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Transformation products (TP) of pesticides are found everywhere in the aquatic
environment. Their dynamic formation and subsequent transport from agricultural fields
to adjacent water bodies can be estimated by using environmental fate models, which is
done in the registration process for plant protection products in the European Union. In this
study, peer-reviewed applications of such models, the model complexity and their
structure are documented and analysed. In total, 20 publications of 10 models — eight
leaching models (GLEAMS, MACRO, RZWQM2, PEARL, PRZM, Pelmo, LEACHM,
HYDRUS 1-D) and two catchment scale models (Zin-AgriTra, FRM) — were identified.
The reviewed models greatly differ in their process complexity regarding the formation rate
and the formation pathways of TPs.The major reason given for models failing to reproduce
sampled TP concentrations in case studies was an erroneous substance transport,
especially missing preferential flow simulation in soil. However, the contribution of TP
formation processes to simulation uncertainty was not analysed at all in most of the
studies. By comparing the structure of existing models, the state of knowledge on TP fate
and requirements of TP fate assessment, the following recommendations were drawn: i) It
is suggested that the models should be updated to reflect the current state of knowledge in
process research, especially more complex transformation schemes and the formation of
different TPs in different compartments, which was not included in most of the models. ii)
Even though there are pesticide parent compound fate models at the catchment scale with
a temporal resolution of one day, none of these models is able to simulate TP fate. Such
models would enable scientists and authorities to estimate the environmental fate of TPs at
the larger catchment scale or the regional scale. iii) To get over the assessment of the huge
number of TPs formed in the environment, an integration of Quantitative Structure
Properties Relationship models predicting TP fate characteristics, TP pathway
prediction models and environmental fate models is suggested. This would allow for a
largely automated and comprehensive assessment of the fate of a pesticide parent
compound and all its TPs for regulatory purposes.
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INTRODUCTION

Pesticides applied to agricultural fields dissipate with time. The
major processes of dissipation are transport and degradation.
However, large parts of the pesticide mass are not fully degraded,
but are transformed into transformation products (TPs), which
are often also called metabolites, degradates or daughter
compounds. TPs are often more stable and more mobile than
their parent compounds (Boxall et al., 2004), which is why they
are frequently detected in rivers (Olsson et al, 2013) and
groundwater (McManus et al, 2017; Kiefer at al, 2019).
Transformation processes relevant in the environment are
microbial transformation, photolysis and hydrolysis (Fenner
et al., 2013). Microbial processes mainly take place in the soil
and are influenced by soil moisture, soil temperature, organic
carbon content and soil pH (Gavrilescu, 2005). Photolysis may
occur directly via UV radiation or catalysed by reactants in water
(Bustos et al., 2019). Hydrolysis is mainly influenced by the pH
value of the solvent. The number of stable TPs varies between
compounds and processes. Often, pesticides have 2-4 major
stable TPs and various less important degradates (regarding
formation fractions, the fraction of degraded substance
emerging as a specific TP). In the E.U. regulation for plant
protection products, TPs are deemed relevant, if the formation
fraction is 10% or more (Regulation (EC) No 1107/2009). The
sheer number of possible TPs per parent compound (PC)
hampers research on single TP compounds. Thus, often,
physico-chemical characteristics of TPs are not even known
(Lewis et al., 2016). Reaction pathways between the parent and
its daughters are generally different for different transformation
processes. Thus, TPs built in the soil may be different to the TPs
built at the plant surface (Roberts et al., 1999; Fenner et al., 2013).
Additionally, reaction kinetics usually vary between processes
(Lewis et al., 2016).

For several decades, the environmental fate of pesticide
residues has been simulated at different spatial and temporal
scales. Fate processes in these models cover the whole range of
known transport, transfer and transformation processes
(Gavrilescu, 2005) in different complexity. Multimedia
Multifate models, coming from the community of
environmental chemistry, cover transfer and transformation
with relatively high complexity, but simulate transport in a
simplified manner (Mackay, 2001). These models include
steady-state models (Level I-III) and continuous models (level
IV). The range of spatial scales reaches from catchment scale
(Kern et al,, 2011) to global scale (Schenker et al., 2007). The
downside of these models is that they are often not compared to
sampled environmental concentrations. One explanation may be
that in some cases not concentrations, but indices are calculated.
Thus, the use of these models is rather restricted to identification
of processes or expected environmental concentrations for
emerging contaminants. Without model validation, an
application for regulation purposes is hardly possible.

A different type of models for simulating pesticide fate are
models based on physical or conceptual descriptions of water
fluxes. For this purpose, models from hydrology/hydraulics were
supplemented by a mass transport and environmental fate
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module. This type of models is by default continuous with
time steps ranging from minutes to days and spatial scales
from soil columns to river basins. Since water fluxes are
explicitly calculated, concentrations can be simulated directly.
In most cases, their simulation results are directly compared to
environmental concentrations. In the European Union, pesticide
leaching models (soil column to field scale) are part of the
assessment of the environmental fate of pesticides and their
TPs during the registration procedure.

There are several reviews available on the modelling of
pesticide parent compounds in agricultural settings (Petit
et al,, 1995; Siimes and Kémaéri, 2003; Holvoet et al., 2007;
Kohne et al, 2009; Payraudeau and Gregoire, 2012; Mottes
et al., 2014; Ippolito and Fait, 2019). However, to the best of
our knowledge, the only prior review about modelling approaches
for the simulation of TPs in the environment was provided by
Fenner et al. (2009). Still, the focus of the former review was
slightly different to this work, since not only pesticide TPs were
considered but all TPs from micropollutants. Furthermore, the
main emphasis was on Multispecies Multimedia Models. In
contrast, this review concentrates on models predicting time-
variable concentrations of TPs in the environment; ranking
methods or relative behaviour models are not considered. This
review is also restricted to models which were actually applied for
the simulation of TPs. The application must be documented by
peer-reviewed articles or scientific reports. To find literature
satisfying these needs, the scientific literature service Web of
Science (https://apps.webofknowledge.com) was employed using
the keywords “pesticide” and “modelling” in combination with
“transformation product”, “degradate” or “metabolite” and
“leaching”, “soil”, “subsurface” or “catchment”. All literature
up to the year 2020 was examined. This resulted in 396
potential studies. In a second step, the search results fulfilling
the above-mentioned needs were picked manually, resulting in 17
studies. A final search was undertaken by combining the names of
the identified models with “transformation product”, “degradate”
or “metabolite”. Since the model names “MACRO” and “PEARL”
are not unique identifiers, the additional keyword ‘pesticide’ was
added for these models. As a result, another 74 studies were
identified, of which three fulfilled the criteria. Thus, 20 studies
were included in the analysis.

In the following, first, details about transformation processes
and pathways implemented in considered models are provided
(Transformation Equations and Pathways in Current Models). A
brief model description of each model, aided by application cases,
is presented in Overview of Models and Model Applications
Considering  Transformation Products. In Analysis and
Discussion, the strength and weaknesses of the approaches are
discussed and future directions for the simulation of pesticide TPs
in the environment are given.

TRANSFORMATION EQUATIONS AND
PATHWAYS IN CURRENT MODELS

The major difference between the environmental fate simulation
of TPs and their PCs is the input function of the substance into
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the environment. While PCs are applied at discrete time steps,
TPs emerge at every time step from PC degradation. Therefore,
TP transport and transfer process conceptualizations such as
adsorption/desorption, volatilization and root uptake are the
same compared to PC processes. In their application domain,
all models discussed in this study address these processes, with
differences in their level of detail.

While all considered models use a first-order approach for
degradation, the formation of TPs is implemented differently. In
most models the method of formation fractions (ff), which are
fractions of the decayed PC emerging as a TP, is implemented
(Leonard et al., 1990). Formation fractions can be obtained from
the Pesticide Properties Database (PPDB, Lewis et al., 2016).
However, it is important to note that in some cases formation
fractions are weight-based and in some cases, they are molar-
based. Weight-based formation fractions may draw fractions
from the range of [0.0; co] since the molar weight of a TP
may be lower or larger than that of a PC. In contrast, molar-based
formation fractions are between 0.0 and 1.0 and all ff of a PC add
up to a maximum of 1.0. The corresponding formation equations
for two TPs (subscripts 1 and 2) in a time increment dt are:

dm
TPC = Mgy — (kpc - mpc) W
d
Z:Pl = (ffi - kpc - mpc) — (krp1 - mrp1) )
d
Z:PZ = (ff2 - kec - mpc) = (kips - mypy) (€)

mpc and mrp are the masses of the PC and TP, respectively, and
kpc and kpp the decay rates (t™1) of the PC and TP. A slightly
different approach is the usage of a separate parent decay rates
(kpc_7p) towards each TP (Webb et al., 2011). In case of two TPs
(TP1 and TP2), the corresponding transformation equations are:

d
% = Mapp = ((kpc_tp1 + kpc_1p2) - Mpc) @)
d
Z:Pl = (kpc_1p1 + mpc) = (kgpy - Mrp) (©)
d
rZ:PZ = (kpc-1p2 - mpc) = (krpy - Mp2) ©)

Both methods are connected by kpc = kpc_1p1 + kpc—1p2 and ff =
k",gp% and thus they are equivalent. However, the overall PC
degradation rate kpc and the formation fraction are better
available from the literature than single degradation rates.

Microbial degradation in soil is influenced by various
environmental factors affecting microbial activities such as soil
moisture 6, soil temperature Ts, soil depth, pH, clay content (cl)
and organic matter (OC) content. Often, the influences of soil
moisture, soil temperature and soil depth are calculated by
multiplying a reference transformation rate k., which was
measured under known moisture and temperature conditions,
by three factors:

k:fTs'fH‘fz‘kref (7)

frs and fy are the factors (-) for the influence of soil temperature
and soil moisture, respectively. f, considers the influence of soil

Pesticide Transformation Product Models

A ‘Parent}—’{ TP1 H TP2 ’_’

B
| Parent — TP1 |— TP2 |—>
| | |

| TPO | | TP1.1 | | TP2.1 |
Cc D

Parent

i

| TP 2 || TPt

- F
|TP1TP2|‘

TP1 H TP2 |—>

S NI N

| P11 | TP21 |

FIGURE 1 | Fixed transformation schemes implemented in investigated
models. A: MACRO, RZWQM, LEACHM; B: GLEAMS, HYDRUS 1D, C:
RZWQM,; D: Zin-AgriTra; E: PRZM, FRM; F: Pelmo. PEARL and GeoPEARL
contain totally flexible schemes.

depth, ie., microbial activity. The dependence of k on soil
moisture is calculated by:

fo=06" (8)

0 (-) is the current relative soil moisture and b is an empirical
exponent which has an average of 0.7 for many pesticides
(Boesten and van der Linden, 1991). The soil temperature
factor fr; usually consists of an approximation to the
Arrhenius equation, modified for low soil temperatures:

exp (a . (Ts - Tn,f))

(%) exp (a-(5-Tyy)) VOs< Tyssec O

A4 T3>5°C
fTs =
0 V Ts<0°C

Ty (°C) is the soil temperature at which the k. has been
measured. a (K™})is a factor considering the gas constant and the
molar activation energy and can be set to 0.08 for many pesticides
(Boesten and van der Linden, 1991).

The reduction factor f, considers the reduction of microbial
activity with soil depth. It was implemented by Boesten and van
der Linden (1991) as a discrete reduction from f, = 1.0 at the soil
surface to f, = 0.0 in 1 m depth. In a study by Gassmann et al. (2013),
fz was set to 0.5 in about 40 cm depth and to 0.1 in about 90 cm depth.

The influence of pH, OC and cl on the degradation half-live
DT50 = @ was simulated by van der Linden et al. (2009) in the
GeoPEARL model. The shape of the equations was the same for
all three factors:

DT50 = DT50, + f - (i = iy ) (10)
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Where ref denotes reference conditions, f (-) a specific factor and
i the influence of interest, i.e., OC (-), cl (-) or pH (-). The factors f
are empirical and might be taken from the literature.

Transformation pathways between pesticides and TPs or
between TPs are often complex in reality, including several
“there and back”—reactions. The investigated models,
however, all use simplifications, starting from simple chain
reactions to more complex interactions (Figure 1).

OVERVIEW OF MODELS AND MODEL
APPLICATIONS CONSIDERING
TRANSFORMATION PRODUCTS

Generally, two types of models differing in their spatial and
temporal resolution and their general representation of mass
fluxes and chemical fate were developed for an estimation of
pesticide TPs and their transfer to water bodies in agricultural
areas:

(i) Leaching models considering vertical transport of substances
towards tile drains or groundwater, some of them also
considering horizontal transport to the river via overland
flow. These models are available at the field scale or at
regional scale which is basically a raster of field scale
applications.

(ii) Catchment models considering vertical and lateral transport
in soil and at the land surface towards groundwater or surface
waters. The spatial scale reaches from headwaters to
mesoscale catchments.

Field Scale Leaching Models

GLEAMS

The original GLEAMS (Groundwater Loading Effects of
Agricultural Management Systems) model was published in
the late 1980s (Leonard et al., 1987) and was one of the first
mathematical pesticide leaching models. It was extended by
Leonard et al. (1990) for the simulation of TP fate. It has a
conceptual water flux implementation, is able to handle multiple
TPs per pesticide in a fixed transformation scheme (B in
Figure 1) and uses formation fractions.

The model was applied for the simulation of the fate of the
insecticide fenamiphos and two of its TPs, fenamiphos sulfoxide
and fenamiphos sulfone, in soil during a time span of 7 months at
the Coastal Plain Experiment Station near Tifton, Georgia
(Leonard et al.,, 1990). Due to a lack of experimental data, ff
were estimated from experimental data of the insecticide aldicarb
and its sulfoxide and sulfone TPs. Adding laboratory data for
half-lives, the model simulated the time series of total substance
masses in soil and the concentrations with depth at two time
points in the range of sampling data. No information is provided
for adsorption parameterization. Further validation was
recommended, which was provided by Truman et al. (1998)
using sampling data of two more years. Half-lives and ff were
calibrated for each of the six applications and provided reasonable
results for the time series of total masses of each substance in the
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field. However, the timing and amount of lateral subsurface
substance export was not predicted well, which might be a
result of incorrect water flux predictions. Over time, both,
DT50 and ff decreased, which was explained by increased
microbial degradation due to adaptation to the substances.

MACRO

MACRO is a dual-permeability model using a numerical solution
of the Richards Equation for soil matrix transport and a
kinematic wave approximation for preferential flow (Larsbo
and Jarvis, 2003). It can handle the simulation of one pesticide
and one of its TPs subsequently, but not in the same run.
Formation of the TPs can be at the canopy or/and in soil
where it is influenced by soil temperature, soil moisture and
soil depth. Half-lives can be specified for the liquid and the
adsorbed phase in micropores and macropores separately.
MACRO is currently used in the E.U. registration procedure
for plant protection products.

Rosenbom et al. (2009) tested the ability of the MACRO model
for long-term leaching simulations of the herbicide metribuzin
and one of its key TPs towards a sandy aquifer in Denmark. Even
after calibration, the model was not able to simulate TP
concentrations using sorption concepts recommended by the
E.U. Only after using a more sophisticated sorption concept,
the model simulated the leaching of both, metribuzin and its TP,
close to sampled values (R* = 0.24).

RZWQM(2)

The Root Zone Water Quality Model 2 (RZWQM2; Ahuja, 2000)
is a numerical dual-permeability leaching model with, compared
to the MACRO model, the additional ability to simulate overland
flow. The model can handle two TPs in transformation schemes
A or C (Figure 1). TPs can be formed at the canopy by microbial,
photolytic or abiotic processes or in soil by photolytic, microbial,
aerobic, anaerobic and abiotic processes or a lumped half-life is
given. Different TPs can be formed at the canopy, plant residues,
soil surface and in the subsoil. In soil, microbial transformation
depends on temperature, soil moisture and depth.

The RZWQM model was tested for pesticide and TP
simulation using fenamiphos, fenamiphos sulfoxide and
fenamiphos sulfone sampling data from a two-year rainfall
simulation experiment with 12 events by Ma et al. (2004).
Surface crusting was calibrated, and the surface transformation
rate roughly adjusted. This resulted in good event runoff
predictions. Event loads of fenamiphos species were generally
over-estimated, especially for the parent compound. The authors
concluded that calibration of soil surface half-lives between years
might improve predictions largely.

In two studies Fox et al. (2007b) and Fox et al. (2007a) applied
the RZWQM model for the simulation of the herbicide
isoxaflutole and its TP RPA202248 at 10-30ha fields
underlain by tile drains in Indiana. The calibrated model
underestimated sampled peak concentrations and falling limbs
of parent and daughter compounds even though the model code
was extended for direct macropore loss to tile drains. Still,
deviations were within one order of magnitude and the
general declining trend was captured. A long-term 30-years
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simulation suggested that tile drain loss of substances was similar
to surface runoff losses. The model was further applied for an
investigation of the effects of rainfall time step input on model
results. For both substances, an hourly time step brought superior
model results for short-term simulation compared to 5 and 24 h
time steps. Especially peak concentrations, presumably resulting
from macropore flow, could be simulated more accurately.
However, for long-term simulations, the rainfall timestep had
no significant effect.

PEARL

A numerical solution of the Richards Equation and two domains
of macropores are the governing transport processes underlying
the PEARL (Pesticide Emission Assessment at Regional and
Local) model (Leistra et al, 2001). Multiple TPs can be
simulated in a flexible transformation scheme. TPs are formed
in soil using lumped first-order transformation affected by soil
temperature, soil moisture and depth. In combination with other
models, the PEARL model is used for leaching assessment in the
E.U. registration process for pesticides.

Farlin et al. (2013) used PEARL for an inverse modelling of
atrazine and its TP desethylatrazine in a sandy soil aquifer system
in Luxembourg. The model was able to reproduce spring mass
flux ranges. Identified transformation rates and ff of both
substances were close to experimental literature values.

In a three-year lysimeter experiment in Austria, Schuhmann
et al. (2016) tracked the fate of the herbizide chloridazon (CLZ)
and its TPs desphenyl-CLZ and methyl-desphenyl-CLZ. They
applied PEARL successfully for the simulation of water fluxes but
had some problems with fitting pesticide residues: even after
calibration, an early break-through of the parent and desphenyl-
CLZ could not be simulated. The authors explained the mismatch
by preferential flow, which, although PEARL generally is able to
consider preferential flow, was not simulated in this study. Later
events were simulated just fine in terms of mass flux, timing and
magnitude.

Metolachlor and its TP Metolachlor-ESA were simulated in a
lysimeter by Kupfersberger et al. (2018) as part of a study
investigating substance fate in an aquifer. Again, water fluxes
were successfully simulated with PEARL. An early breakthrough
of the parent compound could not be captured, but the main
breakthrough was simulated adequately. The onset of the TP
simulation was correctly estimated, but the mass fluxes were
largely overestimated in the following months. The authors
assumed that different agricultural management practices
during the two subsequent parent applications were causing
these erroneous TP simulations.

PRZM

The Pesticide Root Zone Model (PRZM) has been evolved to
version 5 (Young and Fry, 2014) after its introduction in 1985
(Carsel et al, 1985). It combines a conceptual hydrological
“tipping bucket” approach for water transfer in soil with the
possibility for the simulation of one pesticide and two TPs
following transformation scheme E (Figure 1). Different TPs
can be formed at plant canopy and/or in soil by adjusting ff in soil
and formation rate constants at plants. TP formation rate in soil is
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influenced by soil temperature only. The model is part of the
registration process for pesticides in the European Union.

PRZM has been applied to simulate the leaching of Glyphosate
and AMPA in a soil of an experimental site located in Eastern
France (Mamy et al.,, 2008). PRZM could describe the general
behaviour of the substance masses in the soil profile and of
concentrations in the topsoil but overestimated the parent and
underestimated AMPA persistence. The authors concluded that
PRZM results are satisfactory, especially since no calibration was
applied, but the absence of preferential flow might have led to an
underestimation of AMPA mobility.

Marin-Benito et al. (2015) investigated the leaching of the
fungicide metalaxyl and its TP CGA-62826 in laboratory soil
columns filled with vineyard soils, which were differently treated
with spent mushroom substrates. They tested the ability of the
PRZM model to simulate the breakthrough curves of the
substances in the soil columns. The model was parameterized
by experimental data and literature values. After calibration of
diffusion coefficients and sorption parameters, model
performance was reasonable for the parent breakthrough
curves and most depth-distributions of soil residues. However,
simulations of CGA-62826 were poorer than for the parent
compound. Breakthrough curves were too wide, and depth-
distributions of soil concentrations were largely overestimated.

Pelmo

The Pesticide Leaching Model (PELMO) is a model based on
conceptual calculations (tipping bucket) of water fluxes (Klein,
1995). The model is able to simulate the formation of TPs at
canopy and in soil with the option of simulating different TPs in
each compartment. Transformation in the soil solution or the
adsorbed phase is affected by soil temperature, soil moisture and
soil depth. The transformation scheme is relatively flexible
following scheme F in Figure 1. PELMO is also used as one
of the models in the E.U. registration procedure for plant
protection products.

The only scientific PELMO publication including TPs was
provided by Guzzella et al. (2006) simulating the leaching of the
herbicides diuron and linuron, which can both be transformed to
DCPMU, DCPU, and DCA, in a series of ten small (20-40 cm
depth) field lysimeters. Without calibration, the model
overestimated biodegradation rates and leaching of the parent
compounds and DCPMU. DCPU persistence was overestimated
and simulated DCA persistence too low. Still, persistence
simulations were generally in the correct order of magnitude.
The authors mentioned that there was a large heterogeneity in the
sampling results of leaching and soil persistence between the ten
lysimeters.

LEACHM/LEACHP

The LEACHM (Leaching Estimation and Chemistry Model)
model describes water fluxes according to a finite-differences
solution of the Richards equation neglecting
preferential flow in soil (Hutson and Wagenet, 1992; Hutson,
2005). LEACHP is the pesticide-version of the model. Multiple
TPs can be considered in the model in a chain reaction (type A,
Figure 1). Instead of ff, a degradation rate is implemented for the

numerical
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formation of each TP and another rate for degradation of each
substance. LEACHM adjusts soil transformation (in dissolved
and/or adsorbed species), which is the only transformation
compartment, according to soil temperature, soil moisture and
soil depth. In contrast to other models, Michaelis-Menten
transformation kinetics can be used in addition to first-order
kinetics.

In an early study, Pennell et al. (1990) applied the LEACHM
model for leaching simulations of the insecticide aldicarb and two
of its TPs, aldicarb sulfoxide and aldicarb sulfone, in the soils of
an orange grove in Florida. The model was set up using
experimental data for sorption and degradation of substances.
Substance masses remaining in the field were calculated for each
species and compared to sampling data. LEACHM predictions
were close to sampled values for the parent and the sulfoxide. The
persistence of the sulfone TP was overestimated. Soil
concentrations with depth were not compared to each species
but to the parent compound and to total residues, including TPs
(TR). Parent concentrations were largely overestimated at the
beginning of the experiment while, at the same time, vertical
leaching was underestimated. Later on, the overestimation was
consistent in the whole soil profile. TR were overestimated in the
topsoil at the beginning and underestimated during the
experiment. At the end of the experiment, the model
underestimated the depth of TR leaching which might have
been an effect of missing preferential pathways.

The same substances were simulated by Vink et al. (1997) in a
large lysimeter filled with clay soil. Experimental substance
breakthrough was fast, indicating a high importance of
preferential flow pathways. Breakthrough of aldicarb and its
TPs was simulated much too late (100 days) by LEACHM. It
was concluded that the absence of a preferential flow module
might be responsible for the unsuccessful model application.

To overcome the limitations of the LEACHM model regarding
the serial transformation scheme, Webb et al. (2011)
implemented a branched transformation scheme into the code
of the model. They applied the modified model for the simulation
of the herbicide atrazine and three of its first-order TPs:
deethylatrazine, deisopropylatrazine and hydroxyatrazine. For
model testing, soil samples from several locations in the
United States were mixed with atrazine and stored in the dark
at different temperatures. The calibrated model was able to
reproduce microbial transformation behaviour of all species as
affected by soil temperature. Analysing optimized parameters, the
authors found that there was a significant difference between
degradation half-lifes of atrazine in adapted (5 days) to non-
adapted (42 days) soil.

HYDRUS 1-D
HYDRUS 1-D was developed as a finite element numerical model
for vertical water and solute fluxes in dual-porosity soils
(Simtinek et al., 1998). It can handle up to five TPs in a chain
reaction with side products (type B, Figure 1). TPs are formed in
soil using a temperature and moisture-dependent first-order rate
per TP.

Papiernik et al. (2007) applied HYDRUS 1-D for simulating
the fate of the herbicide isoxaflutole and its TP diketonitrile
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(DKN) in field soils. The model was able to fit sampled depth
distributions of the summarized concentrations of isoxaflutole
and DKN. By analysing processes in the model, the authors
concluded that plant uptake is an important process in
pesticide fate modelling.

A coupling of HYDRUS 1-D with the groundwater model
MODFLOW was done by Bergvall et al. (2011) to track the fate of
the 2,6-dichlorobenzoamide (BAM), a TP of the herbicide
dichlobenil, in a drinking water supply well. The model
combination was able to simulate BAM concentrations, but
the HYDRUS simulations of the vadose zone were biased. The
authors discussed possible reasons among which heterogeneity of
preferential transport, which was not included in the model, was
most likely responsible.

Large-Scale Leaching Models
GeoPEARL
GeoPEARL (Tiktak et al., 2002) is a spatially distributed version
of the PEARL leaching model and thus shares all the
transformation equations of the PEARL model. Even though it
is distributed, the model is restricted to vertical water transfer.
Thus, there is no lateral connection between soil profiles.

van der Linden et al. (2009) extended the model for the
influences of organic matter, clay content and pH on
degradation and simulated the leaching of Mesotrione and two
of its TPs in Netherlands. The influence of the dependencies
could clearly be shown in the results, but the model was neither
calibrated nor validated using field data.

LEACHM

The LEACHM model was applied in a semi-distributed way to
estimate the leaching of different pesticides and TPs in soil with
different unsaturated zone thickness in a meso-scale watershed
(Webb et al., 2008). Soil moisture of different depths and bromide
tracer concentrations were calibrated, but not the organic
chemical concentrations. Thus, similar to the GeoPEARL
applications, the results are used as hypotheses about the fate
of pesticides and TPs in soil.

Catchment Scale Models

ZIN-AgriTra

The catchment scale reactive transport model ZIN-AgriTra aims
at providing information about pesticides and their
transformation  products in  agricultural  catchments
(Gassmann, 2013). The model is fully distributed and has time
steps between a few minutes and one hour. Based on an explicit
simulation of the mass balance per cell, it is able to simulate up to
three substances of which two can be TPs (scheme D, Figure 1).
The transformation half-live can independently be specified for
the mixing layer and three soil layers. TPs might be formed at the
canopy, but the half-live and the formation fractions cannot be
specified separately from soil.

The model was applied in a Swiss headwater catchment for the
simulation of three pre-emergence herbicides with one TP each
(Gassmann et al., 2013). The peak mass fluxes and the spatial
distribution of parent compounds and TPs could be successfully
reproduced. However, there were peaks during small rainfall
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FIGURE 2 | Spatio-temporal resolution of investigated models. The
temporal scale depicts the minimum output time step possible.

events after application which could not be reproduced. One
reason was that even the 10 m spatial resolution was too coarse to
include paved roads and that drift of pesticides during application
was not considered. It could be shown that the export pathways of
the TPs were different from the PCs, which was attributed to the
physico-chemical characteristics and the large tile-drained area in
the catchment. The model was further used to estimate the critical
source areas of pesticides and TP loss based on 55 agricultural
fields in the catchment (Gassmann et al., 2015). 144 simulations
of different physico-chemical characteristics showed that critical
source areas of TPs were on average larger than PCs.

Field Release Model (FRM)

In a lumped parameter model based on linear reservoirs,
Gassmann et al. (2014) investigated simulation uncertainties
associated with TP simulations. The model was set up to
simulate the transformation of chlorpyrifos (CP) to
chlorpyrifos oxon (CPO) and trichlorpyridinol (TCP) (scheme
E, Figure 1) in a Mediterranean catchment. It was shown that the
estimation of TCP was consistent in two subsequent rainfall
events, but that CPO concentrations and masses were highly
uncertain and failed in the second event. This was attributed to
changing transformation processes since CP was applied during
the dry period with surface transformation processes, which
prevailed before the first event. During the first event
substances were flushed to the soil where degradation was
then controlled by soil microbes forming TCP.

ANALYSIS AND DISCUSSION

Spatio-Temporal Classification

The models reviewed were restricted to field scale leaching
models, catchment scale models and regional-scale leaching
models. These models are all process-based and thus their
time step is one day or lower (Figure 2). This degree of detail
is required for the assessment of non-linear processes such as
pesticide fate (Tiktak et al., 2003; Gassmann et al., 2012). Both
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investigated catchment scale models operate at a time step of one
hour or lower, since the catchments in focus were rather small
and thus the consideration of fast processes such as overland flow
was required. In contrast, many of the field scale leaching models
operate at a daily time step, which is often suitable for the
relatively slow leaching process. Still, it needs to be mentioned
that numerical models often internally reduce the calculation
time step in case of fast flow events (e.g., Larsbo and Jarvis, 2003;
Gassmann et al,, 2013). Figure 2 shows, that, even though there
are models simulating pesticide parent compounds at the large
catchment scale with a time step of one day (e.g., SWAT (Arnold
et al,, 1998) or AnnAGNPS (Bingner et al., 2011), none of these
models is able to simulate TPs. Thus, a spatio-temporal gap exists
at the one-day—catchment scale combination.

Modelling Aim and Model Performance

The major aim of the above cited 20 TP model applications was
model testing (50%). 30% of the studies performed process
analysis and 20% did both. Most of the above cited studies
(except the spatial leaching models) compared the TP
simulations to sampling data. However, many model
applications were unsuccessful or did not capture the full
behaviour of TPs. One reason may be, that only 70% of the
applications were calibrated while the rest performed no
calibration. Others, such as Marin-Benito et al. (2015) did not
calibrate the transformation parameters but only sorption
parameters. The question whether a model should be
calibrated or not depends on the aim of the modelling
exercise: all model applications without calibration were
performed for testing their ability to simulate the
environmental fate of TPs. On the other hand, all applications
done for process analysis were calibrated first. Generally,
parameterization of TP fate modules is hampered by the fact,
that studies investigating environmental fate characteristics such
as transformation kinetics or adsorption of TPs are rare (Lewis
et al, 2016). Thus, deriving parameter ranges for model
calibration from the literature is often not possible. Without
any fate studies for Chlorpyrifos Oxon, Gassmann et al. (2014)
gained parameter values using Quantitative Structure Property
Relationships (QSPR) from BIOWIN (Boethling et al., 1994) and
KOCWIN (Meylan et al., 1992). Since experimental fate studies
are hampered by the high number of TPs in the environment and
the fact that pure standards are often not available for lab
analytics, such in silico methods may gain importance in the
future.

The simulation of preferential flow is a critical topic for water
and substance fluxes in soil, since they largely influence the transit
time distributions of water (Weiler, 2017). This is reflected in the
large number of studies (35%) in this review stating that missing
(PEARL, PRZM, LEACHM, HYDRUS) or unsatisfactorily
simulated (RZWQM) preferential flow was the main problem.
However, one might ask why models without the possibility to
simulate preferential flow are applied at all, if they fail in
reproducing the chemograph? One reason might be the
difficulties of simulating preferential flow: even if there is a
module for preferential flow, the parameterisation (number of
macropores, radius, etc.) may not be possible without
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TABLE 1 | Reviewed models and their model structures regarding pesticide transformation/TP formation. “Transformation scheme” refers to Figure 1. “flex” means a totally

flexible scheme. X means the feature is included in a model.

Transformation concepts

>

Transformation scheme B

Number of TPs >3

Influences on transformation
Soil moisture X
Soil temperature X
Soil depth -
pH -
Organic carbon — — — —
Clay content — — — —

TP formation in solute and/or solid - X - -

domain

Different TPs in environmental — — X —

compartments®

No. transformation processes 1 1 5 1

A C Flex
2 >3

-

X X X
X X X
xX X X

aSuch as soil, plant surface, water.

comprehensive field studies. One way forward may be the
implementation of pedotransfer functions deriving main
parameters from basic physical soil properties as it is done in
the MACRO model (Larsbo and Jarvis, 2003).

Another source of failure for TP modelling (20%) were the
implemented  environmental fate concepts such as
transformation ~ schemes,  long-term  sorption  and
transformation dynamics in the models MACRO, RZWQM,
PEARL, and FRM. This reflects a mismatch between known
environmental fate processes from experimental studies and
model implementation of these processes. It should also be
noted that transformation processes were only given twice as
reasons for model failure. Thus, either the implemented
transformation processes were well suited in all other studies,
or these equations were not even evaluated for their influence on
model performance.

Less often (10%), parent compound application conditions,
which could not be mimicked in the model, were given as reasons
for model failure (PEARL, Zin-AgriTra). Especially spray drift
and deposition on non-target surfaces during application are
hard to capture in pesticide and TP fate models. Even though
there are methods for an assessment of spray drift from
meteorological and technical variables (e.g., Butler Ellis and
Miller, 2010), short-term wind variations (wind gusts) and
farmers’ behaviour (best management practices) are often
unknown. Thus, the error introduced into the simulation of
PCs is transferred to the simulation of TPs.

Model Complexity

The investigated models highly differ in their transformation
process representation (Table 1). While most of the models have
equations for the influence of soil moisture, soil temperature and
soil depth on transformation rates, only the spatially distributed
model GeoPEARL considers the influence of pH, organic carbon
content and clay content. Half of the models are able to calculate
the transformation of substances in the dissolved form, in the
adsorbed domain or both. Only three models (RZWQM, PRZM,

GLEAMS MACRO RZWQM PEARL PRZM Pelmo

LEACHM HYDRUS GeoPEARL ZIN- FRM
1D AgriTra

E F A B Flex D E
2 >3 >3 >3 >3 2 2
- X X X X X -
X X X X X X —
- X X - X X -
— — — — X — —
— — — — X — —
— — — — X — —
X X X X — X —
X X — — — — —
1 2 1 1 1 1 1
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FIGURE 3 | Level of detail of transformation and transport (i.e.

hydrological) processes implemented in the models. For better visibility,
models may have been shifted on the Transport axis (black: leaching models;
green: catchment models).

Pelmo) can form different TPs in different environmental
compartments such as soil, plant surface or water body. In
two models (RZWQM, Pelmo) different transformation rates
can be attributed to different transformation processes such as
microbial transformation or photolysis.

To compare the models’” process representation numerically,
their transport-related (hydrological) processes were rated in four
classes and their transformation-related processes using a finer
graduation (Figure 3). The method used for rating can be found
in the supplement. The leaching models Pelmo and RZWQM?2
are the models with the highest process complexity regarding
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transformation calculations. While RZWQM?2 also has a high
detail of hydrological process representation, Pelmo is more
simplified in this respect. Generally, most leaching models
have a moderate to high transformation process complexity.
The MACRO model is the least detailed leaching model
regarding transformation representation owing to its lumped
processes approach, the simulation of only one TP and thus
its simple transformation scheme (Table 1).

Among the two catchment scale models, ZIN-AgriTra is by far
the most detailed model in both, hydrological and transformation
process representation. However, compared to leaching models,
ZIN-AgriTra only has a medium level of transformation process
complexity. The conceptual FRM model has both, a low
transformation process complexity and a low transport process
complexity. Thus, it might rather be seen as a quick overview tool
than as a tool for the estimation of TP concentrations.

The choice of model complexity is always a balance between
process representation and parameterisation effort. While the
implementation of some process complexity such as the impact of
soil moisture, soil temperature and soil depth on transformation
rates is state-of-the-art (see Table 1), other process details may
only be required in specific case studies. The differentiation
between photolysis at plant surfaces and microbial
transformation in soil, for example, might not be relevant for
pre-emergent herbicides in Central Europe, but for fungicides or
insecticides in Mediterranean orchards (Gassmann et al., 2014).
Since experimental environmental fate information about TPs is
rare, a higher degree of process representation in models might
not even be desirable.

Number and Pathways of TPs

Many of the investigated models deal with one or two TPs at the
same time. However, it became more and more obvious in the last
decades, that there may rather be several dozen of TPs for each
parent compound (e.g., Roberts et al, 1999). Even though it
would be possible to simulate all these TPs in various runs, the
complex interactions between TPs could not be considered. Thus,
future models should be able to simulate a dynamic number of
parent compounds and degradates and their interactions. While
computational limits may have been an argument in the past,
parallel computing and advanced computer hardware break these
limits nowadays.

One approach to overcome the limitations of a simplistic
transformation scheme outside the actual modelling software was
implemented in LEACHM, which is only able to simulate a linear
decay series (Webb et al, 2011). Input and output data of
individual model runs were processed to fit the next PC-TP
series. With this approach, a dynamic transformation scheme
could be simulated. Similarly, a first approach for a more dynamic
pathway calculation was implemented for MACRO. The model
can be externally controlled by an R script called “MACRO
unchained”  (https://julienmoeys.github.io/macrounchained/),
developed by Julien Moeys. The script adds the possibility of
simulating n-th order TPs in MACRO, including TPs which are
formed by several other TPs.

Comparing all the transformation schemes (Figure 1), it is
apparent, that there is no model considering the pathway from a
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TP back to the parent. Only one model provides the possibility to
have a two-way transformation between TPs (ZIN-AgriTra). A
case where this transformation scheme would be needed is, for
example, the insecticide endosulfan, where its two stereoisomers
can transform into each other (Mukherjee and Gopal, 1994).
Closely connected is the possibility of models to form different
TPs by different transformation processes, which is currently only
included in RZWQM, PRZM, and Pelmo with different levels of
detail. Given that transformation processes may change in space
and time, it seems necessary to implement the formation of TPs
originating from different transformation processes in
environmental fate models at all discussed scales.

Future Directions: Integrated Modelling

One major obstacle in moving forward in environmental fate
estimation of TPs may be that different scientific communities
work on this topic: environmental chemists rather investigating
substance behaviour at the molecular level and build models for
their prediction (QSPR models). Hydrologists rather work at the
transport and fate in soil and at the surface and create leaching
models and catchment models as discussed above. Taking the
results of both communities, a future integrated modelling
approach for pesticide TPs would be a fusion of models
predicting transformation pathways of pesticides and TPs (e.g.
Eawag-Soil in enviPath, Latino et al, 2017), models predicting
environmental parameters such as sorption coefficients or
degradation of TPs (e.g. the models included in the US-EPA
EPI Suite, Card et al.,, 2017) and models predicting the dynamic
transport and environmental fate (see above). With such integrated
models, the environmental fate of pesticides could be estimated in a
comprehensive way by only knowing the molecular structure of the
parent compound and the environmental conditions. However,
since all three types of models still have huge uncertainties, an
expert application of each model is currently required. Thus, an
interdisciplinary collaboration is currently the only way a
comprehensive environmental fate assessment of pesticides
including its multiple TPs can be achieved.

CONCLUSION

After more than two decades of research, pesticide TPs can no
longer be called “emerging substances”, but they still pose a threat
to many aquatic ecosystems. Thus, one might expect, that TP
models are still being developed further, as is the case for pesticide
parent compounds. However, research activity in TP model
development and application was found to be surprisingly low
in the last years. Even though there are eight leaching models and
two catchment scale models described in the literature for the
assessment of TP fate, only 20 individual studies have been
published in which these models were tested or applied.
According to the simulation problems stated in the
investigated studies, the reason for the low number is rather
not that all problems have been solved. Most of the studies did not
even critically discuss implemented TP fate equations and
concepts, but the predominating reasons given for model
failure were transport processes, especially preferential flow. By
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comparing the structure of existing models, the state of
knowledge on TP fate and requirements of TP fate assessment,
the following recommendations can be drawn from this review:

(i) Advancement of environmental fate concepts: existing TP
fate models should be extended to simulate flexible PC-TP
transformation schemes; the formation of TPs originating
from different transformation processes, such as
phototransformation or microbial transformation, should
be included.

Spatio-temporal ~ structure: ~well-developed and applied
catchment-scale models for pesticide fate assessment at 1-day
temporal resolution should be extended by a TP module. This
would enable a regional-scale river-concentration assessment.
The fusion of models predicting substance fate characteristics
from the molecular structure (QSPR models) with
environmental fate models should be advanced to get over

(ii)

(iii)
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