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MATERIALS AND METHODS

Figure S1. Main land use types in the Novella River watershed (ISPRA, 2017; GPTP, 2017; Google

Maps, 2017).



Text S1 - SoilPlus improvements

In the present work, SoilPlus was improved by including (1) a slope-correction for curve number
(CN), to allow a more accurate prediction of water (and thus chemical) runoff in slope conditions,
and (2) a crop interception-washoff module for the calculation of canopy-mediated chemical loadings

to soil.

Slope correction for curve number

The traditional CN approach does not account for the effect of slope when calculating the amount of
runoff water and was developed for slopes < 5% (SCS, 1972), while in the Novella watershed slopes
are on average ~ 30%, with maxima up to 80% (Trento Province, 2017). Three empirical approaches
from the literature were implemented in SoilPlus and tested: the CN slope-correction reported in
Sharpley and Williams (1990), the Sharpley and Williams correction optimized by Huang et al.
(2006), and a third relationship developed by Huang et al. (2006) starting from their own dataset. The
integrated model (SoilPlus + DynANet) was run using the three approaches for the period July-
October 2009, for which discharge records measured in the Novella River were available (Biasioni,
2010). The comparison between predictions and observations showed improved model performance
for all approaches, with the original Sharpley and Williams (1990) producing the best fit (results not
shown). Such CN slope-correction was therefore selected for runoff simulations in the Novella River
case study. According to Sharpley and Williams (1990), the CN for average moisture conditions (i.e.,
CN2), attributed to a given soil according to hydrological group and land use, should be corrected as

follows:

CN,, = %(CN3 —CN, J1-2-exp(~13.86-SIp )]+ CN, (1)



where CN2s is the slope-corrected CN2, CN: is the tabulated CN for average moisture conditions,
CN3 is the CN for wet moisture conditions, and Slp (m m™') is slope.

Crop interception-washoff module

In the present version of the integrated model, a crop interception-washoff module was implemented
on the grounds of FOCUS (2001a). Calculations are performed on a daily basis to provide the amount
of pesticide transferred from leaves to soil via washoff. Washoff from plant surfaces is modelled
using a relationship based on the pesticide mass on leaves, a washoff coefficient related to chemical
water-solubility and rainfall amount. The chemical mass available on foliage after rainfall (M, mg) is

calculated as follows:

M =M, -exp(—Fextr - Rain) (2)

where My (mg) is the chemical mass on foliage before rainfall, Fextr (mm™) is the foliar extraction

coefficient and Rain (mm) is the daily rainfall amount. Fextr is in turn calculated as:

Fextr =0.016 - ws**** 3)

where WS (mg L) is the chemical aqueous solubility. Although a crop compartment was not included
in the SoilPlus model (i.e., crop does not participate to chemical mass balance in other compartments
except for washoff and concentrations in foliage are not influenced by other compartments), the
amount of chemical subtracted to washoff via dissipation (degradation + volatilization) was
calculated as first-order kinetics from foliar dissipation half-life, as reported in FOCUS (2001a). The
full inclusion of a vegetation/crop compartment in the integrated model will be the object of future

work.



Text S2 - Water-routing and connection between links

In DynANet river networks composed of stream links (i.e., segments) classified according to the
Strahler stream order method (Strahler, 1952) can be modelled. Spatial information concerning the
river network is loaded via a standard shapefile and the link properties (order, link length, bottom
width, average slope, upstream/downstream connections) are read from the corresponding attribute
table. Order-1 links are first extracted via a query engine and water and chemical calculations are
performed; extraction and calculations for higher order links follow. Chemical is considered as “well
mixed” in each stream link, and its concentration is therefore assumed as uniform. The different links
are connected by water fluxes. A baseflow value is input to order-1 links and then routed to higher-
order ones; all the other water inputs for each segment (i.e., water runoff from the corresponding sub-
basin and water coming from upstream links) are added to the top-end of the segment and
subsequently routed through the segment length. Water movement is described using the variable
storage routing method developed by Williams (1969); since the input data required by such
procedure (i.e., rating curves at representative sections of the valley and hydrographs from the
incremental areas) are seldom available for natural systems, the Manning’s equation for uniform flow
in a channel is used to compute the flow rate in the stream segment during the time step, as in the
SWAT model (Neitsch et al., 2005). To account for slope, the correction to the Manning coefficient
n (expressing friction) reported in Jarrett (1984) was implemented. A detailed description of
DynANet model water and chemical routing equations follows, preceded by Table S1, listing all the

variables involved.



Table S1. List of the variables involved in the water and chemical routing procedure.

Variable Units Description

At h Time step adopted for calculations (= 1 h)

AveVin m’ Average inflow water volume during the time step

ChemRunoff mol h! Chemical entering the segment via runoff

ChemWat mol Chemical amount in water from upstream links

ChemPart mol Particle-bound chemical amount from upstream links

CLgth m Stream segment length

FlowArea m? Stream cross-sectional area

FlowDepth m Stream depth

FlowRateMan m’ h'! Flow rate calculated with Manning's equation

HydrRad m Hydraulic radius

i - Julian hour

LINK - Segment ID in the attribute table

nMan - Manning's "n" coefficient for the stream

Obase m’ h! Baseflow

Orunoff m3 h'! Inflow rate of runoff water

RoffWatSP m?3 Hourly runoff water volume provided by SoilPlus

RoffChemSP mol Hourly runoff chemical amount provided by SoilPlus

SCoeff - Storage coefficient

slp mm! Average slope along the stream segment

SoilUseAn m? Area occupied by soil type and use "n"

TTime h Travel time

USLINK - Upstream link segment ID in the attribute table

Vin m?3 Volume of inflow water at the end of the time step (baseflow +
runoff)

VinSto m?3 Sum of the average inflow water volume during the time step and
the volume of water stored at the end of the previous time step

VOutEnd m? Volume of outflow water during the time step

VStoEnd m? Volume of water stored at the end of the time step

VWat m? Water volume in the stream segment

Watln m3 h! Inflow water rate

WatOut m3 h! Outflow water rate

WatArea m? Area of the water-air interface of the stream segment

Wbtm m Average stream bed width

WetP m Wetted perimeter

Zch - Inverse of channel side slope (e.g., 2 if side slope is 1/2)




Water routing procedure for each order-1 stream segment “LINK” (pseudo-code)
QObase( LINK ,i ) = 600
Qrunoff (LINK ,i) = RoffWatSP(LINK ,i)
Vin(LINK ,i) = (Qbase(LINK ,i) + Qrunoff (LINK ,i)) - At
Ifi=1 Then
Vin(LINK ,i —1) = Vin(LINK ,i)
End If

Vin(LINK i)+ Vin(LINK ,i —1)
2

AveVin(LINK ,i) =

Ifi=1 Then
VStoEnd(LINK,i—1)=0
End If

VInSto(LINK ,i) = AveVIn(LINK ,i) + VStoEnd (LINK ,i —1)

VInSto(LINK,i)
CLgth(LINK)

FlowArea(LINK ,i) =

FlowArea(LINK,i) +[ Wbtm(LINK) jz _ Wbtm(LINK)

FlowDepth(LINK ,i) =
Zch(LINK) 2 - Zch(LINK) 2 - Zch(LINK)

WetP(LINK ,i) = Whitm(LINK ) + 2 - FlowDepth(LINK , i) - \J1 + Zch(LINK )’

FlowArea(LINK ,i)
WetP(LINK ,i)

HydrRad(LINK ,i) =

nMan(LINK) = 0.39 - sip(LINK)*** - HydrRad(LINK ,i)™*'®

3600- FlowArea(LINK i) - HydrRad(LINK ,i)*"* - slp(LINK)""*

FlowRateMan(LINK i) = Man(LINK)
nvian

CLgth(LINK) - FlowArea(LINK ,i)

TTime(LINK ,i) = -
FlowRateMan(LINK ,i)

If TTime(LINK, i) <1 Then
TTime(LINK i) =1
End If



2-At
2 TTime(LINK i)+ At

SCoeff (LINK i) =

If SCoeff(LINK, i) > 1 Then
SCoeff (LINK ,i) =1
End If

VOutEnd(LINK,i) = SCoeff (LINK,i) - VInSto(LINK , i)
VStoEnd(LINK ,i) = VStoEnd(LINK ,i —1) + AveVIn(LINK ,i) — VOutEnd (LINK ,i)

VStoEnd(LINK,i)
CLgth(LINK)

FlowArea(LINK ,i) =

FlowArea(LINK, i) +[ Wbtm(LINK) jz _ Wbtm(LINK)

FlowDepth(LINK ,i) =
Zch(LINK) 2 Zch(LINK) 2 - Zch(LINK)

Water volume, water fluxes, water surface and chemical loading via runoff

VWat(LINK ,i) = VStoEnd (LINK ,i)
WatIn(LINK ,i) = AveVIn(LINK ,i)
WatOut(LINK ,i) = VOutEnd(LINK ,i)
WatArea(LINK ) = CLgth(LINK ) - Wbtm(LINK)
ChemRunoff (LINK ,i) = RoffChemSP(LINK ,i)

Water routing procedure for each higher order stream segment “LINK” with two upstream
links “USLINK”

QOrunoff (LINK ,i) = RoffWatSP(LINK ,i)
Vin(LINK ,i) = (VOutEnd (USLINK1,i) + VOutEnd (USLINK 2,i) + Qrunoff (LINK ,i)) - At

Ifi=1 Then
Vin(LINK ,i —1) = Vin(LINK ,i)
End If

Vin(LINK i)+ Vin(LINK ,i —1)

AveVin(LINK ,i) = 5

VInSto(LINK ,i) = AveVIn(LINK i)+ VStoEnd (LINK ,i —1)



VInSto(LINK i)
CLgth(LINK)

FlowArea(LINK ,i) =

. 2
FlowDepth(LINK ,i) = \/ FlowArea(LINK, i) +( Wbim(LINK) j _ Wbtm(LINK)

Zch(LINK) 2-Zch(LINK) ) — 2-Zch(LINK)

WetP(LINK ,i) = Whtm(LINK)) +2 - FlowDepth(LINK , i) - \J1 + Zch(LINK )’

FlowArea(LINK ,i)

HydrRad(LINK ,i) =
WetP(LINK ,i)

nMan(LINK) = 0.39 - sip(LINK)*** - HydrRad(LINK ,i)™*'®
p y

. ~2/3 1/2
FlowRateMan(LINK.) = 3600 FlowArea(LINK ,i)- HydrRad(LINK i)™~ - sip(LINK)

nMan(LINK)

CLgth(LINK) - FlowArea(LINK ,i)
FlowRateMan(LINK ,7)

TTime(LINK i) =

If TTime(LINK, i) < 1 Then
TTime(LINK,i) =1
End If

2-At
2-TTime(LINK i) + At

SCoeff (LINK ,i) =

If SCoeff(LINK, i) > 1 Then
SCoeff (LINK,i) =1
End If

VOutEnd(LINK i) = SCoeff (LINK i) - VInSto(LINK , )
VStoEnd(LINK i) = VStoEnd (LINK ,i — 1) + AveVIn(LINK i) — VOutEnd (LINK , i)

VStoEnd(LINK i)
CLgth(LINK)

FlowArea(LINK ,i) =

. 2
FlowDepth(LINK,i) = \/ Flowdrea(LINK, i) +[ Whim(LINK) j _ Whim(LINK)

Zch(LINK) 2-Zch(LINK) ) 2 Zch(LINK)

Water volume, water fluxes, water surface and chemical loading via runoff and routing

VWat(LINK ,i) = VStoEnd(LINK i)



WatIn(LINK ,i) = AveVIn(LINK ,i)
WatOut(LINK ,i) = VOutEnd(LINK ,i)
WatArea(LINK) = CLgth(LINK) - Wbtm(LINK)
ChemRunoff (LINK ,i) = RoffChemSP(LINK ,i)

ChemRouting(LINK ,i) = ChemWat(USLINK1,i) + ChemWat(USLINK 2,i) +
+ ChemPart(USLINK,i) + ChemPart(USLINK 2,1))

10



Text S3 - Drift calculations and assumptions in DynANet
To account for direct chemical input via spray drift, the drift loading across the width of the different

stream links (if surrounded by orchards) is calculated in DynANet as reported in FOCUS (2001a):

Driﬁ{ R *[zzD“—HD”J}* 1 @

(B+1) ! (D+1) z, -2

where Drift is the mean percent drift loading across a water body extending from a distance of z; to
z> from the edge of the treated field, z; (m) is the distance from edge of treated field to closest edge
of water body, z> (m) is the distance from edge of treated field to farthest edge of water body, 4, B, C
and D are regression parameters, and H is the distance limit for each regression (m), also called hinge
point. The percent drift calculated with Equation 4 is then converted into drift loading (DLoad; mg

m™) using chemical application rate (dppRate, g ha):

AppRate Drift
10 100

DLoad =

©)

Drift loading in mg m™ is in turn multiplied by the stream area exposed to drift (m?) to obtain the
chemical amounts (mg) that are directly discharged into the modelled stream link during application

days.

Assumptions and model parameterization for the Novella River case study

Since most of the apple orchards in the Novella River watershed (~ 85%) are located nearby stream
link 7 (Fig. 1b and Table 1, main text), direct loadings from spray drift were assumed to occur in such
link only, and in river segments intersecting apple orchards. The length of such segments was

calculated by means of a shapefile intersection performed in QGIS Desktop 2.8.2 (QGIS, 2017) and

11



results are reported in Figure S2. Stream link 7 intercepted apple orchards belonging to Area 1 (yellow
polygons in Fig. S2) for a total length of 1093 m, while apple orchards belonging to Area 2 (green
polygons in Fig. S2) for a total length of 868 m. This means that, of the total stream link length (i.e.,
10.34 km), about 1/5 is directly surrounded by apple orchards. A fixed river bed width of 10 m was
assumed (based on field surveys) to calculate the surface water area and the spray drift loading to
stream link 7. Equation 4 was parameterized selecting typical values for early applications on
pome/stone fruit from FOCUS (2001b) and on the grounds of field observations. More specifically,

the following values were assumed:

- z; and z; (distances from the edge of the treated field): 4 and 14 m (field observations)
- A, B, C, and D (regression parameters) 66.702, -0.7520, 3867.9, -2.4183 (FOCUS, 2001b)

- H (hinge distance): 11.4 (FOCUS, 2001b)

As a worst-case assumption, the chemical amount entering surface waters via spray drift was not
subtracted from the chemical application rate (Table S4). Since in the Non Valley orchards low-drift
nozzles are used to reduce the amount of pesticides lost via spray drift, a reduction by 50% of the
calculated drift was applied. The resulting drift loading was assumed to entirely reach the water body,
independently of wind direction; the calculation of wind-direction dependent drift loadings will be

the object of a future improvement (e.g., as in Renaud et al., 2008).

12



Figure S2. Focus on stream link 7 of the Novella River network, showing the areas (in red) in which
the stream intercepts apple orchards. Apple orchards in yellow belong to Area 1, while those in green

to Area 2 (for details, see 2.4.1 in the main text).
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Figure S3. Relationship between hourly rainfall measured in Arsio and measured discharge (a) for
the period June 5-October 24, 2012, for which discharge data were available; (b) for a single day

(June 10, 2012).
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Table S2. Physical-chemical properties at 25 °C and environmental half-lives for the three modelled
chemicals. Values without superscript were taken from Mackay et al. (2006) for chlorpyrifos and

Tomlin (1997) for pirimicarb and etofenprox.

Property Unit Chlorpyrifos Pirimicarb Etofenprox
MW g mol’! 350.6 283.3 376.49
MP °C 42.75 90.5 37.2
VP Pa 2.27E-03 9.7E-04 8.13E-07
WS mg L! 0.73 3000 (20 °C) 2.25E-02
log Kow - 4.92 1.7 7.05
HLsoil d 212 86 11
HLair d 0.06° 0.04 ¢ 0.09 ¢
HLwat d 5 33.3¢ 5.7¢%
HLsed d 36.5° 1952 13.3¢°
HLcrop d 7 5.6° 2.1%

2 PPDB, 2017

> EC, 2005

¢ EFSA, 2005

4 EFSA, 2008
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Table S3. Values for the non-time- and -space-variable environmental parameters and mass transfer

coefficients adopted for the simulations with the integrated approach.

Parameter Unit Value
Sediment active layer depth m 0.005?
Aecrosol particle concentration ug m 5@
Acrosol dry deposition velocity mh'! 7.2°
Scavenging ratio - 200000 °
Volume fraction of sediment particles - 0.1°
Density of particles in water kg m3 1500°
Density of sediment particles kg m3 1500°
Density of air particles kg m3 1500
OC fraction of suspended solids in water - 0.038°¢
OC fraction of sediment particles - 0.038°¢
Baseflow in order-1 links m’h’! 6002
Volatilization MTC (air-side) mh! 104
Volatilization MTC (water-side) mh! 1d
Sediment-water diffusion MTC mh! 1-1034
Sediment deposition rate gm?d! 400 ¢
Sediment resuspension rate gm?d! 200 ¢
Sediment burial rate gm?d’! 2009

* Assumed as typical for rural areas (Mackay, 2001)

> Morselli et al. (2015)

¢ Assumed as equal to the average OC fraction in cultivated soils
4 Morselli et al. (2014)
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Table S4. Products, timings and rates of application for the three investigated substances for the
productive season 2012. Area 1 refers to the southern part of the Novella River watershed (~ 830 ha),

while Area 2 to the northern part (~ 500 ha). Data were provided by Edmund Mach Foundation (EMF,

2017).

Dosage Solution A.L Use
Date Area  Product (solid/liquid)  A.L (g kg™")
(g hLY) (hL ha) (kg ha™)
11-May-2011 2 Dursban 75 WG (solid) 750 75 15 0.84375
12-May-2011 1 ALISE' 75 WG (solid) 750 50 15 0.5625
17-May-2012 2 Dursban 75 WG (solid) 750 50 15 0.5625
18-May-2012 1 ALISE' 75 WG (solid) 750 50 15 0.5625

Dosage Solution A.L Use
Date Area  Product (solid/liquid)  A.L (g kg™)
(g hLY) (hL ha™) (kg ha™)
29-Mar-2012 2 Aphox (solid) 175 200 15 0.525

Dosage Solution A.L Use
Date Area Product (solid/liquid) AL (gL
(mL hL1) (hL ha™) (kg ha)
24-Mar-2012 1 TREBON UP (liquid) 280 10 15 0.042
29-Mar-2012 2 TREBON UP (liquid) 280 25 15 0.105
2-Apr-2012 1 TREBON UP (liquid) 280 25 15 0.105

17



Text S4 - Soil sampling, measures and soil property assignation

While for cultivated soils data concerning soil texture and organic carbon (OC) fraction where
available (EMF, 2017), a sampling campaign was carried out in September 2013 with the aim of
preliminarily characterizing soil texture and OC in other areas of the watershed and for other land use
types (forests and pastures; Fig. S3). Soils were sampled at six sites (two in mixed deciduous forests,
three in coniferous forests and one in a pasture). For each sampling site, five sub-samples were
collected on the vertices and at the middle of an imaginary square of 1 x 1 m through a soil core
sampler. Soil samples were placed in bags, moved to a cooler and moved to the lab, where they were
stored at -20 °C until texture and OC analysis.

Sand, clay and loam percentages were measured using the Pipette Method (D.M. n°® 248 13/09/1999;
IMA, 1999). Briefly, (1) soil samples were dried and sieved at 2 mm to separate the skeleton from
the fine soil, (2) around 8 grams of sieved sample were stirred overnight in a solution with deionised
water and sodium hexametaphosphate (dispersant), (3) such fraction was sieved at 200 um and 100
um to determinate sand fraction by filter weighting, (4) the remainder was put in a sedimentation
cylinder to determine the silt and clay fractions by collecting samples with a known-volume pipette
after the corresponding sedimentation time was passed. Soil OC was measured with the loss of
ignition method. Briefly, soil samples (2 grams), were dried at 105 °C, weighed, put in a muffle
furnace at 440°C for six hours and weighted again to determine the organic matter content
(corresponding to the loss of weight after incineration). To convert organic matter (OM) into OC
content, the relationship OM = 1.724-OC was used. Results for soil texture and OC (%), expressed

as averages of the five sub-samples, are reported in Table S5.

18



Figure S4. Distribution of the soil samples collected during the September 2013 campaign.

Table S5. Soil texture and OC and soil type attribution (Rawls et al., 1992) for the six samples.

Sample name Land cover % Sand % Silt % Clay OC% Soil type
BM1 Forest (mixed) 15.05 64.49 20.46 10.14 .
Silt loam
BM2 Forest (mixed) 58.98 32.47 8.55 12.9
Sandy loam
BCl1 Forest (coniferous) 40.79 47.63 11.58 8.02
Loam
BC2 Forest (coniferous) 59.36 31.18 9.46 19.87
Sandy loam
BC3 Forest (coniferous) 61.68 36.29 2.03 20.21
Sandy loam
P1 Pasture 41.92 46.75 11.33 6.43
Loam
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Soil texture and OC attribution in the SoilPlus input shapefile

For cultivated lands, textural data obtained from EMF (2017) were used to attribute texture to
shapefile polygons. Soil type was in all cases loam or sandy loam and an average OC fraction of
0.038 + 0.014 was measured. Data in EMF (2017) were reported according to municipality and the
attribution of texture and OC to apple orchard polygons was therefore performed following this
criterion, by means of a shapefile containing administrative municipality boundaries downloaded
from GPTP (2017). For property attribution to soil polygons characterized by land uses other than
orchard (i.e., forests, bush, other uncultivated areas, and urban), the data reported in Table S5 were
used. More specifically, for pastures, the only pasture site sampled was assumed as representative of
all pasture areas; for forest and bush areas, the closest sampled points were selected, while for

uncultivated and urban areas the attribution simply followed a proximity criterion.

20



Text S5 - Surface runoff calibration and evaluation

To calibrate and evaluate surface runoff predictions, two river discharge datasets were used: a first
one for the period July-October 2009 (Biasioni, 2010) and a second one (April-September 2012)
presented in this work. In both cases, discharge was estimated starting from high-temporal resolution
water level measurements performed at locations close to the water sampling station (see Fig. 1b,
main text). The 2012 dataset was used for calibration purposes, while the 2009 one to test model
performance. In 2012, eight episodes characterized by increase in discharge related to precipitation
were selected and surface runoff was derived by integrating discharge peaks ad described in USDA-
NRCS (2007). A comparison was then performed between surface runoff values obtained from
discharge profiles and the surface runoff predicted by preliminary SoilPlus model runs for the same
events. Results (Fig. S4) indicated that the model underestimated surface runoff for small rain
amounts (daily rainfall amount < 10 mm d'!), showed a good match for rain amounts between 10 and
25 mm d!, and overestimated surface runoff for higher rain amounts. Under/overestimations were up
to one order of magnitude. Since the magnitude of under/overestimations appeared to be significantly
related to rain amount (R = 0.7689, P = 0.004334, n = 8; Fig. 4), a correction to the tabulated curve
number in average moisture conditions (CN> in Equation 1) was applied. More specifically, CN> was
multiplied by a factor equal to y, calculated using the equation reported in Figure S4 and the
precipitation amount recorded in Arsio or Fondo (according to the sub-basin; EMF-GISU, 2017) as
independent variable. To test model performance after calibration, nine rain events were selected
from the 2009 discharge profile (Biasioni, 2010); predicted surface runoff was always within a factor

of 2 to 4 with respect to measurements (results not shown), indicating a satisfying predictive ability.
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predicted surface runoff for the eight events in 2012.
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Text S6 - Water temperature and suspended solids

The DynANet model requires hourly water temperature records as input. Since no measurements of
such parameter were available for the Novella River during the simulation period, daily values were
estimated through a linear relationship (R’ = 0.7683, P = 1.93-107, n = 7) between some water
temperatures records taken in the Novella River during 2009 and 2010 (Biasioni, 2010; Ippolito,
2012) and the average air temperatures measured at the Romeno meteorological station during the
same days (Meteotrentino, 2017). Such method is commonly used to overcome lack of data (e.g.,
Stefan and Preud d'homme, 1993; Erickson and Stefan, 1996). For water temperature estimation
during the simulation period, the air temperatures measured in Arsio in 2011 and 2012 (EMF-GISU,
2017) were used. Minimum water temperature was set to 1.5 °C (slightly lower than the minimum
value recorded in the river; Fig. S6). The resulting daily water temperatures are reported in Figure

S7. To provide the input data for DynANet, temperatures were assumed as constant during the day.

y=0.5379x + 3.7407
R?=0.7683

Water T (°C)

0
U T T T T

5 0 5 10 15 20 25
Air T (°C)

Figure S7. Relationship between air and water temperatures for the Novella River in 2009 and 2010

(Biasioni, 2010; Ippolito, 2012; Meteotrentino, 2017).
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Figure S8. Daily water temperatures estimated for the years 2011 (chart a) and 2012 (chart b) starting

from the daily average air temperatures measured in Arsio (EMF-GISU, 2017).

Similarly, a relationship between the suspended solid concentrations measured in the water samples

collected in 2012 (Fig. S8; R’ = 0.6229, P < 0.00001, n = 27) and the corresponding hourly rain

amounts recorded in Arsio (EMF-GISU, 2017) was used to obtain the suspended solid temporal

profiles (on an hourly basis) for all stream links in 2011 and 2012. For 2012, estimated values were

then replaced by measurements, when available, with the aim of reducing the uncertainty in

predictions water and particle-bound chemical fractions. Minimum suspended solid concentration

was set to 50 mg L!. Results are reported in Figure S9. Since no information concerning OC fraction

of suspended solids was available, a value of 0.05 (i.e., 5%) was assumed.
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Figure S9. Relationship between the suspended solid concentrations measured in 2012 samples and

the corresponding hourly rainfall amount measured in Arsio (EMF-GISU, 2017).
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Figure S10. Hourly suspended solid concentrations estimated for the years 2011 (chart a) and 2012

(chart b) starting from the daily average air temperatures measured in Arsio (EMF-GISU, 2017).
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Text S7 - Sensitivity analysis

A preliminary local sensitivity analysis (Augusiak et al., 2014) was conducted simulating the fate of
three insecticides characterized by different hydrophobicity and persistence (chlorpyrifos, pirimicarb
and etofenprox, Table S2). The maximum water-dissolved concentration predicted during a one-year
simulation was selected as target, using as a reference the 2012 scenario described in section 2.4 of
the main text. Tested parameters included chemical emission, physical-chemical properties,
environmental half-lives, mass-transfer coefficients, water temperature and fluxes, compartment
volumes and organic carbon fractions. Some of the parameters belonged to one of the two models
only (e.g., OC fraction in soil, DOC concentration in soil water, albedo, altitude and latitude in
SoilPlus or stream properties in DynANet), while physical-chemical properties and other parameters
were common between the two models. The sensitivity analysis was performed by varying each
parameter by 0.1% and calculating the influence of such variations on chemical water concentrations

by assessing the index S (MacLeod et al., 2002):

S| =

AO/O‘ (18)

AT

where / is the input variable, O is the output of interest, and A/ and AQ are the variations in input and

output parameters, respectively.
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RESULTS AND DISCUSSION

Table S6. Temporal series of samples collected by the autosampler ISCO 6712 in the Novella River

during the period September 2011-September 2012.

ID

Date/time start

Date/time end

NF° of samples

N° of analyzed samples

9

10

22-Sep-2011/10:39
15-Apr-2012/16:36
9-Jun-2012/15:02
11-Jun-2012/15:27
28-Jun-2012/11:15
2-Jul-2012/18:25
14-Jul-2012/01:06
2-Ago-2012/20:04
25-Ago-2012/21:16

5-Sep-2012/19:21

23-Sep-2011/08:39
16-Apr-2012/14:36
10-Jun-2012/13:02
12-Jun-2012/13:27
29-Jun-2012/09:15
3-Jul-2012/16:25
14-Jul-2012/23:06
3-Ago-2012/18:24
26-Ago-2012/19:16

6-Sep-2012/17:21

12

12

12

12

12

12

12

12

12

12

Oa

6

12

2 Discarded since not representative of a runoff event ("false start" of ISCO)
b Discarded due to excessive delay between sampling and transfer to the lab
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Table S7. Water, particle-phase and bulk concentrations (ng L) of chlorpyrifos measured in the
Novella River in 2011 and 2012. Where available, also suspended solids concentrations (SS) in water
(mg L) were reported. Manual samples are reported in red. When no suspended solid measures were

available, bulk concentrations were assumed to match water phase ones.

Date Time Water c. (ng L)  Particlec. (ng L")  Bulk conc. (ng L)  SS (mg L)
17-May-2011 12:00 pm 21.6 n.a. 21.6 n.a.
3-Jun-2011 12:00 pm 53 n.a. 5.3 n.a.
28-Jun-2011 12:00 pm 4.5 n.a. 4.5 n.a.
13-Jul-2011 4:20 pm 3.8 n.a. 3.8 n.a.
13-Jul-2011 5:10 pm 5.0 n.a. 5.0 n.a.
13-Jul-2011 6:00 pm 8.9 n.a. 8.9 n.a.
13-Jul-2011 7:00 pm 53 n.a. 53 n.a.
13-Jul-2011 8:00 pm 5.0 n.a. 5.0 n.a.
13-Jul-2011 9:00 pm 8.1 n.a. 8.1 n.a.
13-Jul-2011 10:00 pm 18.3 n.a. 18.3 n.a.
14-Jul-2011 09:00 am 49.7 n.a. 49.7 n.a.
15-Apr-2012 4:36 pm 32 n.a. 32 n.a.
15-Apr-2012 8:36 pm 7.5 n.a. 7.5 n.a.
16-Apr-2012 00:36 am 33 n.a. 33 n.a.
16-Apr-2012 04:36 am 2.1 n.a. 2.1 n.a.
16-Apr-2012 08:36 am 23 n.a. 23 n.a.
16-Apr-2012 12:36 pm 1.8 n.a. 1.8 n.a.
9-Jun-2012 3:02 pm 532.4 941.7 1474.1 572.3
9-Jun-2012 5:02 pm 58.8 21.2 80.0 138.0
9-Jun-2012 7:02 pm 214.5 46.6 261.1 392
9-Jun-2012 9:02 pm 68.3 53.9 122.1 58.0
9-Jun-2012 11:02 pm 89.8 30.0 119.8 38.7
10-Jun-2012 01:02 am 576.5 691.6 1268.1 1368.3
10-Jun-2012 03:02 am 331.2 218.9 550.0 554.7
10-Jun-2012 05:02 am 31.5 104.4 135.9 272.0
10-Jun-2012 07:02 am 337.7 127.3 465.0 471.7
10-Jun-2012 09:02 am 47.4 45.0 92.4 557.3
10-Jun-2012 11:02 am 31.5 26.4 57.9 220.0
10-Jun-2012 1:02 pm 21.0 16.2 37.2 100.5
11-Jun-2012 3:27 pm 126.7 14.5 141.2 192.2
11-Jun-2012 7:27 pm 87.1 n.a. 87.1 n.a.
11-Jun-2012 11:27 pm 59.5 3.39 62.9 89.2
12-Jun-2012 03:27 am 85.2 4.61 89.8 120.2
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12-Jun-2012 07:27 am 207.5 n.a. 207.5 n.a.

12-Jun-2012 11:27 am 96.4 n.a. 96.4 n.a.
14-Jul-2012 01:06 am 8.9 n.a. 8.9 n.a.
14-Jul-2012 05:06 am 5.1 n.a. 5.1 n.a.
14-Jul-2012 09:06 am 27.3 n.a. 27.3 n.a.
14-Jul-2012 5:06 pm 33 n.a. 33 n.a.
14-Jul-2012 9:06 pm 1.1 n.a. 1.1 n.a.
15-Jul-2012 11:06 pm 4.7 n.a. 4.7 n.a.
25-Aug-2012 9:16 pm 2.1 7.9 10.0 144.2
26-Aug-2012 01:16 am 41.6 83.8 125.4 492.9
26-Aug-2012 05:16 am 10.4 15.9 26.3 61.9
26-Aug-2012 09:16 am 2.2 413 43.5 28.8
26-Aug-2012 1:16 pm 21.1 18.8 20.9 190.3
26-Aug-2012 5:16 pm 5.8 22.4 28.2 43.9
5-Sep-2012 7:21 pm 6.2 16.4 22.6 119.2
5-Sep-2012 11:21 pm 33 9.7 13.0 66.6
6-Sep-2012 03:21 am 6.8 6.9 13.7 60.9
6-Sep-2012 07:21 am 0.9 8.5 9.4 58.6
6-Sep-2012 11:21 am 1.1 33 4.4 104.9
6-Sep-2012 3.21 pm 0.7 n.d. 0.7 36.9

n.d.: not detected, n.a.: not available. Detection limits were 0.1 ng L' for water concentrations and 1-40 ng L' (according
to suspended solid amount) for particle-phase concentrations.
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Figure S11. Chlorpyrifos water concentrations (ng L!) in stream link 7 as predicted by DynAPlus

from July 13 to 15, 2011 (lines) and corresponding measured values (markers).
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Figure S12. Relationship between measured (x-axis) and predicted (y-axis) chlorpyrifos

concentrations during the year 2012 (R? = 0.4926, P < 0.00001, n = 36).
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Figure S13. Comparison between chlorpyrifos (CHL; primary y-axis) and etofenprox (ETO;
secondary y-axis) water concentrations (ng L) for the five runoff events also investigated in model
evaluation (see 3.2 and Fig. 4, main text). The first two events are condensed in Figure S12a.
Pirimicarb concentrations are not reported since predicted water concentrations are extremely low

(1-10'% ng L") already during the June events.

32



100
90 A
80 A
70 A
60 -
50 A
40 +
30 A
20 A
10 4

o - - ﬁ
Degradation Water outflow  Particle outflow  Diffusion to Particle Volatilization
sediment deposition

% of overall losses

| mCHL mPIR -E'ro]

Figure S14. Relative importance of the different loss processes with respect to the overall losses from
the water compartment (%) in stream link 7 for the three model chemicals during the simulation
period (year 2012). Bars represent standard deviations (relative importance was first investigated on
an hourly basis, and annual averages and standard deviations were then computed for each process

and chemical).
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Text S8 - Sensitivity analysis

Figure S14 depicts the results of the sensitivity analysis performed for chlorpyrifos (CHL), pirimicarb
(PIR) and etofenprox (ETO). For all chemicals, the most influential parameter was curve number
(CN), with an S index of 1.6 for CHL and even > 15 for PIR and ETO. This result confirmed
expectations, since CN determines the amount of runoff water and thus chemical runoff, which
represents a direct input to surface waters. Similarly, for PIR and ETO, rainfall amount (Rainfall) was
the second most influential variable (S = 1.4 and 3.01, respectively), while for CHL the same
parameter was of lower importance (S = 0.12). The higher sensitivity of PIR and ETO water
concentrations (with respect to CHL ones) to CN and Rainfall can be ascribed to physical-chemical
properties: more specifically, the high PIR water solubility (3000 mg L' at 20 °C) and low
hydrophobicity (log Kow = 1.7) and, in contrast, the high hydrophobicity of ETO (log Kow = 7.05),
significantly enhance their mobility mediated by runoff water (for PIR) and DOC moving with runoff
water (for ETO). This last observation is also confirmed by the high S score obtained for the DOC
concentration in soil water (DOC conc) for the hydrophobic insecticide ETO (S = 0.97); this
parameter showed a slightly lower score for CHL (S = 0.61), while for the polar insecticide PIR it
was totally not influential. ETO concentrations were also highly affected by half-life in soil (HLsoil;
S'=1.14) and OC fraction of suspended particles (OCfr; S = 0.96); the latter parameter was important
also for CHL (S = 0.27). Application rate (app rate) and depth (app depth) followed (S = 1 for all
chemicals). CHL showed an intermediate behaviour between PIR and ETO; its water concentrations
were mostly influenced by OC fraction in soil (OCfr) and stream link water volume (determined by
link length LinkL and bottom width BottomW, S =0.73 and 0.27, respectively). The latter parameters

showed similar importance for PIR but were not influential for ETO.
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Figure S15. Sensitivity analysis results for the three investigated chemicals. Parameters are reported

for each chemical in decreasing S order. Only those with § > 0.05 were included.
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Average polygon slope (FSlope) was among the most influential parameters for all test chemicals (S
= 0.40 for PIR, 0.35 for ETO, 0.16 for CHL), highlighting the importance of the improvement made
to the SoilPlus model by adding a slope correction to curve number (see Text S1). Similarly, the
fraction of applied chemical intercepted by crop (Croplnt) showed high S scores for all pesticides
(0.8 for PIR, 0.42 for CHL, 0.17 for ETO). Being a local sensitivity analysis (i.e., one parameter was
slightly varied a little at a time), the effort presented here did not allow capturing, for example, the
effect of the interactions between parameters (Augusiak et al., 2014); however, it helped in the
identification of the crucial inputs (chemical properties and environmental system descriptors), to
which particular attention should be paid in order to obtain accurate results. To summarize results, S
scores obtained for the three chemicals were averaged; variables were then sorted to identify the most
influential parameters. Results are reported in Figure S15. The six most influential parameters (S >
0.5) were curve number, rainfall amount, application rate and depth, OC fraction in soil and DOC

concentration in soil water.
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Sensitivity analysis - Summary
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Figure S16. Summary of the average S scores (with standard deviations) for the most influential

parameters, reported in decreasing S order. Only parameters with average S > 0.1 were included.

Tested parameters were: application rate (kg ha!, app rate) and depth (m, app depth), water solubility (mg L', WS),
vapour pressure (Pa, VP), melting point (°C, MP), octanol-water partition coefficient (dimensionless, Kow), chemical
half-life in soil (d, HLsoil), air (d, HLair), water (d, HLwat), sediment (d, HLsed), and crop (d, HLcrop), crop interception
(unitless, Croplnt), OC fraction in soil (unitless, OCfr), soil OC half-life (d, HLOC), DOC concentration in soil water
(mg L', DOC conc), average polygon slope (m m™!, FSlope), soil bulk density (g cm=, BulkDen), soil total porosity (cm?
cm, TotPor), field capacity (cm® cm™, FC), wilting point (cm®/ ¢cm, WP), curve number (unitless, CN), albedo (unitless,
Albedo), altitude (m, Alti), latitude (°, Lati), yearly delta temperature (°C, DeltaT), rainfall amount (mm, Rainfall), global
solar radiation (MJ m, Radi), lower-air compartment height (m, HeightLA), lower-air compartment wind speed (m s,
WSpeedLA), air temperature (°C, AirT), link length (m, LinkL), link average slope (m m™!, LSlope), link bottom width (m,
BottomW), stream baseflow (m? h™!, Baseflow), water temperature (°C, WatT), sediment depth (m, SedD), volume fraction
of solids in sediment (unitless, VFSed), OC fraction in sediment solids (unitless, OCfrSedP), suspended solid

concentration in water (mg L™, ConcP), OC fraction in suspended particles (untiless, OCfi-P).
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