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Abstract

The application of pesticides to agricultural areas can result in transport to adjacent non-target
environments. In particular, surface water systems are likely to receive agricultural pesticide
input. When pesticides enter aquatic environments, they may pose a substantial threat to the
ecological integrity of surface water systems. To minimize the risk to non-target ecosystems the
European Union prescribes an ecotoxicological risk assessment within the registration procedure
of pesticides, which consists of an effect and an exposure assessment. This thesis focuses on the
evaluation of the exposure assessment and the implications to the complete regulatory risk
assessment, and is based on four scientific publications. The main part of the thesis focuses on
evaluation of the FOCUS modelling approach, which is used in regulatory risk assessment to
predict pesticide surface water concentrations. This was done by comparing measured field
concentrations (MFC) of agricultural insecticides (n = 466) and fungicides (n = 417) in surface
water to respective predicted environmental concentrations (PEC) calculated with FOCUS step 1
to step 4 at two different levels of field relevance. MFCs were extracted from the scientific
literature and were measured in field studies conducted primarily in Europe (publications 1 and
3). In addition, an alternative fugacity-based multimedia mass-balance model, which needs fewer
input parameters and less computing effort, was used to calculate PECs for the same insecticide
MFC dataset and compared to the FOCUS predictions (publication 3). Furthermore, FOCUS
predictions were also conducted for veterinary pharmaceuticals in runoff from an experimental
plot study, to assess the FOCUS predictions for a different class of chemicals with a different
relevant entry pathway (publication 2). In publication 4, the FOCUS step-3 approach was used to
determine relevant insecticide exposure patterns. These patterns were analysed for different
monitoring strategies and the implications for the environmental risk assessment (publication 4).

The outcome of this thesis showed that the FOCUS modelling approach is neither protective nor
appropriate in predicting insecticide and fungicide field concentrations. Up to one third of the
MFCs were underpredicted by the model calculations, which means that the actual risk might be
underestimated. Furthermore, the results show that a higher degree of realism even reduces the
protectiveness of model results and that the model predictions are worse for highly hydrophobic
and toxic pyrethroids. In addition, the absence of any relationship between measured and
predicted concentrations questions the general model performance quality (publication 1 and 3).
Further analyses revealed that deficiencies in protectiveness and predictiveness of the
environmental exposure assessment might even be higher than shown in this thesis, because
actual short-term peak concentrations are only detectable with an event-related sampling strategy
(publication 4). However, it was shown that the PECs of a much simpler modelling approach are
much more appropriate for the prediction of insecticide MFC, especially for calculations with a
higher field relevance (publication 3). The FOCUS approach also failed to predict concentrations
of veterinary pharmaceuticals in runoff water (publication 2). In conclusion, the findings of this
thesis showed that there is an urgent need for the improvement of exposure predictions
conducted in the environmental risk assessment of pesticides as a group of highly relevant
environmental chemicals, to ensure that the increasing use of those chemicals does not lead to
further harmful effects in aquatic ecosystems.

VI
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1 Introduction

1.1 The significance of pesticides in global agriculture

The human population is growing today by 1.18% per year. This means that there are an
additional 83 million people every year, which will result in 8.5 billion people by the year 2030
(United Nations 2015). The increasing world population, together with the increasing use of
grains for livestock feed and energy plants, will lead to an agricultural intensification. For
example, the worlds' grain production increased over the last ten years by almost 16%, and will
further increase by 11% until 2024 to 4.1 tonnes per hectare (OECD 2015). Agricultural
intensification, also known as the Green Revolution, was possible through the introduction of
genetically improved crops, chemical fertilisation and pest control via synthetic pesticides. Green
et al. (2005) mentioned that from all factors that contributed to the overall increase of 106% in
food crop yield per area between 1961 and 1999, pesticide production increased the most
(854%). It was estimated by Tilman et al. (2001) that, if past patterns continue, global pesticide
production will increase by a factor of 1.7 from 2000 to 2020 and by a factor of 2.7 by 2050,
reaching a volume of 10.1 million tonnes per year. Even if population growth in the European
Union (EU) is declining at the moment, the use of pesticides will become even more important in
the future. Beside those factors that lead to agricultural intensification, resistance and climate
change will further increase pesticide significance. Oerke and Dehne (2004) stated that the
possible loss of crops by pests varies from less than 50% (on barley) to more than 80% (on sugar
beet and cotton), while the efficacy of crop protection lies between 43 and 50% in food crops.
From this perspective it seems that pesticides are indispensable in today's agricultural food
production in preventing and controlling pests and diseases, and to maintain yields at a level
sufficient for a growing human population (Oerke and Dehne 2004). Nevertheless, those
forecasts do not consider developments in technology, social and environmental regulations, and

consumers' behavioural changes.

1.2 Environmental relevance of pesticides for aquatic systems

Pesticides are highly biologically active substances that are applied to the environment
deliberately to control or eliminate targeted organisms. The application of pesticides to

agricultural areas can result in transportation of these chemicals to surrounding non-target
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environmental compartments like surface water bodies (Jergentz et al. 2005; Schéfer et al. 2008).
Small artificial ditches, constructed to drain fields, constitute a substantial share of the aquatic
systems present in the European agricultural landscape (Schulz 2004; Bereswill et al. 2012).
Each of those systems represents a habitat for a multitude of different organisms. Furthermore,
those systems play a significant role in influencing successional surface water systems of higher
order. The existence of such surface water systems in the agricultural landscape leads them to
constitute habitats likely to receive agricultural pesticide input after pesticide application
(Schwarzenbach et al. 2006). The exposure of a chemical is defined as the presence in the
environment and is normally described as the chemical’s long or short term concentration within
the respective environmental media (Scheringer 1999). Exposure level and duration are
determined by the chemicals' emission rate and the environmental fate. The emission rate of a
pesticide is equal to the application amount and conditions. The application conditions are
generally very different for different substance groups. Insecticides are normally applied in the
field to acute infestations in comparably small application amounts, while herbicides and
fungicides are often applied preventively and repeatedly throughout the vegetation period (Stehle
et al. 2013). The environmental fate of pesticides depends on the partitioning between the
different environmental media and the chemical transformation processes. It has been reported
that the edge-of-field loss of pesticides can reach a significant (>10%) amount of the total mass
applied to the field (Schulz 2004). In particular non-point source pollution from agricultural
areas has often been reported as an important factor for surface water contamination (Jergentz et
al. 2005; Schwarzenbach et al. 2006; Schifer et al. 2012). Surface runoff after heavy
precipitation events, spray drift during spray application, and leaching to field drains constitute
the predominant routes of pesticide non-point source pollution of water bodies (Holvoet et al.
2007). Generally, the different entry routes depend on different environmental and substance
conditions. Surface runoff is induced by irrigation or precipitation events. If the precipitation
amount exceeds the rate of infiltration, pesticides can be transported in the aqueous phase or
sorbed to soil particles with soil erosion to water bodies (Holvoet et al. 2007). The amount of the
pesticide that is transferred depends on the precipitation height and watershed characteristics like
soil properties, vegetation, soil moisture conditions, and slope, as well as pesticide properties
(e.g., soil half life, soil organic carbon - water partitioning coefficient: Koc). Spray drift occurs
during pesticide application and depends mainly on application techniques, distance between

crop and water bodies, and wind speed. Pesticide leaching to field drains is especially important
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if the soil is drained and mostly depends on soil (e.g., organic carbon content, moisture) and
pesticide properties.

Subsequent to their entry in aquatic environments, pesticides can pose a substantial threat to the
ecological integrity of surface water systems as they exhibit effects on individuals, populations
and communities (Schéfer et al. 2011; Schulz and Liess 2001). The kind of effect a substance
evokes largely varies between substance groups and mode of action, but also within substance
classes and active substance. Insecticides are generally very toxic to a wide range of aquatic
organisms (Brock et al. 2007; US EPA 1995), but especially aquatic arthropods are affected,
because of the acute mode of action of insecticides, and the similarity of non-target and target
organisms (van Wijngaarden et al. 2005). A lot of fungicides act on consecutive cell processes,
like energy production or cell division, which are not specific for fungi and they can therefore
affect a lot of different organisms (Maltby et al. 2009). Recent studies have also shown that
fungicides have direct toxic effects on amphibians (Briihl et al. 2009; Belden et al. 2010), which
is also known to be true of herbicides (Hayes et al. 2010; Relyea 2009). Beside this, the toxicity

of herbicides to aquatic organisms is classified as comparably low.

1.3 Actual exposure of agricultural surface waters

Numerous field studies on pesticide exposure in global surface waters due to agricultural non-
point source pollution exist, reporting detection of all major pesticide groups and substance
classes, in water and sediments of aquatic ecosystems (Stehle and Schulz 2015a; 2015b). Stehle
and Schulz (2015b) showed that in surface water samples measured in Europe which contain
multiple pesticides, fungicides showed higher absolute concentrations compared to herbicides
and insecticides. If the measured concentrations were compared to tier-1 regulatory acceptable
concentrations (RAC) used in environmental risk assessment, insecticides and fungicides showed
higher exceedance frequencies compared to herbicides. Only 3.8% of the herbicide
concentrations were higher than the respective RACs, whereas 53% and 31% of the insecticide
and fungicide concentrations exceeded the relevant RAC, with a factor of 1.25 for the median
insecticide concentrations. Therefore, it can be concluded that the importance of insecticide and
fungicide surface water exposure is much higher than herbicides because it is more likely that
occurring concentrations cause harmful effects to the non-target environment.

Exposure profiles depend on various environmental and substance-specific factors, and differ

between different pesticide groups. Non-point source entries of insecticides into surface waters
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are to a large extent associated with edge-of-field runoff or spray drift events, whereas input via
drainage only plays a minor role. This results in an extremely high temporal variability of
insecticide concentrations with only a few, but highly ecotoxicologically relevant, peak
concentrations. For instance, especially small agricultural surface waters are at high risk for
insecticide contamination. Schulz (2004) found that maximum insecticide concentrations
measured in field studies were significantly negatively correlated with catchment sizes.
Insecticides measured in agricultural surface water often reach concentrations at levels that can
cause harmful effects to aquatic organisms. In detail, Stehle and Schulz (2015a) reported that
approximately 50% of the global insecticides detected in small agricultural surface waters
exceed the tier-1 ecotoxicological threshold levels used in regulatory risk assessment.

In contrast, fungicides are used at comparably high application rates and multiple applications
per season, which can lead to a more continuous entry into surface water bodies than that
observed in insecticides (Bereswill et al. 2012). In addition, several fungicides are often applied
in defined application cycles to prevent fungal resistance, which results in the detection of

diverse fungicide compounds per sample (Bereswill et al. 2012; Maillard et al. 2011).

1.4 Regulatory risk assessment for pesticides in the European Union

1.4.1 Principles of environmental risk assessment for pesticides

In order to prevent unacceptable effects of pesticides released to non-target ecosystems, there is a
need for an environmental risk assessment for new compounds during the registration procedure
prior to authorization, and also for pesticides already on the market during re-registration
processes (e.g., European Commission 2009). The European aquatic environmental risk
assessment combines effect and exposure assessment to make sure that no pesticide
concentrations appear in the environment that lead to unacceptable ecological effects. Generally,
the risk assessment follows a tiered approach with increasing ecosystem relevance, i.e. higher
tiers are less conservative with a lower degree of standardisation, but with an increase in
complexity and realism. The effect characterisation at lower tiers is based on single species
laboratory toxicity tests conducted under standardised conditions for determined test duration
times, depending on the test species and the evaluation of acute or chronic toxicity (EFSA 2013).
The pesticide exposure assessment is based on computer simulations, as the compounds under
assessment are usually not yet on the market (Adriaanse et al. 1997), and monitoring data are

usually not available for substances under re-evaluation. In the European Union, the FOCUS

4
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(FOrum for the Coordination of pesticide fate models and their USe, see below for details on
these models) modelling approach is used to calculate predicted environmental concentrations
(PEC) in surface water and sediments, which is intended to reflect exposure levels of a specific
pesticide compound under (realistic) worst-case conditions. The FOCUS pesticide exposure
model conception started in 1993 with the FOCUS leaching modelling work-group. The work
group was founded to harmonise the calculation of pesticide PECs in the framework of the EU
Directive 91/414/EEC and is based on the co-operation of scientists of regulatory agencies,
academia, and industry (FOCUS 2001). In 2001, the FOCUS surface water working group
introduced a final tiered approach comprised of four steps, where each step describes different
levels of protection and complexity (FOCUS 2001, details on the individual FOCUS steps are
given below). Basically, FOCUS step-1 and 2 PECs play a minor role in the regulatory risk
assessment of insecticides and fungicides in the EU. In detail, 83% and 62% of the insecticide
and fungicide substances authorised under EU Directive 1107/2009 for which the European Food
Safety Authority (EFSA) risk assessment was publicly available and the PEC estimation is
conducted with FOCUS, are based on step-3 or step-4 calculations. Within the acute
environmental risk assessment, maximum PECs are used, while for evaluation of chronic risk,
time-weighted-average PECs for the relevant time-spans are considered. Generally, all FOCUS
tiers are used in tier-one risk assessment in the common regulatory practice including the
highest, step-4, as long as it maintains standard step-3 scenario definitions in agreed standardized
approaches (Brock et al. 2007). FOCUS step-4 can also be considered as higher-tier exposure
assessment in case of additional substance or scenario properties that differ from the official
standard scenarios.

In the lower-tier risk assessment, toxicity data are divided by the maximum PECs to generate
toxicity exposure ratios (TER). In order to address uncertainties in the effect characterisation,
assessment factors are used. For example, the acute TER values should be not less than 100 for
the most sensitive animal species and not less than 10 for aquatic plants (EFSA 2013). In case a
TER value smaller than the respective assessment factor is derived for a specific substance, a
refined higher-tier exposure and effect assessment has to be conducted. The higher-tier effect
assessment can consist for example of extended laboratory tests (e.g. additional species,
modified exposure), indoor microcosm studies, or complex outdoor mesocosm systems
(Campbell et al. 1999), where factors like recovery or recolonisation can be considered. For the

higher-tier risk assessment, the respective assessment factors are substantially reduced compared
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to the lower-tier assessment (1-10) depending on the data background, and are applied as case-
by-case decisions. If the TER value of the higher-tier risk assessment is still smaller than the
relevant assessment factor, no authorisation can be granted. The overall goal of the
environmental risk assessment is therefore to ensure that there are no cases in actual agricultural
surface water systems in which the measured pesticide concentration is higher than the relevant

RAC at which transient effects are allowed, which are assumed to be ecologically acceptable.

1.4.2 The tiered FOCUS surface water modelling approach

As mentioned before, the FOCUS surface water modelling approach consists of four different

steps named FOCUS step-1 to FOCUS step-4. It starts with simple extreme worst-case
conditions and progresses to more
detailed and realistic procedures. If at

START
one stage the use is considered safe,

i

No specific climate, STEP 1 1
N e— o Srerl no further surface water risk

or soil scenario loading

assessment and therefore no further

es
No further work

exposure predictions have to be
STEP 2 . conducted (Figure 1). Step-1 is based

Loadings based on
sequential application
patterns

No specific climate,
cropping, topography ~ ————®|
or soil scenario

on very simple assumptions and

scenarios and accounts for one

yes
No further work

extreme worst-case pesticide loading

=3
]

Realistic worst case
scenarios

Specific and realistic
Combinations of cropping,
soil, weather, fields,
topography and aquatic bodies

STEP 3 without consideration of specific

Loadings based on
sequential application
patterns

yes
No further work

=3
]

STEP 4

Loadings as in step 3,
considering the range
of potential uses

additional characteristics for pesticide
application or climate. For the amount
of spray drift, the 90" percentile value
from the experimental drift values
determined by the Biologische
Bundesanstalt (BBA 2001) were

Figure 1. Principle of the tiered FOCUS surface water calculated for 1m distance for arable

approach (taken from FOCUS 2001) crops and 3m distance for vines,

orchards, and hops. This resulted in a
value of 2.8% for all arable crops and between 2.7 and 29.2% for other crops (FOCUS 2001). In
addition, it is assumed that a simultaneous runoff/drainage event occurs where 10% of the total

applied amount is loaded to the water body. Step-2 also characterizes pesticide input from drift,
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runoff and drainage input as a percentage of the individual applied amount. Within step-2,
sequential application patterns with pesticide degradation between each particular application are
taken into account. It is assumed that during pesticide application, spray drift to the water body
occurs, and an additional runoff/drainage event takes place four days after application. The
amount of spray drift is based on the same calculated drift values as in step-1, but additionally
the number of applications were taken into account such that the drift from the total number of
applications represents the 90™ percentile value. This means that for a single application, the
same drift loading as in step-1 is considered, but for an increasing number of applications each
single drift loading becomes lower than the 90™ percentile value. The combined runoff and
drainage entry is calculated as a given percentage (2-5%) of the soil residue (considering plant
interception and degradation) and depends on the application region (northern or southern
Europe) and season (FOCUS 2001). For both steps a static ditch of 30 cm water depth and a 5
cm deep sediment layer is considered as a water body. The partition between water-phase and
sediment is based on the Koc.

For the more important step-3, the FOCUS surface water working group developed ten realistic
worst-case climate and soil scenarios which represent approximately 33% of the total
agricultural area of the European Union (FOCUS 2001). The representative weather stations are
located in nine different European countries and the soil data were taken from specific fields in
these areas but have been manipulated to represent wider areas. The defined scenarios differ in
soil type, slope, climatic conditions (e.g., temperature and precipitation), and three different

water bodies (i.e., pond, ditch, stream) typical for the regions where they are located (Table 1).

Table 1. Overview of the most important FOCUS surface water scenario properties (taken from FOCUS
2001)

Name Mean annual  Annual Topsoil Organic Slope Water Weather

Temp. (°C) Rainfall carbon (%) bodies station
(mm) (%)

D1 6.1 556 Silty clay 2.0 0-0.5 Ditch, stream  Lanna

D2 9.7 642 Clay 33 0.5-2 Ditch, stream  Brimstone

D3 9.9 747 Sand 23 0-0.5 Ditch Vreedepeel

D4 8.2 659 Loam 1.4 05-2 Pond, stream  Skousbo

D5 11.8 651 Loam 2.1 2-4 Pond, stream  La Jailliere

D6 16.7 683 Clay loam 1.2 0-0.5 Ditch Thiva

R1 10.0 744 Silt loam 1.2 3 Pond, stream  Weiherbach

R2 14.8 1402 Sandy loam 4 20%* Stream Porto

R3 13.6 682 Clay loam 1 10* Stream Bologna

R4 14.0 756 Sandy clay 0.6 5 Stream Roujan

loam
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The step-3 exposure assessment uses mechanistic models to consider pesticide leaching via
drainage, surface runoff, and spray drift as well as fate and transport processes in respective
water bodies. These specific exposure models are MACRO (Jarvis 2001) for drainage entries,
PRZM (Pesticide Root Zone Model, Carsel et al. 1998) for runoft entries, and TOXSWA (TOxic
Substances in Surface WAter, Adriaanse and Beltman 2009) for pesticide fate modelling. Either
MACRO (Drainage scenario) or PRZM (Runoff scenario) is always combined with the fate
model TOXSWA. The integration of these models occurs by the graphical user interface SWASH
(Surface Water Scenarios Help, FOCUS 2001), which calculates the input via spray drift,
organizes the database, the user input, and the coordination of data exchange between the
individual models. The drift calculator uses in principle the same determined drift values based
on the experimental data of the BBA (2001) as assumed in the lower steps, but other distances
between crop and water body were taken into account that depend on both the water body and
the relevant crop. It is also assumed that the cumulative drift loadings of all applications
represent the 90" percentile from the experimental values. For the FOCUS pond and ditch
scenario, only spray drift loadings from the adjacent field are considered, while for the stream
scenario it is assumed that an additional 20% spray drift loading occurs at the upstream
catchment. The PRZM model that is used for runoft calculation is a one dimensional, dynamic
compartment model that calculates chemical movement in unsaturated soils. The hydrology that
determines runoff and erosion are based on the USDA Soil Conservation Service (SCS) curve
number methodology and a watershed -scale variation of the Universal Soil Loss Equation
(USLE). The SCS Curve number methodology estimates a direct runoff or infiltration from a
rainfall excess dependent on the hydrological soil group and land use. The USLE describes soil
erosion processes and was developed from erosion plot and rainfall simulator experiments. The
factors included describe erosivity, erodibility, topographies, and cropping management. The
water movement in soil is simulated by the use of generalised soil parameters, including field
capacity, wilting point and saturation water content (FOCUS 2001).

The MACRO model simulates pesticide losses through macropore and bulk matrix flow. The
water flow in soil micropores is simulated using the Richards' equation and the solute chemical
transport follows the convection-dispersion equation. For the fluxes in macropores the model
uses a simplified capacitance type-approach. Details on the modelling processes of the MACRO
model are described elsewhere (Jarvis 2001). For step-4 modelling, the FOCUS surface water

working group developed several model refinements and mitigation options with different levels
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of complexity (FOCUS 2007). These include, for example, extension of substance input
parameters that affect the pesticide behaviour, regional and landscape level approaches or
mitigation options like no-spray buffer zones or vegetated filter strips. The SWAN (Surface
Water Assessment eNabler) model (ECPA and Tessella Support services plc. 2008) is used within
FOCUS step-4 calculations to implement different risk mitigation options, like runoff reduction
through vegetated filter strips, and a reduced spray drift input via nozzle reduction techniques or
no-spray buffer zones.

Overall, for the regulatory risk assessment of fungicides and insecticides, step-3 and step-4 are of
major importance because most of the substances are regulated with those steps (cf. chapter
1.4.1). For step-3, in which no mitigation options are included, the FOCUS working group
claims that the model predicts the 90" percentile field concentration. In consequence, one can
interpret that a maximum of 10% of a representative sample of field concentrations should be
underpredicted by the modelling results. In addition, taking into account only the 90™ percentile
field concentration per substance and study of the same dataset, no field concentration should be
underpredicted by the model estimation. For the evaluation of step-4 predictions it is important
that the considered mitigation options are implemented in actual field conditions. Otherwise an
underestimation of the field concentration by the model prediction could also occur due to
farmers' malpractice. Nevertheless, a recent study (Knébel et al. 2012) showed for insecticides
that there are indications that the predictions of the FOCUS modelling approach does not reflect
measured field concentrations (MFC) with an acceptable degree of uncertainty. It was shown that
more than 20% of the MFCs used in this study were underpredicted by the respective step-3
PECs. Nevertheless, the used dataset of this study is rather small and not all of the used field

concentrations were measured in Europe.

1.5 Multi-media mass-balance models

Beside the process-driven mechanistic fate and transport models used in the FOCUS surface
water modelling approach, there are also other environmental fate models, such as multimedia
mass-balance models. These models have a different spatial and temporal resolution and employ
different mathematical methods (Scheringer 1999). Multimedia mass-balance models describe a
system of different environmental compartments with exchange processes between the
compartments, and with chemical and biological degradation in every compartment

simultaneously. For these models, “the power lies in demonstrating the connections among
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different factors that determine the chemical concentrations and the rates of transport and
transformation of chemicals in the environment,” (MacLeod et al. 2010) and they are a well-
established technique in risk assessment of organic chemicals (MacLeod et al. 2010; Scheringer
2009). The most important advantage is that the use of multimedia models is less time-
consuming because of the efficient mathematical treatment, relatively low computing effort, and
small set of input data needed. One model publicly available is the Small Region Model (SRM)
that is part of the Small Models (MacLeod and Scheringer 2011, Scheringer 2012). The SRM is a
four-box model that consists of tropospheric air, soil, water and sediment. The model principles

and the arrangement of the environmental compartments are shown in Figure 2.

advection

>
>

— transfer

\’\ degradation

emission

Air

Figure 2. Principles and spatial arrangement of the fugacity-based Small Region Model. The arrows
shows the processes named in the legend which are considered in the model. Figure adapted from
MacLeod and Scheringer (2011).

The substance-specific input data required by the SRM are the Henry's law constant, the octanol-
water partition coefficient, and the degradation half-lives for every compartment. Furthermore,
scenario-specific input data are needed that describe the compartment sizes (i.e., volume) and
specify the model processes (e.g., wind speed, precipitation amount, and concentration of
atmospheric aerosols). The model estimates the concentration of a chemical in a box as the
combination of the total emission rate, the available volume, and the losses by degradation and
outflow under the steady-state assumption. Degradation within each compartment is considered
as a first-order-kinetic model and is determined by T, = In 2/k4,. The capacity of an

environmental compartment is described by the fugacity capacity that is determined by the
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chemical partition coefficients. In addition, the model system includes outflow with moving air
and water. All losses, outflow and degradation are combined in an overall removal rate constant.
Overall, the model estimates for every compartment the substance's fugacity [Pa], the inventory

[mol], the concentration [mol/m? or ng/1], and the distribution between the compartments [%].
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2 Research objectives and thesis outline

The overall goal of this thesis was to contribute to the assessment of the adequacy of the
regulatory exposure assessment of pesticides. The state of the art represented in the introduction
suggests that pesticides can be claimed a relevant environmental stressor for agricultural surface
water systems. To identify their actual environmental risks, caused by the pesticides' release to
non-target ecosystems, it is essential that exposure predictions cover the range of actual field
exposure. The 90" percentile protection goal, claimed by the FOCUS surface water working
group (FOCUS 2001), suggests that a maximum of 10% of the field data should be
underestimated by the model predictions. A recent study (Knébel et al. 2012) indicated that the
FOCUS surface water modelling approach, which is used in environmental risk assessment of
pesticides and veterinary pharmaceuticals, underestimates a relevant amount of insecticide field
concentrations.

Therefore, the thesis aims at the evaluation of the FOCUS surface-water approach with the
evaluation of influencing factors and uncertainties, and to assess the accuracy of an alternative
modelling approach. The overall outcome should be to offer new perceptions on the exposure
assessment and to show concrete weak points of the current exposure assessment, and alternative
possibilities that are highly relevant for the complete regulatory risk assessment of highly toxic
chemicals intentionally applied to the environment.

To achieve the overall aim of the present thesis four objectives have been investigated. The
complete thesis concept including the context of the single research objectives are displayed in

Figure 3.
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Figure 3: Overview and thesis concepts with placement of the four research objectives. References to the
publications are marked with Appendix I-IV. The map in the thesis rationale indicating acute chemical
risk in European river basins was taken from Malaj et al. (2014). The second figure in the thesis rationale
that compares predicted and measured insecticide concentrations was taken from Knébel et al. (2012).
The scheme of the multi-compartment model shown in the context of objective 2 was taken from
Scheringer (2012). All other figures are taken from the publications shown in Appendices I-IV.
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3 Overview of data background and methods
In this chapter only a brief overview on the main methods is given. A detailed description can be

found in the individual manuscripts attached in the Appendices I-IV of this thesis.

3.1 Outline of model calculations

In all parts of this thesis, exposure models were used for the calculation of chemical input into
surface water.

First, in Appendices I and III, the predictions of the complete FOCUS surface water modelling
approach (FOCUS 2001) were evaluated for fungicide and insecticide field concentrations. PECs
were calculated as applied in official EU regulatory risk assessment for pesticides (FOCUS
standard calculations; EU 1107/2009) and for insecticide concentrations, with an adaptation of
the FOCUS step-3 standard scenarios, and input data to the field study conditions to overcome
the generalising nature of the scenarios, and to improve the field relevance (FOCUS step-3
realistic calculations). The second model, which was used in Appendix III to predict insecticide
concentrations in surface water and sediment, was the Small Region Model (MacLeod and
Scheringer 2011), a fugacity-based chemical model for multi-compartments. SRM simulations
were also conducted with parametrisation to the FOCUS step-3 standard scenarios (SRM
standard calculations) and adapted to the field conditions (SRM realistic calculations). The
FOCUS step-3 models were also used for the prediction of veterinary pharmaceuticals (VP) in
runoff from arable- and grassland after application of liquid manure in Appendix II. FOCUS
simulations were conducted for concentrations of five different veterinary pharmaceuticals and
were compared to measured concentrations determined in an experimental plot study from
Kreuzig et al. (2005). Again, two types of simulations were conducted. On the one hand, VP
concentrations in runoff were predicted as recommended in the environmental impact assessment
for VPs (EMEA 2008). On the other hand, calculations have also been conducted by adapting the
standard conditions to the field situation.

In addition, the FOCUS step-3 models (FOCUS 2001) were used in Appendix IV for the
prediction of insecticide exposure profiles in agricultural surface waters for different crop and
application scenarios. This was done for generalized and realistic application scenarios of a
typical model insecticide, and for three different example insecticide compounds. The
determined exposure profiles were used to evaluate the adequacy of different sampling strategies

in terms of peak detection probability (Appendix IV).
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In total, approximately 6000 FOCUS calculations have been conducted for the present thesis.

The majority of physicochemical substance properties were taken from the Pesticide Property
Database (Lewis et al. 2015a) and from the Veterinary Substance Database (Lewis et al 2015b)
Application data (application rate, number and interval of applications, and application timing)
for pesticides were taken from the official EU registration documents according to the Good
Agricultural Practice (GAP), or were selected according to the experimental study. Details on the

selection of input data can be found in Appendices I-IV.

3.2 Evaluation of exposure models for pesticides (Appendices I and III)

3.2.1 Data background for model evaluation

Fungicide and insecticide concentrations measured in small agricultural surface waters (lotic or
lentic) that resulted from agricultural non-point source pollution were extracted from scientific
field studies. For fungicide concentration, a literature research was conducted in multiple
literature databases (i.e., ISI Web of knowledge, BIOSIS Previews) on studies that reported
fungicide concentrations measured in surface water or sediment. With some exceptions, all of the
detected substances were considered. Insecticide concentrations measured in Europe were taken
from a dataset of Stehle and Schulz (2015a), who conducted a comprehensive literature search in
multiple literature databases for the most important insecticide substances. Further criteria for the
selection of field studies for pesticide groups were (i) comparably small water-body size or
catchments smaller than 10,000 km?, and (ii) the presence of agricultural land in the surrounding
area. In addition, all studies in which the pesticide concentrations were measured in rice paddies
or were influenced by entries from rice paddies were not considered in this analysis because
there is no corresponding FOCUS scenario. Multiple concentrations reported in one publication
can be regarded as independent because only those peak concentrations that originated from
different entry events (i.e., measured after different precipitation or application events or in
different seasons) were considered. For fungicides this resulted in a data set of 56 field studies
covering 46 active ingredients (Appendix I) and 482 fungicide concentrations. The selected field
studies were conducted in Europe (n = 40), the United States (n = 9), Canada (n = 4), and
Australia (n = 3) and published between 1996 and 2012, with the majority of studies published
after 2000 (approximately 90%). For insecticides, the dataset consists of 64 studies and 466
MEFCs for the EU published between 1978 and 2012, covering 21 active ingredients (Appendix
1I1).
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3.2.2 Details on FOCUS exposure modelling

The selected measured concentrations were compared to the respective PECs calculated using
the tiered FOCUS surface water approach (step-1 to step-4) in accordance with the EU Directive
1107/2009. The versions of the models used are given in Appendices I and III. Scenario selection
was mainly based on climatic conditions relevant for the respective field study, cultivated crops,
and the pesticide input pathway. If no crop type was specified in a field study, then the crops
commonly grown in the specific study region and for which the use of the particular fungicide
was permitted were selected. If several crops were cultivated in an agricultural area where a field
study was conducted, then multiple FOCUS PEC calculations were performed. For most of the
selected studies, it was not possible to define only one climate scenario that represented the
respective conditions. In such cases, step-1 and step-2 calculations were performed for northern
and southern Europe and for all relevant drainage and runoff scenarios in FOCUS step-3. Step-4
calculations were only performed if the application restrictions for the respective substances are
mandatory. In general, for all standard calculations the, considered procedure was as close as
possible to those used for regulatory exposure assessment within pesticide registration in the EU.
Taking all crop-scenario combinations into account, for fungicides a total of approximately 600
step-1 and 600 step-2 calculations and approximately 2000 step-3 and 4 calculations were
conducted during this study. For insecticides 280 step-1 and step-2 calculations, approximately
750 step-3, and 800 step-4 calculations were performed.

For the FOCUS step-3 realistic calculations, which were conducted to overcome the generalizing
nature of the standard FOCUS scenarios only for insecticide substances, PECs were taken from
Knibel et al. (2012) for all measured concentrations from studies that were also considered in the
earlier study (n = 34). Further step-3 realistic calculations were conducted for MFCs (n = 16) for
which enough information on the actual field conditions were provided in the respective
publication. These calculations were performed using all available realistic field information
regarding insecticide use patterns, climate conditions, landscape, and water body characteristics.
If the reported field conditions differed from the FOCUS scenario assumptions, then the standard
parameters and scenario conditions of the FOCUS model were adjusted. An exact description of
the adaptations and methods for the calculation of FOCUS step-3 realistic PECs is given in
Knibel et al. (2012). Overall, a total of 50 step-3 realistic PECs were used in this study.
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3.2.3 Details on SRM exposure modelling

PECsrum calculations for insecticides were conducted with the Small Region Model that belongs

to the Small Models® LEVEL-III Version 2.0 (MacLeod and Scheringer 2011, Scheringer 2012),
developed for a wide range of chemicals. These models can be used to provide estimates of
chemical concentrations in air, water, soil, and sediment in a region of interest (Scheringer 2012).
Beside the scenario description (proportion of environmental compartments), only the overall
emission rate of the chemical and the chemical phase partitioning and degradation properties are
needed as model input (Scheringer 2012). To make the two model outcomes comparable, the
SRM model was scaled to the proportion of the landscape and water body conditions of the
FOCUS stream, pond and ditch scenarios (FOCUS 2001). In addition, the model was
parametrized to the climate and soil conditions of the ten runoff and drainage step-3 FOCUS
surface water scenarios (R1-R4, D1-D6; FOCUS 2001). All input parameters are given in
Appendix III. For each MFC several calculations were conducted with the parametrization for
the same water body and climate scenario combinations as selected for the FOCUS calculations.
In the SRM model the application rate is considered as emission rate to different compartments
(soil, air, water, sediment) in mol h™'. To account for the fact that the application of pesticides
doesn't take place directly on the soil surface and that spray-drift can occur during application,
total emission rates were split into emission to soil and emission to air, while interception by
plants was not considered. The percentage of emission to soil and air from the total emission rate
were based on the BBA drift values (BBA 2001), also used in the FOCUS surface water
approach. Therefore, the emission to air was calculated as the total emission rate multiplied by
the FOCUS drift value for the respective crop-water body combination. In addition, SRM
realistic calculations were conducted for the same MFCs as the FOCUS step-3 realistic
calculations for insecticides and for two further studies. For the SRM realistic calculations,
adaptations of the standard calculations were conducted regarding application amount,

compartment sizes, wind speed, organic carbon content in soil, and application method.

3.2.4 Outline of main statistical analyses

The MFCs were compared to the calculated FOCUS and SRM PECs and the extent of over- and
underprediction was determined. If multiple PECs were calculated because of different crop-
scenario combinations, the maximum PECs were compared to the respective MFCs. The

relationships between PECs and MFCs were analysed using linear regression. The effect of
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different insecticide or fungicide substance classes on the ratio of simulated to measured
concentrations (PEC divided by MFC; ratiosm) was analysed by a single-factor analysis of
variance (ANOVA) test followed by Tukey's Honest Significant Differences (HSD) post hoc test
for pairwise multiple comparisons. For insecticides the relationship between ratiogm and
catchment-size as well as the Koc were analysed using linear regression. In addition, a multiple
linear regression analysis was conducted with the ratiosn as the dependent variable to identify
interactions between different independent variables. The independent variables investigated in
the analysis were Koc, catchment-size and sampling interval. First, a main effect model was used
to test all individual independent variables, followed by models containing all relevant
interactions. Automated model building was used to identify the best-fit linear model containing
variables and interactions with the highest explanatory power. The model building started with
the most complex model, including all variables and interactions, and used a stepwise backward
method with the Akaike’s Information Criterion (AIC) as the goodness-of-fit measure. All data
were transformed (In[x]) prior to statistical analysis to satisfy the assumption of normally
distributed residuals. The models were also checked for heteroscedasticity and outliers (leverage
plots and Cook’s distance). In addition, the relationship between PECsry and PECrocus (for
FOCUS steps 1-4) was also determined using linear regression. All of the statistical analyses and
graphics were made with the open-source software package R (www.r-project.org). Details on

program versions are given in Appendices I and III.

3.3 Exposure predictions for veterinary pharmaceuticals in runoff (Appendix

1))

Exposure concentrations of five different VPs including three sulfonamides (sulfadiazine,
sulfadimidine, sulfamethoxazole) and two benzimidazoles (flubendazole, fenbendazole) were
measured in runoff water from arable and grassland plots after manure application in an
experimental field study by Kreuzig et al. (2005). Details of the experimental field study are
given in Appendix II and in Kreuzig et al. (2005). The concentrations of the VPs in the runoff
water were predicted using the FOCUS surface water step-3 modelling approach. Details on used
model versions are given in Appendix II. Two different types of calculations were performed for
the five VPs. Within the first model exercise, the calculations were conducted as recommended
for the exposure assessment of veterinary medicinal products in Europe (EMEA 2008), assuming

one granular application with an incorporation depth of 15cm at the drilling time for winter
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cereals to meet the requirements of manure application.

In addition to the calculations performed as recommended by European Medicines Agency
(EMEA 2008), in the second model exercise FOCUS step-3 calculations were conducted by
adapting the input data to the site-specific plot conditions. The adaptations were made for
application timing, crop scenarios (winter cereals or grass alfalfa), and precipitation amount (50
mm/d). Thus, the field situation was reflected as realistically as possible in the model.
Furthermore, the application rates were adapted to the actual substance concentrations that
remained following the ageing of the manure prior to the field application in the experimental
plot study. For the plots located in the arable land, the calculations were conducted based on the
FOCUS scenario R1, because this scenario fits the climate and soil conditions of the field
sampling sites, using granular application and an incorporation depth of 15 cm. For the plots
located in grassland, it was not possible to use the R1 climate and soil scenario because the
FOCUS surface water scenarios assume no cultivation of “grass or alfalfa” in this climatic region
(FOCUS 2001). Therefore, the calculations for the grassland plots were conducted for all other
available runoff scenarios, and the maximum concentration from all considered scenarios was
used for comparisons. In accordance with the procedure employed during the plot experiments,
the incorporation depth of the manure was set at zero for both G1 and G2. All further parameters

involved in the FOCUS modelling are given in Appendix II.

3.4 Insecticide's exposure profiles, detection probability of monitoring

strategies and risk assessment (Appendix IV)

Exposure profiles were derived for a typical “model insecticide” that exemplifies median
physicochemical properties, application rates, and ecotoxicity of all insecticide compounds
approved in the EU (specifications are given in Appendix IV), and three real insecticides
(malathion, acetamiprid, deltamethrin), that cover a wide range of physicochemical properties.
Exposure profiles for these substances were derived with the FOCUS step-3 models for both
arable and permanent crops. The results of the FOCUS calculations for the model insecticide
were added into two generalized insecticide exposure patterns using the model insecticide results
for arable and permanent crops to generate representative insecticide exposure patterns not
influenced by individual compound properties. In addition, we synthesized two realistic
insecticide exposure patterns using FOCUS simulation results for the application of the three real

compounds to arable and permanent crops. Six typical sampling strategies used in pesticide
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monitoring programs with different intervals between the individual samplings were applied to
the generalized and realistic insecticide exposure patterns synthesized from FOCUS scenarios
using Monte Carlo simulations. In detail, we randomly sampled the model insecticide
concentrations using a fixed monthly, 14 day, weekly and 3.5 day sampling strategy. The day of
the first sampling within the model year was taken randomly. The exact intervals between the
individual samplings were allowed to vary randomly within a specific amount of time
(depending on the sampling strategy) to simulate the variability in sampling programs due to
logistic restrictions. A total of 100,000 Monte Carlo simulations were run for each of these
sampling strategies, and the mean, minimum, and maximum numbers of insecticide detections
per model year were computed. The exposure patterns were subsequently evaluated for three
different risk assessment procedures including a deterministic, a probabilistic and a relevance-

driven risk assessment concept. Most of the exposure modelling was conducted by Anja Knébel.
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4 Results and discussion

4.1 Evaluation of the regulatory FOCUS surface water approach (Objective 1)

4.1.1 Protectiveness of FOCUS predictions

The fact that the degree of conservatism decreases from FOCUS step-1 to step-4 is clearly
visible in our data (Figure 4 for fungicide concentrations, figures from the study on insecticides
are given in Appendix III). More realistic model assumptions resulted in lower PECs, and
consequently, the frequency of MFCs that exceed the PECs increased from 0% and 4% to 28%
and 20% for fungicides and insecticides, respectively (Table 2). In general, a criterion is needed
to decide whether the model outcomes are valid (Kirchner et al. 1996). The FOCUS surface
water working group claims that the FOCUS scenarios “provide a mechanism for assessing
pesticide PECs in surface water and sediment with an acceptable degree of uncertainty” and that
the highest PEC in surface water (PECsw) estimates from the 10 scenarios would represent at
least the 90" percentile for surface water exposures (FOCUS 2001). These criteria appear to be
subjective to a certain extent and also the EFSA states that the level of protection achieved by the

current FOCUS surface water exposure assessment methodology is unknown (EFSA 2013).

Table 2. Frequencies of over- and underprediction from FOCUS step-1 to step-4 calculations for agricultural
pesticides measured in Europe™®

Fungicides Insecticides
n Overprediction Underprediction n Overprediction Underprediction
PEC > MFC PEC < MFC PEC > MFC PEC < MFC
[%] [%] [%] [%0]
TOCUS step- 397 100 0 397 9% 4
gocus step- 397 08 2 397 91 9
§OCUS Step- - 397 85 15 397 89 11
ZOCUS Step- g7 7 28 322 80 20

PEC = Predicted environmental concentration; "MFC = Measured field concentration

Nevertheless, taking the £10% deviation value as a quality threshold, the results of the present
thesis on fungicides and insecticides clearly support the conclusion, which was previously

reached for the first insecticide study (Knébel et al. 2012), that the degree of uncertainty is not
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acceptable. Even if the predictions of the very conservative step-1 and step-2 calculations
generally overestimated the respective MFCs, those for step-3 and step-4 calculations,
underpredicted the MFCs by 15% and 28%, respectively. This finding is substantial because
FOCUS step-3 and 4 are the most realistic standard tiers available in European regulatory
exposure modelling and are used for the risk assessment of 62% of the fungicides and 82% of the
insecticides registered in the European Union for which the risk assessment was publicly
available. Thus, because values that are lower than the actual surface water concentrations are
considered in the regulatory risk assessment, pesticides might exhibit unacceptable ecological
effects in the field. In addition to the complete dataset, we also compared the calculated PECs to
the 90™ percentile concentrations of every substance's MFCs from each study. This was done to
exclude particularly low water-phase concentrations and to increase the chance that measured
concentrations are peak concentrations, because the FOCUS approach also aims at predicting
maximum peak concentrations. For insecticide concentrations we further reduced the dataset to
only concentrations which are definitely agricultural origin. The analyses of these datasets
showed that the frequency of MFC underestimation is considerably higher than for the complete
dataset. FOCUS step-3 predictions which did not include mitigation options underestimated 26%
of insecticide MFCs and 19% of fungicide MFCs (Appendices I and III). This finding is
substantial because the reduced dataset has a higher relevance for the evaluation of the FOCUS
approach, as it represents peak concentrations stemming from non-point source entries also
predicted within the FOCUS approach, taking into account the 90™ percentile protection goal
claimed by the FOCUS surface water group. For the reduced dataset no field concentrations
should be underestimated considering the protection goal claimed by the FOCUS surface water
group, that the highest PEC represent the 90" percentile field concentration. Mackay et al. (1996)
stated that it is unlikely for exposure models to be universally valid but they may produce r