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Abstract: The estimation of pesticide concentrations in surface water bodies with models is a critical
component of the environmental and human health risk assessment process. The most recent
version of the Soil and Water Assessment Tool (SWAT+) provides new features that are useful for
pesticide exposure assessments. This research is the first SWAT+ pesticide simulation study and
was conducted to evaluate SWAT+’s new features and to assess its ability to predict pesticide and
metabolite concentrations. The evaluation was conducted based upon a comparison of the results
from seven different model configurations with high-resolution monitoring data. The results showed
that (1) SWAT+ is able to simulate the formation of degradation compounds and predict resulting
concentrations in surface water, (2) an accurate representation of transport processes for pesticide
exposure assessments is important, and (3) an appropriate degree of realism can be achieved with
a rule-based probabilistic pesticide application schedule if information about the annual percent
crop treated, a typical application rate, and a typical application window is available. The accuracy
of the pesticide concentration simulations with the new features of SWAT+ in the present study
demonstrates the model’s ability to provide more accurate estimates with reduced uncertainty
compared to SWAT simulations.

Keywords: exposure assessment; pesticide fate and transport; flufenacet

1. Introduction

The use of agricultural pesticides has the potential to result in residue detections
of these products and their metabolites in water bodies which can be of concern for the
environment [1]. Models can help to predict these aquatic exposure levels, identify areas
vulnerable to off-site transport, and determine the most effective mitigation measures to
reduce concentrations of pesticides in non-target environments. In this context, a critical
component to designing and implementing mitigation practices to aid in the reduction
of pesticide concentrations in surface water is a rigorous understanding of the routes of
exposure to a specific water body [2] which can be provided through hydrologic watershed
models. The principles of pesticide losses from farmland and their transport to surface
water bodies are well researched and implemented into various models [3]. The Soil and
Water Assessment Tool (SWAT, [4]) has been a leading international model for predicting
the fate and transport of non-point source agrochemicals at the watershed scale. Model
applications have been reported in the literature since at least 2005 and since then several
studies have been published from around the world (a comprehensive overview is provided
in the introduction in [5]). In 2006 SWAT was selected from a pool of 36 models as one of
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three that were most appropriate for watershed-scale simulation of pesticides [3]. However,
three major challenges impede the application of SWAT for pesticide exposure assessments.

First, SWAT’s capabilities to account for spatially distributed transport processes
and variability in local agricultural management practices are limited. The SWAT model
typically utilizes a hydrologic response unit (HRU) approach where the watershed is
divided into sub-watersheds which are further subdivided into HRUs. With the HRU
approach, all areas in a sub-watershed with the same combination of soil, topography,
and land use are lumped to form an HRU. The HRUs represent percentages of the sub-
watershed area and are not spatially explicit. Water, sediment, and agricultural chemical
yields generated in the HRUs are currently routed directly into the stream, and SWAT is not
able to model flow and transport from one landscape position to another prior to entry into
the stream. As an example, a farm field located 200 m from a stream would have the same
potential to contribute pesticides to the stream as a farm field 20 m from a stream, assuming
the soil, slope, weather, and agronomic practices were equivalent. The non-spatial character
of the HRUs has been identified as a key weakness of the model [6–9] and the importance
of the landscape position on erosion and transport processes was discussed by [7–11].

Accounting for local characteristics of pesticide usage is another major challenge in
pesticide exposure assessments at the watershed scale. The timing and location of pesticide
applications have a significant effect on the timing and magnitude of potential residue
concentrations detected downstream. However, farmers are typically not required to report
or share where, when, and how much of which pesticide is applied. A common approach
is to conservatively assume that all eligible crops are being treated each year at the same
time. This assumption typically leads to a large overestimation of pesticide concentrations.
A more refined approach involves constructing management operation schedules using
percent crop treated (PCT), typical application rates, and application timing windows to
construct pesticide operation schedules [5]. While SWAT has a comprehensive module
to represent a variety of agricultural management practices, the generation of a pesticide
application schedule representing PCT together with an application window is challenging
and requires developing custom software.

The third challenge involves the simulation of metabolites. The process of a parent
chemical forming a daughter product is not implemented in SWAT. However, the simulation
of degradation products of pesticides is mandatory for many compounds in the regulatory
registration or re-registration process.

An enhanced version of SWAT, SWAT+ [12], overcomes the challenges mentioned
above. The increasing number of SWAT+ studies published in the scientific literature
(e.g., see this special issue or [13]) shows that modelers value the model’s new features
for answering agricultural research questions. SWAT+ has several advantages over the
currently used SWAT model for watershed scale pesticide risks assessments: (1) simulating
the formation of degradation products, (2) providing a flexible spatial representation of
landscape features and their interactions through landscape routing, and (3) including
advanced agricultural management (e.g., rule-based probabilistic pesticide applications).

This paper presents a case study of the new features of SWAT+ as applied to the
Grote Kemelbeek (GKb) catchment, a small, intensely agriculturally used watershed in
Belgium. High resolution (almost daily) in-stream pesticide monitoring data were available
at the watershed outlet along with detailed field-specific pesticide application data (rate
and timing) over a period of 3.5 years. The commonly used herbicide, FFA, and its soil
metabolite FFA-SA, were included in the monitoring data and chosen for model evaluation.
According to the three challenges identified above, this study assessed (1) whether SWAT+
is capable of concurrently simulating a pesticide and its metabolite, (2) whether the new
landscape level spatial representation of transport processes provides an advantage over
the conventional subbasin-HRU representation, and (3) whether using the rule-based
probabilistic pesticide application approach results in similar pesticide concentrations
compared to what is achieved by using detailed field-level application data. A novelty of
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this study is the application and evaluation of SWAT+ for pesticide simulations. So far, no
pesticide SWAT+ study was published in the scientific literature.

2. Methodology
2.1. SWAT+ Introduction

The SWAT+ model builds on the SWAT model’s watershed framework but redesigns
some of the categories to allow for greater configuration of both spatial units and con-
nections. As in SWAT, the building block of SWAT+ is still the hydrological response
unit (HRU), which is a combination of areas that share the same soil, slope, and land use
characteristics. While in SWAT the HRU is defined within a subbasin, the HRU in SWAT+ is
defined within a landscape unit (LSU) and one or more of those LSUs make up a subbasin.
Flow and loadings can be routed between these LSUs using a landscape routing model [12].
This improvement was largely motivated by watershed modelers hat have put emphasis
on simulating and understanding the interaction of landscape hydrologic processes that
produce the streamflow and loadings signals observed at the watershed outlet [14]. Arnold
et al. [7] developed a first version of a SWAT landscape model by dividing a watershed into
three LSUs, the divide, hillslope, and valley bottom, and routed flow across a representative
catena. In this study, each subbasin was divided into two landscape units, upland and
floodplain areas (or hillslopes and riparian zones). Being able to simulate the interaction be-
tween those two areas is important for pesticide exposure simulations as chemical loadings
generated in the upland get the opportunity to infiltrate or being trapped in the floodplain.
While still not completely spatially explicit, this configuration allows for a more realistic
representation of water, sediment, and agricultural chemical transport processes.

Management operations have been enhanced in SWAT+ with the introduction of
decision tables that can be used to define rule sets that allow for a more flexible and
realistic timing of management operations [12,15]. Decision tables, like flowcharts, if-then-
else, and switch-case statements associate conditions with actions to perform. They are a
compact way to accurately represent complex, real-world decision-making. Current SWAT+
variables that can be used in decision tables include a time period, plant and soil condition,
weather, current land cover type, and probabilities. Some of those variables are particularly
useful for pesticide exposure assessments because they allow the user to incorporate the
percent crop treated (PCT), the probability that a crop grown in a specific year is treated
with a pesticide, into decision tables. For example, the application of a pesticide on corn
could have a 50% chance of occurring in 2010. An overview of decision table theory, its
historic use in models, and its implementation in SWAT+ is provided by [15].

The landscape pesticide processes in SWAT+ are still based on the GLEAMS model [16]
and the in-channel processes that simulate pesticide transformation are based on methods
developed by [17]. New to SWAT+ is the ability to simulate the process of a parent chemical
forming a metabolite (daughter product). To this end, formation fractions for the foliar,
soil, aquatic, and benthic degradation processes can be provided. SWAT+ simulates the
formation using the parent decay rates and the molecular weight ratio adjusted formation
fractions for the metabolite.

2.2. Study Area

The GKb catchment is located in the Flanders region of Belgium (see Figure 1) with
an area of approximately 1030 ha. The catchment’s land use is predominantly agricultural
(>85%), with some forest, farmsteads, and non-cultivated grassland. Main crops grown
include corn, potato, and winter wheat. Agricultural fields are close to surface water bodies
(i.e., no riparian buffers). The mean elevation of the catchment is 53 m, and ranges from
a minimum of 27 m to a maximum of 154 m. Based on the years from 2010 to 2013, the
average annual precipitation for the GKb catchment is 815 mm/year, with 18 mm/year
(liquid equivalent) falling as snow or frozen precipitation. The watershed soils are mostly
poorly to imperfectly drained loams, silts, and silt loams, and about 50% of the watershed
area is tile-drained.
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Figure 1. Overview of the Grote Kemmelbek catchment in the Flanders region of Belgium, its stream
network, digital elevation model, and land use and soil maps (only soil types with an area greater
than 2% of the watershed are shown in the legend and the corresponding soil series codes can be
found in [18]).

2.3. Input Data Sets
2.3.1. Spatial Input Data

Figure 1 gives an overview of the GKb stream network, topography, land use, and
soil type distributions. A digital elevation model (DEM) with a resolution of 1 m [19]
was resampled to a resolution of 2 m and used for landscape and watershed delineation.
Physical soil properties were extracted from a 1:20,000 soil survey [18] and the Land Use
and Coverage Area frame Survey (LUCAS, [20]). A land-use data spatial data layer for
the GKb catchment was developed from four years of field-specific cropping information
collected as part of the monitoring and stewardship program in the catchment [21]. The
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annual maps from the stewardship program were filled up with OSM (Open Street Map)
land use data to provide a continuous land use layer. A spatial data layer of streams along
with a survey of stream cross-section geometry was obtained from the Flemish government
and the municipality Heuvelland via personal communication. The data was used to burn
the channel network into the DEM and define SWAT channel parameters. An overview of
the input data is provided in Table 1.

Table 1. Data sources.

Data Type Scale/Resolution Source Data Description, Processing, and Usage

Topography 1 m [19] Digital Elevation Model (DEM) resampled to
2 m, landscape unit delineation, model input

Land use Field [21] and Open Street Map
(non-agricultural areas)

Farmer survey (agricultural areas [21]) and
Open Streetmap (non-agricultural areas)

resampled to 2 m, model input

Soils 1:20,000

Databank Ondergrond
Vlaanderen [18] and Land Use

and Coverage Area frame
Survey (LUCAS, [20])

Soil types aggregated by soil series and
texture, organic carbon, rooting depth, and

depth to groundwater obtained from
representative soil borings for the series.

LUCAS database used for gravel percentage.
Pedo-transfer functions [22,23] are used to
estimate missing parameters, resampled to

2 m, model input

Weather 4 gauges

Flemish Government
(personal communication)

and INAGRO
(personal communication)

Daily precipitation and temperature data, all
gauges are located outside of the catchment,

created virtual gauges for each subbasin
based on inverted distance interpolation,

model input

Streams 7.5-min quadrangle Flemish Government
(personal communication)

Mapped stream network, model input
(channel dimensions, burn-in during

watershed delineation)

Discharge 1 gauge (outlet) [21] 5-min time step aggregated to daily, model
calibration and validation

Pesticide Monitoring 1 gauge (outlet) [21]
Almost daily sampling, aggregated to daily if
multiple samples per day, model calibration

and validation

Pesticide Application Field [21] Daily field level FFA application data,
model input

2.3.2. Farmer Survey Application Data

Pesticide application data and other agronomic data (e.g., planted crops) were obtained
by carrying out a field-level survey among the farmers within the catchment area after each
growing season [21]. Based on this survey, applied herbicides, application rates, and dates
were provided for each field along with information on crop rotations. All this data was
compiled into field-specific management schedules. Furthermore, the data was used to
derive more generic information such as percent crop treated, average application rates,
and typical application windows. An overview of the annually cropped and FFA treated
acreage within the GKb catchment is provided in Table 2.
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Table 2. Annual cropped and treated areas at GKb. Percent cropped area is calculated as FFA labeled
crop area divided by watershed area (1030 ha) and percent crop treated is calculated as the area
treated with FFA divided by the area of FFA labeled crop.

Year Total Crop Area (ha) Area of FFA Labeled
Crops (ha)

Area Treated with
FFA (ha) Percent Cropped Area Percent Crop Treated

2010 532.4 312.4 197.4 52% 63%
2011 530.3 323.2 212.9 51% 66%
2012 528.4 264.5 150.4 51% 57%
2013 550.7 342.4 224.8 53% 66%

2.3.3. Weather

Daily precipitation and temperature data (required for the Hargreaves potential evapo-
ration method) were obtained from 4 gauges outside of the watershed area. Virtual gauges
were created for each subbasin based on an inverse distance interpolation method.

2.3.4. Monitoring Data

A monitoring station measuring flow was set up at the outlet of the GKb catchment for
a period of 3.5 years (May 2010 to December 2013). Two daily water samples were collected
and analyzed for pesticide residues over the same period and location as the streamflow
monitoring. The high-resolution flow and concentration data were aggregated to daily
average values for use in calibration and evaluation of the SWAT+ model. There was one
notable period of missing data (from 5–29 March 2012) when a high flow event damaged
the flow monitoring equipment. Details regarding the monitoring program are provided
in [21]. The hydrograph is shown in the Section 3.

This study focused on the herbicide flufenacet (FFA) and its metabolite FFA-SA, which
both have been the objective of other pesticide exposure studies [24]. Typical applications of
FFA occurred in the GKb catchment between April and June, and significant concentrations
were observed at the monitoring station in May 2010 (5.1 µg/L), and June–July 2012
(2.055 to 3.845 µg/L). FFA, with moderate mobility, tends to peak within its application
period or shortly after and disappears relatively quickly after the application period. In
contrast, FFA-SA is a degradate of FFA that forms through aerobic soil metabolism [25]. It
peaks about six months after the FFA application period and had its maximum observed
concentrations in December 2011 (1.07 µg/L) and October 2013 (1.04 µg/L). The observed
FFA and FFA-SA monitoring data is shown in the Section 3.

2.3.5. Environmental Fate Properties

The FFA and FFA-SA environmental fate characteristics were the same as used in the
EU regulatory process [25]. These parameters include a soil adsorption coefficient (Koc)
of 221.2 mg/L, a soil half-life of 12.12 days, a foliar half-life of 3 days, no aerobic aquatic
degradation, and an anaerobic aquatic half-life of 49.6 days for FFA. For the metabolite
FFA-SA, a soil adsorption coefficient (Koc) of 11.1 mg/L, a soil half-life of 31.62 days, and
no aerobic and anaerobic aquatic degradation were used. FFA-SA only forms from FFA
through soil metabolism processes with a formation fraction of 0.247.

2.4. FFA Point Source Contributions in the GKb

During the course of the stewardship program [21], it was determined that misuse
of the products (e.g., spillage on hard surfaces during filling or wash-off from rinsing
spraying equipment) caused pesticide point source contributions to surface waters in the
GKb. This was confirmed by a modelling study conducted by [26]. The analysis found that
46% (34 of 74) of elevated FFA concentration detections (greater than 0.25 µg/L) were not
likely to be caused by diffuse sources and were therefore likely to be a result of point-source
contributions (see Figure 2 below and Figure 2 in [26]). The identification of the point
source contributions is important for understanding exposure pathways and developing
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effective mitigation measures. From a modeling perspective, the information is crucial
because without the identification of point source contributions unrealistic parameter
values might be determined during the calibration process or wrong conclusions might be
drawn regarding the model performance.
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2.5. Baseline SWAT+ Setup and Parametrization

Several model configurations were needed to fulfill the research objectives of this
study. However, in the first step, a baseline configuration was set up using the input data
described above. The baseline configuration is supposed to represent the most realistic
configuration and was used for model calibration. It takes advantage of the landscape-level
transport processes (landscape routing) and uses the pesticide application data provided by
the farmer survey. Simulations were conducted for the 4-year period from 2010 to 2013 that
overlaps with the period for which monitoring data is available, plus a 2-year warm-up
period from 2008 to 2009.

The QSWAT+ interface (available through the SWAT+ website) was used for watershed
and landscape unit delineation. Two landscape units representing upland and floodplain
areas were defined using the inverted DEM slope position method [10] with a slope position
threshold of 0.1. Among the methods and thresholds tried, this configuration resulted in
floodplain areas that had the best fit with poorly to very poorly drained soils and gleysols.
In total, 23.7% of the total watershed area was defined as a floodplain. Connectivity between
upland, floodplain, and channel was set up according to the method suggested by [14].
A deep aquifer was added to the default interface configuration which is an established
method to better account for the complex subsurface processes in lowland catchments [27].
The field-level land use data and detailed stream network resulted in 505 landscape units
and 6419 HRUs.

Each FFA application was realized with a management operation designed specifically
to replicate a foliar spray application as parametrized in the United States Environmental
Protection Agency (USEPA) Pesticide Root Zone Model (PRZM) 3.12.2 [28], which is used
for US and EU regulatory pesticide exposure modeling. In this approach, the pesticide is
incorporated down to 4 cm (with the incorporated mass linearly decreasing with depth).
To this end, 43.75% of the chemical mass is surface applied and the remaining fraction is
injected at a depth of 20 mm. An application efficiency of 99% was assumed. Off-target
drift deposition onto the surface water bodies was not considered in this study.
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2.6. Model Calibration

The SWAT model was calibrated to the observed flow, FFA, and FFA-SA concentration
data. The calibration of the three components was conducted concurrently while the
evaluation approach differed between hydrologic and chemical calibration. The hydrologic
component included both a quantitative evaluation of goodness-of-fit statistics and a
qualitative assessment of hydrograph attributes (shape and timing). The goodness-of-fit
statistics included the PBIAS (percent bias), NSE (Nash Sutcliffe Efficiency, [29]), logNSE
(logarithm of the NSE to emphasize low flows), and KGE (Kling-Gupta Efficiency, [30]
based on [31]). Due to the FFA point source contribution issue described above, FFA was
evaluated qualitatively based on the concentration probability exceedance distribution
and shape and timing of the chemograph. Because FFA-SA is not subject to the point
source situation, the NSE was calculated on the probability exceedance curve using 1%
increments in addition to the qualitative evaluation. The adjustment of parameters was
conducted manually. A manual calibration approach was followed in favor of an automatic
optimization approach to achieve a better understanding of the catchment’s hydrology and
transport processes represented by SWAT+. While implementing an automatic optimization
approach likely could have achieved somewhat better goodness-of-fit statistics, the benefits
of the manual approach were judged to be of higher value. The entire 3.5-year record
of observed data was considered to be the calibration period, and a second independent
validation period was not selected. This is a common approach used for hydrologic model
calibration when the observed data period is too short [32].

The parameters selected for calibration and their final version are shown in Table 3.
It should be noted that the FFA and FFA-SA soil half-life values were adjusted to account
for the difference between the laboratory and actual temperature in the watershed. To this
end, the range of realistic half-life values was determined using the Q10 factor method as
described in [33]. The final values of 24.24 and 55.34 days for FFA and FFA-SA, respectively,
represent a temperature-adjusted decay which is still in the range of the laboratory values
reported in [25].

Table 3. SWAT+ input parameters selected for calibration and final calibrated values.

Parameter Unit Process Default Lower Limit Upper Limit Value

H
yd

ro
lo

gy

can_max mm/H2O
Evaporation

1 0 100 0.5
esco - 0.95 0 1 0.01
epco - 1 0 1 0.95

cn_a_cn_d - Surface runoff variable 30 100 ×0.97 (−3%)
awc mm_H2O/mm Soil variable 0 1 ×0.8 (−20%)

tile_dep mm
Tile drains

1000 0 6000 950
tile_dtime hrs 48 0 100 24
alpha_bf 1 days

Aquifer

0.048 0 1 0.5/0.01
rchg_dp 1 fraction 0.05 0 1 0.7/0

revap_min 1 m 3 0 10 5/10
perco fraction 1 0 1 0.75

Pe
st

ic
id

e pest_perc fraction Transport 0.5 0 1 0.75
pestgwfact fraction - - - 0.004

hl_soil (FFA) 2 days
Fate

12.12 - - 24.24
hl_soil (FFA-SA) 2 days 31.62 - - 55.34

1 the final values represent the deep/shallow aquifer, respectively; 2 adjustment was based on the difference
between watershed and laboratory temperature.

2.7. Analysis Framework

The three objectives of this study were to (1) assess if SWAT+ is capable of concurrently
simulating a pesticide and one of its metabolites, (2) evaluate and estimate the impact
of the new landscape level spatial representation of pesticide transport processes, and
(3) evaluate the rule-based probabilistic pesticide application approach. To this end, two
watershed configurations with landscape routing (LR) and without landscape routing (NR)
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were created along with five different pesticide application schedule realizations based on
the farmer survey (FS) or SWAT+’s conditional management approach (C1 to C3B).

The application scenarios were developed to evaluate whether the SWAT+ rule-based
probabilistic pesticide application approach results in similar pesticide concentrations
compared to what is achieved using detailed field-level application data available from a
farmer survey. The conditional scenarios assumed that only basic information regarding
pesticide applications is available. This includes the typical number of applications within
the growing season, the average application rate per crop, the percent crop treated (PCT),
and a range of dates on which the pesticide is applied (an application window). The
conditional applications include a random component and require running and evaluating
an ensemble of simulations (e.g., 100 runs) to avoid biases. In this study, the evaluation
showed no systematic bias, and a random run was selected for a detailed evaluation which
is presented here.

The list below describes the seven setups designed to address the three research
objectives of this study. Each configuration is labeled by a letter code in the form of
XX-YY, where XX specifies the landscape configuration (NL or LR) and YY indicates which
agricultural management scenario was used, farmer survey-based (FS) or conditional
operations (C1 to C3B). The different configurations are summarized in Table 4.

1. LR-FS—Landscape routing with farmer survey-based pesticide applications. This
configuration is the baseline simulation used for calibration and represents the highest
degree of realism in terms of transport processes and pesticide applications. Evalua-
tion of the landscape pesticide transport processes and the metabolite formation and
transport is conducted based on this setup.

2. NL-FS—No landscape routing with farmer survey-based pesticide applications. This
configuration is a clone of LR-FS but without considering interactions between upland
and floodplain landscape units. Flow and loadings originating in the upland are
routed directly to the channel system. This setup represents the classic SWAT-HRU
configuration. A comparison between this setup and LR-FS is used to assess the
impact of landscape routing for pesticide exposure assessments.

3. LR-C1—Landscape routing with conditional pesticide applications 1. The following
configurations represent different complexities of conditional management opera-
tions, where a pesticide application is triggered by certain rules. More realism is
incorporated into the rules in a stepwise approach to assess the impact of individual
refinement steps. The C1 scenario represents the simplest ruleset where 100% of the
crops on the FFA label are treated (PCT of 100%) on a single day (mid-point of the
typical application window), with a typical application rate. Assuming a pesticide
is applied to all cropped areas is a common assumption in conservative pesticide
exposure modeling scenarios (e.g., screening level simulations) and when no pesticide
usage data is available.

4. LR-C2A—Landscape routing with conditional pesticide applications 2A. The C2
scenario accounts for actual usage instead of assuming 100% PCT. In this scenario,
HRUs are randomly selected by the SWAT+ conditional module for being treated with
FFA based on the likelihood represented by the PCT. All applications are still made
on a single day.

5. LR-C2B—Landscape routing with conditional pesticide applications 2B. The 2B sce-
nario represents the actual PCT through PCT adjusted application rates. This means
that all crops are treated with a PCT-adjusted application rate (i.e., the typical applica-
tion rate is multiplied by the PCT). The pesticide mass applied within the watershed
is the same for scenarios 2A and 2B.

6. LR-C3A—Landscape routing with conditional pesticide applications 3A. This scenario
uses the same configuration as in C2A, but the applications are spread out over
a typical application period, resulting in applications throughout the watershed
occurring on many different dates. The selection of which HRUs are treated on which
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date is automatically conducted by SWAT+’s conditional module by assuming a
uniform distribution of the application window.

7. LR-C3B—Landscape routing with conditional pesticide applications 3B. This scenario
uses the same configuration as in C2B, but the applications are spread out over a typi-
cal application period resulting in applications throughout the watershed occurring
on many different dates. The selection of which HRUs are treated on which date is
automatically conducted by SWAT+’s conditional module.

Table 4. List of scenarios evaluated in the study.

Scenario
Name

Landscape
Routing

Percent Crop
Treated

Pesticide
Application Rate

Pesticide Application
Timing

Pesticide Application
Mass (kg)

NL-FS No Actual Actual Actual 1891.3
LR-FS Yes Actual Actual Actual 1891.3
LR-C1 Yes 100% Average per crop Single day 3002.9

LR-C2A Yes Actual Average per crop Single day 1903.8
LR-C2B Yes 100% PCT-adjusted Single day 1904.7
LR-C3A Yes Actual Average per crop Random within window 1894.2
LR-C3B Yes 100% PCT-adjusted Random within window 1896.9

3. Results and Discussion
3.1. Model Calibration and Evaluation of Chemical Transport Processes

Table 5 shows the basin water balance and pesticide budgets. The distribution of
the flow components and the relevance of these pathways for the associated FFA and
FFA-SA transport indicate that tile and lateral flow in the GKb catchment contribute most
to streamflow, which are also the most significant transport pathways for both, FFA and
FFA-SA. Surface runoff and groundwater flow components are in a similar range. However,
surface runoff has a higher relevance for FFA transport and groundwater flow for FFA-SA.

Table 5. Ratio of flow components, FFA and FFA-SA within the different flow components for the
LR-FS scenario.

Surface Runoff Lateral Flow Tile Flow Ground-Water Flow Evaporation
Decay

Soil Storage
Change

Flow components 7.34% 11.60% 18.12% 8.65% 53.81% 0.49%
FFA 0.11% 0.14% 0.14% 0.04% 99.58%

FFA-SA 0.15% 3.46% 4.53% 1.00% 90.86%

The daily hydrograph for the calibration scenario FS-LR (see Figure 3a) indicates that
the model simulates daily streamflow well in both, low and high flow conditions. The
model, however, tends to underpredict discharge peaks. During the simulation period,
annual precipitation in the GKb catchment varies between 634 mm (2011) and 944 mm
(2012). The high variability in precipitation provides a challenge for model calibration and
discrepancies in peak flows are common for SWAT in such conditions [9]. Nevertheless, the
values of typically used model performance metrics are very good according to [34]. The
PBIAS, daily NSE, and daily KGE are 3.26%, 0.63, and 0.81 over the entire simulation period
and it was concluded that the hydrologic model performance provides a good foundation
for evaluating chemical transport and formation processes.
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Figure 3. Observed and simulated LR-FS and NL-FS (a) streamflow, (b) FFA concentrations, and
(c) FFA-SA concentrations.

Reviewing the daily FFA chemograph (Figure 3b) shows that the model is able to
accurately predict the dynamics and timing of pesticide concentrations but tends to un-
derpredict extreme events in 2010 and 2012, while such events are overpredicted in 2013.
The underprediction can be partly attributed to the fact that the model also underpredicts
streamflow peaks and associated surface runoff-related transport processes. It should
further be noted that the daily monitoring concentration data was calculated as the average
from multiple daily samples [21] while the simulated concentration is obtained from a
daily time-step model. Thus, the model might not capture the peak concentration seen in
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the monitoring data due to the different time scales used for modeling and monitoring,
which could further explain the underestimation of some peak events. However, for the
FFA evaluation, it should be kept in mind that previous research showed that 46% of
elevated FFA concentrations greater than 0.25 µg/L are likely caused by point sources [26]
as they could not be explained with diffuse physical transport processes (Figure 2). The FFA
concentration overprediction in 2013 could be caused by two consecutive high precipitation
years that lead to high soil moisture conditions in the model causing an overestimation
of pesticide transport into the channel via surface runoff and fast subsurface processes.
Precipitation in 2012 and 2013 was 943 mm and 878 mm, respectively while the mean
precipitation is 815 mm.

The ability to directly simulate the formation of metabolites was integrated into SWAT+
by the SWAT+ development team during this research effort and the evaluation of those
processes was part of the scope of this study. The simulated FFA-SA daily chemograph
(Figure 3c) shows very good agreement with the observed chemograph. Considering the
overall low concentrations, the predictions of the peak concentrations are accurate (with
one exception in 2011). The chemograph is well represented during peak, recession, and
low concentration periods, which is confirmed by the probability exceedance curve shown
in Section 3.3 (Conditional Management Operations) and the corresponding NSE of 0.99.

3.2. Impact of Landscape Routing

The differences in streamflow at the GKb outlet between the landscape (LR-FS) and
no-landscape routing (NR-FS) scenario were small (see Figure 3a) with minimal differences
during low-flow periods. For some events, the peaks of the NL-FS routing scenario were
greater than the peaks of the LR-FS scenario. A fraction of the runoff generated in the
upland interacts with the floodplain and has the opportunity to infiltrate into the floodplain,
which has a buffering effect on the peaks. However, for other events, it can be observed
that the landscape routing scenario shows higher peaks. Those events mainly occur during
the wet season. At that point, the soil moisture in the floodplain landscape unit is more
saturated and has little capacity for infiltration of precipitation falling on the floodplain and
runoff from the upland. Precipitation on the more saturated landscape results in higher
surface runoff, which explains the higher peak of the landscape routing scenario during
those conditions.

Comparing the observed, LR-FS, and NR-FS FFA chemograph shows that the differ-
ences between the routing schemes at the GKb outlet are small (see Figure 3b). The LR
scenario shows greater peak concentrations and is closer to the observed values than the NL
configuration. However, this observation is not 100% consistent and there are some events
(e.g., in July 2012) where the NL shows higher peaks. As FFA is primarily surface runoff
driven, the explanation given for streamflow above also applies to FFA concentrations. The
point source contribution issue described above impedes an impartial comparison between
observed and simulated values. However, the spatially more realistic LR setup seems to
provide more realistic results at the GKb outlet.

A comparison of the spatial distribution of annual average HRU-level FFA loadings
between the LR-FS and NR-FS scenarios shows that the landscape routing setup provides a
more realistic configuration. Some fields located in close proximity to the streams show a
higher vulnerability (based on FFA loadings) compared to the no-landscape setup (Figure 4).
If the modeler’s scope is a spatial description of pesticide transport processes within a
hydrologic system (e.g., detection of critical pesticide source areas), the spatially more
realistic landscape routing configuration is recommended, because spatial patterns of
topography and subsurface characteristics often exert significant control over hydrological
processes within a watershed [11].
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Comparing the FFA-SA chemographs (see Figure 3c) further highlights the importance
of a spatially more accurate routing scheme. The LR-FS shows a good agreement between
observed and simulated FFA-SA concentrations, while the NR-FS setup overpredicts most
concentration peaks and shows higher discrepancies to the observed values during reces-
sion and low-flow periods. However, it should be noted that calibration was conducted on
the LR-FS configuration and that outperformance of the LR-FS over the NR-FS model is
expected. Nevertheless, differences between the setups at the outlet were relatively minor
for streamflow and FFA concentrations, while bigger differences are observed for FFA-SA
concentrations. This is confirmed by the probability exceedance distributions shown in
Figure 5d. The corresponding NSE values calculated on the exceedance curve are 0.99 and
0.90 for the LR-FS and NR-FS models, respectively. The results demonstrate that a realistic
routing scheme is an important factor in pesticide risk assessments. The benefit of a more
accurate simulation of the landscape and the availability of model output with a higher
spatial resolution comes at the cost of increased model complexity that leads to higher
computational demands.

3.3. Conditional Management Operations

An evaluation of the rule-based management applications for FFA and FFA-SA is
presented in Figure 5. For FFA (Figure 5a) it can be seen that the rule-based management
applications converge towards the most realistic (LR-FS) simulation with an increasing
level of realism incorporated into the management rules (LR-C1 to LR-C3A). The rule-based
management operations are able to represent the concentration dynamics well and the
timing of events is similar to the farmer-survey-based applications. The simplest rule-
based applications (LR-C1) overestimate peak concentrations in comparison to LR-FS. The
greatest level of refinement was achieved when incorporating actual usage information in
the form of annual crop-specific PCT values (LR-C2A). Spreading out the applications over
a time window results in further reductions of concentrations but also leads to events that
are not seen in the observed data or in the LR-FS simulations. This is expected because the
conditional timing of applications includes a random component leading to applications
that did not necessarily reflect reality.
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Figure 5. Comparison between observed, SWAT+ conditional management-based, and SWAT+
farmer survey-based (a) FFA concentrations, (b) FFA-SA concentrations, (c) exceedance probability of
FFA concentrations, and (d) exceedance probability of FFA-SA concentrations.

The most refined conditional simulation (LR-C3A) matches the peaks predicted by
LR-FS well in most cases. However, there are one major and two minor peaks in 2013 where
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the LR-C3A model underestimates the concentration magnitude of LR-FS. Such differences
can be caused by the fact that actual location, timing, and application rates are used by
LR-FS, while LR-C3A uses randomly selected fields with a random timing and an average
application rate. For the conditional simulations, it was also evaluated whether it makes a
difference to (a) randomly treat HRUs (or fields) according to the PCT or (b) treat all HRUs
(or fields) but adjust the application rate by the PCT. The evaluation shows that there are
minor differences between the two options and that both options generate feasible results
(Figure 6).
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Figure 6. Comparison of simulated (a) FFA and (b) FFA-SA concentrations from conditional simula-
tions using actual PCT (LR-C3A) with an actual application rate and assuming 100% PCT with a PCT
adjusted application rate (LR-C3B).

A first look at the exceedance probability plot shown in Figure 5c unexpectedly
indicates that the simple (LR-C1) scenario agrees best with the observed and farmer survey-
based simulation (LR-FS). However, the good agreement between the LR-FS simulation and
the observed data for the extreme event is mainly caused by an LR-FS overprediction in 2013
that matches the magnitude of an observed event in early 2010, which is under predicted.
For less extreme events (from the greater 1% to 100% exceedance probability) the LR-FS,
LR-C2A, and LR-C3A distributions agree very well. Overall, it can be concluded that the
stepwise incorporation of realism into SWAT+ conditional management operations resulted
in lower predicted exposure concentrations. The conditional simulations are able to produce
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concentrations similar to what can be achieved with farmer survey-based application data.
However, the FFA point source contribution issue makes an evaluation challenging.

Comparing the conditional simulations for FFA-SA shows that the most refined rule-
based simulation agrees best with the LR-FS scenario and observations (Figure 5b,d). The
FFA-SA concentrations are not subject to the FFA point source contribution issue. There
are, however, some events with a discrepancy between LR-C3A and LR-FS FFA-SA peak
concentrations (e.g., in July 2013). The FFA-SA exceedance probability curve shows a
very good match between observed, LR-C2A, LR-C3A, and LR-FS simulations. The NSE
calculated on the exceedance probability distribution is 0.88 for LR-C1 and 0.99 for LR-C2A,
LR-C3A, and LR-FS. Similar to what was observed for FFA, the difference between using
the actual PCT with an average application rate (LR-C2A and LR-C3A) and using 100%
PCT with a PCT-adjusted application rate (LR-C2B and LR-C3B) are relatively minor and
no difference can be seen in the NSE applied to the exceedance probability distribution. In
summary, the results for FFA and FFA-SA show that rule-based applications can be used as
a surrogate for field-level farmer survey-based pesticide application information. While the
conditional simulation cannot predict individual events, the overall dynamics and annual
magnitude of events are well represented, especially for FFA-SA.

4. Summary and Conclusions

The next generation of the SWAT model, SWAT+, was applied and evaluated in terms
of its suitability for pesticide concentration time series and daily exceedance probability
predictions. SWAT+ provides three main advantages for pesticide risk assessments over
the SWAT model, which are (1) the ability to directly simulate the formation of degradation
compounds, (2) spatially more explicit representation of hydrologic and chemical transport
processes, and (3) the availability of more flexible, rule-based management operations
well-suited to describing pesticide application practices at the watershed scale. This paper
evaluated the functionality of the three new features and assessed their impact on pesticide
exposure simulations. The GKb catchment was chosen as a study area because 3.5 years of
high-resolution monitoring data were available together with a field-level farmer survey
where all herbicide applications were reported. The evaluation was based on the commonly
used herbicide FFA and its soil metabolite FFA-SA.

The hydrologic and chemical calibration was conducted using the spatially more
explicit landscape routing configuration and FFA applications based on the field-level
farmer survey. It resulted in very good hydrologic, satisfactorily FFA, and very good
FFA-SA performance. Despite some challenges related to the FFA point source contribution
issue in the GKb catchment, the results obtained here confirm that SWAT+ has the capability
for accurate watershed-scale pesticide simulations, as has also been observed in numerous
studies for the original SWAT model. SWAT+ showed very good performance in simulating
the metabolite FFA-SA, demonstrating that SWAT+ is able to simulate the formation of
degradation compounds which fills a gap in the currently available toolset of watershed
scale pesticide exposure assessments.

Evaluation of a more accurate spatial representation of hydrologic and chemical
transport processes was conducted based on two setups which were both based on the
farmer survey applications. The setups were identical, except for the routing scheme used.
The results showed (1) a minimal impact of the routing scheme on hydrology, (2) that more
realistic pesticide concentrations could be obtained with the landscape routing setup at
the watershed outlet, and (3) that the landscape routing setup provides higher resolution
spatial information important for the identification of critical pesticide source areas. The
benefit of the landscape routing was more significant for the metabolite FFA-SA while the
FFA evaluation remained challenging due to the point source contribution issue. It should
be noted that calibration was conducted on the landscape routing setup, which might have
introduced a bias that caused the outperformance of the landscape routing setup over the
non-landscape routing setup. However, the spatial evaluation and the higher difference
of FFA-SA concentrations between the two setups shows the importance of an accurate
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representation of transport processes for pesticide exposure assessments. Future research
should be conducted to confirm the importance of the landscape position (e.g., distance to
surface water bodies) for the environmental impact of pesticide applications.

The absence of pesticide application data (location, timing, rate) is a major uncertainty
in most pesticide exposure assessments. Such data is only available through farmer surveys,
which are time consuming and expensive to conduct. Thus, it was evaluated whether
SWAT+’s conditional management operations can provide results similar to what can be
obtained from field-level application information. The most refined rules evaluated in
this study require annual percent crop treated (PCT) values, a typical application rate,
and a typical application window. That information is often available through market
surveys and crop consultants. The results of this study indicate that individual events
cannot be accurately simulated with that approach but that a similar degree of realism
can be achieved if this information is used in SWAT+ rule-based management operations,
which would reduce the costs for farmer surveys. However, the benefit could come at the
cost of greater model uncertainty when the parameters required for rule-based scheduling
(PCT, application rate, application window) are estimated. Future studies are needed to
confirm the findings and develop guidance on how to derive these parameters.

It was further evaluated whether there is a difference between using actual PCT with
a typical application rate or assuming a PCT of 100% with a PCT-adjusted application rate.
While both setups result in the same mass of pesticide applied in the watershed, the actual
PCT requires a random selection of fields being treated. The results from this study indicate
that the choice of method does not have a significant impact on simulating the timing and
magnitude dynamics of pesticides and their metabolite, but that there can be differences
for individual events. Using the PCT-adjusted rate is recommended for a critical source
area analysis as it accounts for the entire treatable area and avoids a random selection of
treated areas.

The accuracy of the pesticide concentration simulations with the new features of
SWAT+ in the present study demonstrates the model’s ability to provide more predictive
estimates with reduced uncertainty. In addition to the extensive peer-revision and testing
by the international scientific community, our evaluation of SWAT+ and its new features
further supports the model viability for regulatory pesticide exposure assessment use.
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