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increase (i.e. to 19.5 m) is not needed since the Confidence Limit 99.0% for ru-
noff displacement is 14 m, i.e. events above 14 m displacement are very unlikely. 

4) Comparison with the FOCUS outcome shows that both VFSMod and LM 
models provide acceptable estimation of runoff reduction for a 5 m grassed buf-
fer, where LM seems more precise. For a 10 m grassed buffer, the VFSMod is 
very accurate, while LM underestimates reduction. 

It is important to note that conditions of the grassed buffer in this study were 
very good, so the observed runoff reduction can be considered as the highest 
possible. The outcome from FOCUS modelling underestimates this runoff re-
duction, and calculated values can be considered as for a grassed area with stan-
dard management and average conditions, but the likely grassed buffer potential 
can be further exploited. 

It is known that VFS are dynamic systems, their performance does not remain 
constant over the years indicating the need to define suitable buffer management 
[8], and data from this study demonstrate the high potential of a well-maintained 
grassed buffer. Conditions of the grassed buffer are important, their implemen-
tation in models in the section “Runoff & soil loss properties” is of great interest, 
i.e. by the introduction of a grass cover (%) parameter. 

5) Since the reproducibility and reliability of the results of evaluations are the 
main goals in regulatory processes, LM model should be preferred because it is 
more reliable and not affected by scenario properties. 

6) General conclusion and Recommendation: A grassed buffer of 12 m can 
very effectively mitigate spinosad runoff, even with a slope of 10% - 13% and 
under severe rainfall and runoff conditions, expected mean concentration reduc-
tion in the buffer is about 65% and expected mass flow reduction is 100%. 

This width value of the grassed buffer is interesting since the latest formula-
tion of spinosad requires ecosystem protection for drift and runoff. According to 
the latest approach for mitigation in Italy, the no-spray zone width for drift pro-
tection can be reduced when anti-drift technologies are used, and results of this 
study show that this reduction can reach 12 m even in steeply sloping fields since 
this also provides protection for runoff, making application of spinosad, and 
other similar pesticides, of low risk to aquatic ecosystems. 

Field trials of pesticide runoff provide only case-studies of the very large pa-
rameter combinations that occur in the environment, but can be very useful to 
tune fine mechanistic modelling often used to supplement the limited number of 
field data. 
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Supplementary Data, Table S1 

Table S1. Soil texture of the experimental site. 

Soil depth (cm)* Sand (%) Silt (%) Clay (%) 

0 - 10 51 24 24 

0 - 10 49 26 24 

0 - 10 54 23 23 

0 - 10 54 23 23 

10 - 20 53 17 30 

10 - 20 52 17 31 

10 - 20 43 22 34 

10 - 20 51 12 36 

Mean 0 - 10 52 24 24 

Mean 10 - 20 50 17 33 

Mean 0 - 20 51 21 28 

*Samples taken at random near the plots across the site. 

Supplementary Data, Table S2 

Table S2. R2 and R3 scenario soil and site parameters for PRZM (from Generic Guidance for FOCUS surface water scena-
rios-Appendix D). 

Scenario R2 R3 

Horizon 
(FAO, 1990) 

Ap Ah AB1 AB2 Ap1 Ap2 Bk C 

Depth (cm) 0 - 20 20 - 45 45 - 65 65 - 100 0 - 45 45 - 75 75 - 145 145 - 160 

Basic properties         

Sand (%) 67 72 75 74 23 25 17 14 

Silt (%) 19 16 13 16 43 42 48 50 

Clay (%) 14 12 12 10 34 33 35 36 

Texture (e) Sandy loam Sandy loam Sandy loam Sandy loam Clay loam Clay loam 
Silty 

clay loam 
Silty 

clay loam 

Organic carbon 
(%) 

4.0 2.4 0.8 0.5 (a) 1.0 1.0 0.35 0.29 

Bulk density 
(g/cm3) 

1.15 (b) 1.29 (b) 1.36 (b) 1.41 (b) 1.46 (d) 1.49 (d) 1.52 (d) 1.54 (d) 

pH 4.5 4.9 5.4 5.3 7.9 7.9 8.3 8.6 

Structure 
development (f) 

Moderate Weak Weak Weak Moderate Moderate Weak Weak 

Structure size (f) Medium Medium Medium Medium fine Fine coarse 
Very 

coarse 

Structure shape (f) Subang. b. (g) Subang. b. (g) Subang. b. (g) Subang. b. (g) Granular Granular Subang. b. (g) 
Angular 
blocky 
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Continued 

Hydraulic 
properties 

        

Field capac. 
(FC, %vol.) (c) 

36 27 19 17 37 35 36 36 

Wilting point 
(WP, %vol.) 

18 14 10 8 22 21 21 22 

 Runoff & soil loss properties Runoff & soil loss properties 

Parameter Value Selection criteria Reference Value Selection criteria Reference 

Hydrological 
group (HGRP) 

B / C appropriate for soil type FOCUS definition C appropriate for soil type 
FOCUS 

definition 

USLE K factor 
(USLEK) 

0.19 sandy loam, 4% OM PRZM manual 0.25 clay loam, 1% OM 
PRZM 
manual 

USLE LS factor 
(USLELS) 

0.66 45 m length, 5% slope PRZM manual 0.66 45 m length, 5% slope 
PRZM 
manual 

USLE P factor 
(USLEP) 

0.50 contouring, 5% slope PRZM manual 0.50 contouring, 5% slope 
PRZM 
manual 

Area of field 
(AFIELD) 

0.45 ha assumption for scenario FOCUS definition 0.45 ha assumption for scenario 
FOCUS 

definition 

IREG 2 heavier winter rain FOCUS definition 3 even seasonal rain 
FOCUS 

definition 

Slope (SLP) 5% 20% slope, terraced to 5% FOCUS definition 5% 10% slope, terraced to 5% 
FOCUS 

definition 

HL 20 m assumption for scenario FOCUS definition 20 m assumption for scenario 
FOCUS 

definition 

Manning’s 
coefficient 

0.10 fallow, no-till or coulter PRZM manual 0.10 fallow, no-till or coulter 
PRZM 
manual 

(a) Estimated value based on horizon type and value for horizon above. (b) Estimated value using SSLRC algorithms and measured local data for soil type. 
(c) Calculated using PRZM pedo-transfer functions with other data given in the table (FC = −33 kPa; WP = −1500 kPa). (d) Estimated using SSLRC pe-
do-transfer functions with other data given in the table and checked against data in the PRZM manual. (e) FAO, 1990; USDA, 1999. (f) FAO, 1990. (g) Sub-
ang. bl. = Subangular blocky. 

Supplementary Data, Table S3 

Table S3. Measured plots slope and grass cover at experimental site. 

Plot n. Slope on plot length (%) Slope on plot width (%) Grass cover (%) 

1 10.6 1.0 85 

2 10.6 0.6 75 

3 10.8 0.6 80 

4 10.6 0.5 80 

5 13.2 0.5 90 

Mean 11.2 0.6 82 

St. dev. 1.1 0.2 6 
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Supplementary Data, Table S4 

Table S4. Species and vegetation cover at experimental site in summer. 

Species Group Abundance rank Abundance scale* 

Medicago sativa Dicot 1 ++++ 

Plantago lanceolate Dicot 2 ++++ 

Artemisia vulgaris Dicot 3 ++++ 

Capsella bursa-pastoris Dicot 4 ++++ 

Sorghum halepense Grasses 5 +++ 

Trifolium pratense Dicot 6 +++ 

Setaria viridis Grasses 7 +++ 

Achillea millefolium Dicot 8 +++ 

Plantago major Dicot 9 +++ 

Trifolium repens Dicot 10 +++ 

Convolvulus arvensis Dicot 11 +++ 

Cynodon dactylon Grasses 12 +++ 

Lolium perenne Grasses 13 +++ 

Rumex obtusifolius Dicot 14 +++ 

Arrhenaterum elatius Grasses 15 ++ 

Avena barbata Dicot 16 ++ 

Silene vulgaris Dicot 17 ++ 

Daucus carota Dicot 18 ++ 

Rumex acetosa Dicot 19 ++ 

Potentilla reptans Dicot 20 ++ 

Ranunculus arvensis Dicot 21 ++ 

Mentha spp. Dicot 22 + 

Lotus corniculatus Dicot 23 + 

Pichris hieracioides Dicot 24 + 

Coniza Canadensis Dicot 25 + 

Erigeron annuus Dicot 26 + 

Geranium mollis Dicot 27 + 

*Visual assessment of species coverage: ++++ Very abundant (cover 5% - 10%); +++ Abundant (cover 2% - 
5%); ++ Low abundance (cover 1% - 2%); + Very low abundance (cover about 1%). 
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Supplementary Data, Table S5 

Table S5. Phases and timing of artificial runoff event application. 

Phase 
Duration Applied 

Volume 
(mm) 

Intensity 
(mm/h) 

Applied 
Volume 

(m3) hours min 

Irrigation Pre Runoff 0 50 12 14.4 0.600 

Irrigation During Runoff 2 15 33 14.7 1.650 

Total irrigation 3 5 45 14.6 2.250 

Runoff 2 15 200 88.9 10.000 

Total Irrigat. + Runoff 3 5 245 79.5 12.250 

Supplementary Data, Table S6 

Table S6. Chemicals. 

 

Active substances Tracer 

Spinosyn 
A 

Spinosyn 
D 

Spinosyn 
B 

Spinosyn 
B of D 

Potassium 
bromide 

CAS N. 131929-60-7 131929-63-0 131929-61-8 149439-70-3 7758-02-3 

Molecular 
formula 

C41H65NO10 C42H67NO10 C40H63NO10 C41H65NO10 KBr 

Molecular 
weight 

731.98 745.98 717.93 731.96 119.0 

 
Chemicals application 
In the laboratory, 0.020 g of each of the 4 spinosyns was weighed into a single 

500 ml amber glass jar and dissolved in approximately 150 ml of acetonitrile or-
ganic solvent solution and shaken until fully mixed. Preparation of items showed 
some differences in the dissolution, spinosyn B of D being the less soluble. The 
solution of the 4 spinosyns and acetonitrile was therefore subsequently mixed 
with a laboratory magnetic stirrer for 4 - 5 minutes. This was then topped up 
with tap water to a final volume of approximately 500 ml and shaken again. This 
was taken to the trial site on the same day in a secure, lockable transport box. 
Prior to adding the test item mixture to the 10,000 L of run-on water reservoir, 
the jar was shaken again to ensure the spinosyns had completely dissolved, after 
which it was added to the 10,000 L of water previously metered into the plastic 
bowser tank to give the required concentration for each of the 4 spinosyns in the 
run-on water of 2.0 μg/L. 

Runoff samples processing 
The 120 ml KBr water samples were transferred into a 250 ml amber glass jar. 

The 40 ml spinosyns water sample was transferred into a 150 ml amber glass jar, 
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mixed with 40 ml of acetonitrile organic solvent solution, and then shaken until 
fully mixed. The jars were closed with PTFE lined screw caps. 

Once collected, the water samples were immediately stored in a cool box then 
stored at −18˚C. Shipment to the analytical laboratory (CEMAS) was by freezer 
truck. 

Analytical procedure. 
Analysis was done by CEM Analytical Services Ltd (CEMAS-Wokingham 

Berkshire, UK) in compliance with GLP as defined by the OECD Principle of 
Good Laboratory Practice (ENV/MC/CHEM/(98) 17 and UK S.I.1999/3106 as 
amended by S.I.994/2004. 

Spinosyns were analysed by LC-MS/MS according to the procedure described 
in Dow AgroSciences Study ID 140934. Limit of quantification (LOQ) was 0.010 
μg/L and Limit of detection (LOD) was 0.003 μg/L. Fortifications in water sam-
ples were done at 0.010 - 0.100 - 1.000 - 5.000 μg/L. 

In runoff samples, mean recoveries for the 4 spinosyns were between 86 and 
97%: 

Sp. A: 92 ± 9.8; Sp. D: 86 ± 13.3; Sp. B: 95 ± 16; Sp. BoD: 97 ± 3.3 (mean ± 
standard deviation, all values in percentages). 

As the 4 spinosyns are unstable in water, runoff samples collected in field were 
diluted 1:1 (v/v) with acetonitrile. 

Samples were allowed to thaw and reach room temperature. 
Residues of the 4 spinosyns were extracted from a specimen with a volume of 

20 mL (10 mL runoff + 10 mL acetonitrile) by shaking with sodium chloride and 
methyl tertiary-buthyl ether (MTBE). After the addition of a keeper the MTBE 
was evaporated to near dryness. The specimen was then reconstituted in a wa-
ter/acetonitrile/methanol (50/25/25 v/v/v) solution containing 5 mM ammo-
nium acetate. The final specimen was analysed for the 4 spinosyns by liquid 
chromatography with positive-ion electrospray ionisation mass spectrometry 
(LC-MS/MS). The specimens were analysed in batches, each batch containing at 
least one control specimen, six procedural recovery specimens and a reagent 
blank. Results were quantified using a 1/x weighted calibration. 

Bromide ion was analysed by IC-CD. Limit of quantification (LOQ) of 10 
mg/L. 

Fortification in water samples were done at 10 - 100 - 500 mg/L. 
In runoff samples, recovery for bromide ion was 92 ± 3.3 (mean ± standard 

deviation, all values in percentages). 
Samples were allowed to thaw and reach room temperature. An aliquot of 1.5 

mL of field sample was filtered and transferred to an auto-sampler vial for analy-
sis. Residue determination was by ion chromatography with conductivity detec-
tion (IC-CD). Conductivity was measured in micro Siemens (μS). The speci-
mens were analysed in batches, each batch containing at least one control spe-
cimen, three procedural recovery specimens and a reagent blank. Results were 
quantified using a 1/x weighted calibration.  
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Supplementary Data, Figure S1 

 
 

 
 

 
Figure S1. Scheme of the experiment. 1) The blue tanks are the reservoir of run-on; 2) 
Runoff and irrigation are applied; 3) Runoff sampling from runoff custom applicator to 
the maximum extent of runoff displacement. 

Supplementary Data, Figure S2 

 
Figure S2. Irrigation system in operation during trials. 
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Supplementary Data, Figure S3 

 
Figure S3. Sampling of inter-plot runoff for spinosad and KBr analysis. 

Supplementary Data, Table S7 

Table S7. Meteorological parameters and soil moisture for each application. 

Plot 
Appl. 
date 

Time 
Sky cover 

(%) 
T air 
(˚C) 

RH 
(%) 

T soil 
(˚C) 

Wind 
direct. 

Wind speed 
(km/h) 

Rainfall 
(mm) 

Soil moist. 
(% v/v) 

Soil moisture 
incr. (%)b 

1 29/09/2017 Before starta 60 27 48 21 NE 5.1 0 30  

  Run-on start 50 29 41 22 NE 3.6 0 43  

  At end 20 25 50 22 NE 3.2 0 46 16 

2 22/09/2017 Before start 100 17 82 18 NE 2.3 0 26  

  Run-on start 100 21 77 18 NE 2.4 0 41  

  At end 100 22 67 18 NE 2.7 0 40 14 

3 27/09/2017 Before start 30 26 37 19 NE 2.0 0 21  

  Run-on start 90 27 37 21 - 0.0 0 37  

  At end 100 19 65 20 - 0.0 0 40 19 

4 18/09/2017 Before start 0 19 56 16 W 8.7 0 18  

  Run-on start 0 21 39 17 W 11.4 0 38  

  At end 0 26 26 19 W 9.4 0 40 22 

5 12/09/2017 Before start 0 19 55 19 NW 4.3 0 18  

  Run-on start 0 21 52 19 NW 4.6 0 39  

  At end 0 27 39 19 NW 2.3 0 45 27 

aValues soon before start of irrigation (0.00 hours, Pre-storm), at run-on start (0.83 hours) and at end of run-on/runoff (3.08 hours). bSoil moisture increase 
is the difference between moisture before start and at end. 
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Supplementary Data, Figure S4 

 
Figure S4. Soil moisture in the 5 plots during runoff event. Values measured soon before 

trial start (0.00 hours, Pre-storm, PRE), at run-on start (0.83 hours, MID), at end of ru-

noff (3.08 hours, END). 

Supplementary Data, Table S8 

Table S8. Summary of samples and detection in run-on and runoff water. 

Sampled 
water 

Samples 
(n.) 

Item 
(n.) 

Possible 
detection (n.) 

Positive 
detection (n.) 

Efficiency* 
(%) 

Run-on 10 4 spinosyns 40 40 100 

Run-on 10 1 KBr 10 10 100 

Runoff 15 4 spinosyns 60 60 100 

Runoff 9 1 KBr 9 9 100 

*Efficiency (%) = 100 * (Positive detection/Possible detection). 

Supplementary Data, Figure S5 

 
Figure S5. Spinosyns concentration in run-on samples. The dotted line is the input con-
centration of 2.0 μg/L. Data enter the graph in this order: Plot 1 Start-Sp. A, Sp. D, Sp. B, 
Sp. BofD; Plot 1 End-Sp. A, Sp. D, Sp. B, Sp. BofD; … Plot 5 End-Sp. A, Sp. D, Sp. B, Sp. 
BofD. Only in two cases concentration was higher than input. 
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Supplementary Data, Table S9 

Table S9. Selection of runoff displacement range for calculation of the effect of length on spinosyns concentration reduction. 

Parameter Code Value 

Min ref. Distance (Dmin, m) Dmin 5.2 

Max ref. Distance (Dmax, m) Dmax 10.0 

N. of Displacement ≤ 5.2 m N ≤ Dmin 12 

N. of Displacement ≥ 10 m N ≥ Dmax 12 

Mean Displac. for Dist. ≤ 5.2 m MeanDmin 4.5 

Mean Displac. for Dist. ≥ 10 m MeanDmax 11.1 

Mean Displac. (m) Interval 6.6 

Mean Conc. (μg/L) for Dist. ≤ 5.2 m MeanCmin 0.617 

Mean Conc. (μg/L) for Dist. ≥ 10 m MeanCmax 0.340 

Mitigation (%) due to the Interval M% 44.8 

M% = 100 * (0.617 − 0.340)/0.617   

Supplementary Data, Table S10 

Table S10. FOCUS modelling, detailed results for 5 m vegetated buffer. 

5 m vegetated buffer 

Appl. 
time 

Scenario 

Step 3 Step 4 LM Step 4 VFSMod Step 4 LM Step 4 VFSMod 

PECSW 
(µg/L) 

Total g 
runoff 

PECSW 
(µg/L) 

Total g 
runoff 

PECSW 
(µg/L) 

Total g 
runoff 

PECSW 
rd. (%) 

Mass 
rd. (%) 

PECSW 
rd. (%) 

Mass 
rd. (%) 

Spinosyn A 

T1 R2 0.363 0.200 0.200 0.100 1.0E−06 0.0E+00 44.858 49.975 100.0 100.0 

T1 R3 0.036 0.007 0.020 0.004 6.0E−06 0.0E+00 44.357 50.704 100.0 100.0 

T2 R2 0.229 0.019 0.125 0.009 1.0E−06 0.0E+00 45.367 50.267 100.0 100.0 

T2 R3 1.958 0.06 1.081 0.03 2.9E−05 0.0E+00 44.791 49.917 100.0 100.0 

T3 R2 0.051 0.027 0.028 0.013 1.0E−06 0.0E+00 44.883 50.376 100.0 100.0 

T3 R3 0.034 0.007 0.019 0.003 2.0E−03 2.0E−03 44.948 49.231 93.7 67.7 

T4 R2 0.502 0.299 0.286 0.128 1.0E−06 0.0E+00 42.999 57.152 100.0 100.0 

T4 R3 0.993 0.358 0.543 0.179 3.0E−01 8.0E−02 45.374 50.014 69.4 77.6 

Spinosyn B 

T1 R2 0.778 0.458 0.429 0.229 1.0E−06 0.0E+00 44.846 49.967 100.0 100.0 

T1 R3 0.734 0.170 0.409 0.085 1.8E−01 3.3E−02 44.346 49.941 75.8 80.7 

T2 R2 0.681 0.108 0.372 0.054 1.0E−06 0.0E+00 45.329 49.907 100.0 100.0 

T2 R3 3.709 0.131 2.048 0.066 2.0E−02 5.0E−03 44.783 50.000 99.5 96.6 

T3 R2 0.442 0.338 0.244 0.169 1.0E−06 0.0E+00 44.856 49.985 100.0 100.0 

T3 R3 0.852 0.410 0.469 0.205 1.6E−01 1.6E−01 44.910 49.988 81.0 61.9 

T4 R2 1.024 0.752 0.565 0.376 1.0E−06 0.0E+00 44.844 50.007 100.0 100.0 

T4 R3 1.951 0.684 1.066 0.342 6.0E−01 1.6E−01 45.361 50.000 69.4 76.7 
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Spinosyn D 

T1 R2 0.261 0.024 0.143 0.012 1.0E−06 0.0E+00 45.371 50.420 100.0 100.0 

T1 R3 2.008 0.062 1.108 0.031 3.0E−04 1.0E−04 44.821 49.919 100.0 99.8 

T2 R2 0.085 0.053 0.047 0.026 1.0E−06 0.0E+00 44.899 50.095 100.0 100.0 

T2 R3 0.089 0.025 0.049 0.013 9.0E−03 9.0E−03 44.960 49.802 89.9 65.2 

T3 R2 0.375 0.213 0.207 0.107 1.0E−06 0.0E+00 44.868 50.023 100.0 100.0 

T3 R3 0.09 0.018 0.05 0.009 2.1E−02 3.0E−03 44.385 49.727 77.0 81.4 

T4 R2 0.502 0.299 0.277 0.150 1.0E−06 0.0E+00 44.872 50.000 100.0 100.0 

T4 R3 1.096 0.404 0.601 0.202 3.5E−01 9.1E−02 45.137 50.000 68.4 77.4 

Spinosyn B of D 

T1 R2 0.676 0.282 0.372 0.141 1.3E−06 0.0E+00 44.718 49.223 100.0 100.0 

T1 R3 0.541 0.226 0.324 0.056 2.3E−04 1.7E−02 45.103 49.317 89.7 91.8 

T2 R2 0.785 0.165 0.401 0.073 1.3E−06 0.0E+00 45.431 50.121 100.0 100.0 

T2 R3 3.446 0.198 2.122 0.054 9.3E−03 9.2E−03 44.999 50.114 99.6 97.4 

T3 R2 0.551 0.378 0.210 0.156 1.2E−06 0.0E+00 44.018 50.211 100.0 100.0 

T3 R3 0.901 0.421 0.488 0.194 1.6E−01 1.7E−01 44.990 49.777 82.0 71.3 

T4 R2 0.984 0.921 0.611 0.390 1.1E−06 0.0E+00 44.892 50.000 100.0 100.0 

T4 R3 1.849 0.814 1.126 0.377 3.6E−01 9.3E−02 45.711 50.000 69.1 78.3 

        All Spinosyns, all Appl. time 

       Mean 44.876 50.193 92.6 91.4 

       St. dev. 0.490 1.305 11.6 12.7 

       Mean R2 44.816 50.483 100.0 100.0 

       Mean R3 44.936 49.903 85.3 82.7 

Supplementary Data, Table S11 

Table S11. FOCUS modelling, detailed results for 10 m vegetated buffer. 

10 m vegetated buffer 

Appl. 
time 

Scenario 

Step 3 Step 4 LM Step 4 VFSMod Step 4 LM Step 4 VFSMod 

PECSW 
(µg/L) 

Total g 
runoff 

PECSW 
(µg/L) 

Total g 
runoff 

PECSW 
(µg/L) 

Total g 
runoff 

PECSW 
rd. (%) 

Mass 
rd. (%) 

PECSW 
rd. (%) 

Mass 
rd. (%) 

Spinosyn A 

T1 R2 0.363 0.200 0.163 0.080 1.0E−06 0.0E+00 54.949 59.960 100.0 100.0 

T1 R3 0.036 0.007 0.016 0.003 1.0E−05 0.0E+00 54.467 60.563 100.0 100.0 

T2 R2 0.229 0.019 0.102 0.008 1.0E−06 0.0E+00 55.463 59.893 100.0 100.0 

T2 R3 1.958 0.060 0.883 0.024 2.0E−05 0.0E+00 54.923 60.033 100.0 100.0 

T3 R2 0.051 0.027 0.023 0.011 1.0E−06 0.0E+00 54.981 60.150 100.0 100.0 

T3 R3 0.034 0.007 0.015 0.003 2.0E−03 1.4E−03 55.052 60.000 95.0 78.5 

T4 R2 0.502 0.299 0.234 0.103 1.0E−06 0.0E+00 53.475 65.742 100.0 100.0 

T4 R3 0.993 0.358 0.442 0.143 1.8E−01 3.4E−02 55.492 60.050 81.8 90.6 

Spinosyn B 

T1 R2 0.778 0.458 0.351 0.183 1.0E−06 0.0E+00 54.936 60.013 100.0 100.0 

T1 R3 0.734 0.170 0.335 0.068 7.0E−03 1.0E−03 54.428 60.000 99.0 99.2 
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T2 R2 0.681 0.108 0.303 0.043 1.0E−06 0.0E+00 55.464 60.111 100.0 100.0 

T2 R3 3.709 0.131 1.672 0.052 1.2E−02 3.0E−03 54.920 60.000 99.7 98.1 

T3 R2 0.442 0.338 0.199 0.135 1.0E−06 0.0E+00 54.985 59.941 100.0 100.0 

T3 R3 0.852 0.410 0.383 0.164 1.3E−01 1.1E−01 55.031 60.000 84.8 73.9 

T4 R2 1.024 0.752 0.461 0.301 1.0E−06 0.0E+00 54.961 59.997 100.0 100.0 

T4 R3 1.951 0.684 0.868 0.273 3.7E−01 6.8E−02 55.505 60.006 81.2 90.0 

Spinosyn D 

T1 R2 0.261 0.024 0.116 0.010 1.0E−06 0.0E+00 55.509 60.084 100.0 100.0 

T1 R3 2.008 0.062 0.905 0.025 2.0E−04 0.0E+00 54.935 59.903 100.0 100.0 

T2 R2 0.085 0.053 0.038 0.021 1.0E−06 0.0E+00 55.030 59.962 100.0 100.0 

T2 R3 0.089 0.025 0.040 0.010 7.0E−03 6.0E−03 55.084 60.474 92.0 76.3 

T3 R2 0.375 0.213 0.169 0.085 1.0E−06 0.0E+00 54.972 60.009 100.0 100.0 

T3 R3 0.090 0.018 0.041 0.007 1.0E−04 0.0E+00 54.485 60.656 99.9 100.0 

T4 R2 0.502 0.299 0.226 0.120 1.0E−06 0.0E+00 54.989 59.960 100.0 100.0 

T4 R3 1.096 0.404 0.492 0.161 2.1E−01 3.9E−02 55.155 60.010 81.0 90.5 

Spinosyn B of D 

T1 R2 0.755 0.412 0.342 0.183 1.0E−06 0.0E+00 54.941 60.200 100.0 100.0 

T1 R3 0.711 0.181 0.325 0.068 7.2E−03 1.2E−03 54.466 60.100 99.1 99.3 

T2 R2 0.690 0.122 0.300 0.043 1.1E−06 0.0E+00 55.552 60.113 100.0 100.0 

T2 R3 3.722 0.155 1.641 0.052 1.3E−02 3.1E−03 54.940 60.000 99.8 98.2 

T3 R2 0.472 0.355 0.203 0.135 1.0E−06 0.0E+00 54.755 59.998 100.0 100.0 

T3 R3 0.882 0.402 0.377 0.164 1.3E−01 1.1E−01 55.310 60.000 84.7 74.0 

T4 R2 1.129 0.772 0.463 0.301 1.0E−06 0.0E+00 54.367 59.999 100.0 100.0 

T4 R3 1.853 0.691 0.891 0.273 3.6E−01 6.2E−02 55.238 60.002 82.1 90.2 

        All Spinosyns, all Appl. time 

       Mean 54.961 60.248 96.3 95.6 

       St. dev. 0.425 1.018 6.9 8.3 

       Mean R2 54.958 60.383 100.0 100.0 

       Mean R3 54.964 60.112 92.5 91.2 

Supplementary Data, Table S12 

Table S12. Summary of modelling results for VFSMod. 

Spinosyn Scenario 

Step 4 VFSMod Step 4 VFSMod 

PECSW reduct. (%) Runoff mass reduct. (%) PECSW reduct. (%) Runoff mass reduct. (%) 

5 m vegetated buffer 10 m vegetated buffer 

Spinosyn A R2 100.0 100.0 100.0 100.0 

 R3 90.8 86.3 94.2 92.3 

Spinosyn B R2 100.0 100.0 100.0 100.0 

 R3 81.4 79.0 91.2 90.3 

Spinosyn D R2 100.0 100.0 100.0 100.0 

 R3 83.8 81.0 93.2 91.7 

Spinosyn B of D R2 100.0 100.0 100.0 100.0 

 R3 85.1 84.7 91.4 90.4  
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