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5
CSIA of pesticides: a combined
monitoring and modeling approach to
assess pesticide fate and degradation at
catchment scale∗
Abstract. As pesticides are frequently found in stream water, it is crucial to
assess pesticide transformation under field conditions. Compound-specific stable
isotope analysis (CSIA) has proven useful in the characterization of contaminant
transformation, but it has mainly been applied for groundwater contaminants,
and not yet in the assessment of diffuse pesticide pollution. This chapter presents
the first application of CSIA of pesticides at catchment scale. Concentration
and carbon isotope data of two chloroacetanilide pesticides (S-metolachlor and
acetochlor) were collected in a 47-ha agricultural catchment (Alteckendorf, Alsace,
France) between March and August 2012 at three different spatial scales (plot,
drainage outlet, catchment outlet). Measured pesticide concentrations at the
catchment outlet were highest (65 µgL−1 ) following an intense rainfall event in
the first month after pesticide application. Carbon isotope ratios increased by
more than 2 h between May and July 2012. In addition to these field CSIA data,
this chapter also describes the first model-assisted interpretation of CSIA data at
catchment scale. Discharge, pesticide concentrations and carbon isotope ratios in
the Alteckendorf catchment were modeled with a conceptual two-compartment
model based on non-stationary travel time distributions. Calibration against the
field CSIA data allowed the assessment of the isotopic enrichment factor (εC ), and
slightly reduced model uncertainty in the quantification of pesticide degradation.
We suggest that a finer temporal resolution than feasible in this study would more
significantly reduce model uncertainty. Nonetheless, this chapter demonstrates
how CSIA can provide clear evidence of pesticide degradation, and illustrates the
benefits of a combined monitoring and modeling approach of concentration and
CSIA data at catchment scale.
∗ This chapter is in preparation for submission to a scientific journal with the following list
of authors: Lutz, S. R.; van der Velde, Y.; Elsayed, O. F.; Imfeld, G.; Lefrancq, M.; Payraudeau,
S., and van Breukelen, B. M.
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Introduction

Diffuse pollution of groundwater and rivers is a common problem in agricultural
catchments due to the extensive and deliberate application of pesticides to arable
land. Therefore, numerous studies have analyzed pesticide concentration data to
characterize degradation and transport of pesticides at catchment scale (Beernaerts
et al., 2003; Doppler et al., 2012; Kreuger, 1998; Leu et al., 2004a; Richards and
Baker, 1993). Understanding degradation at catchment scale is of high importance,
as this process removes the applied pesticide product from the environment and,
provided that the pesticide is completely mineralized or forms innocuous degradation
products, annihilates its impact on the ecosystem. However, concentration data
alone cannot conclusively indicate pesticide degradation and thus help distinguish
destructive from non-destructive processes, as these data depend on various factors
such as the application amount and timing (Battaglin and Goolsby, 1999) or the
extent of dilution by pristine water (Schreglmann et al., 2013). Similarly, laboratory
studies can elucidate the potential of specific mechanisms for pesticide degradation,
but they can hardly indicate if and to what extent these mechanisms contribute to
pesticide degradation under field conditions (Fenner et al., 2013). These limitations
can be overcome by compound-specific isotope analysis (CSIA), which can serve as a
clear indicator of contaminant degradation. CSIA measures the isotopic composition
of the contaminant (i.e., the abundance of heavy isotopes relative to light isotopes
of an element contained in the compound, e.g. 13 C relative to 12 C). The isotopic
composition tends to change under the influence of contaminant transformation
(Elsner, 2010; Meckenstock et al., 2004), which is referred to as isotope fractionation.
In contrast, non-destructive processes such as dispersion or sorption do, in general,
not lead to significant isotope fractionation effects (van Breukelen, 2007b; van
Breukelen and Prommer, 2008). Therefore, CSIA can allow for the detection and
even quantification of natural degradation of the pesticide.
CSIA has been applied to study in situ degradation of organic groundwater contaminants such as monoaromatic and polyaromatic hydrocarbons (Blum et al.,
2009; Vieth et al., 2005), MTBE (Kolhatkar et al., 2002; Zwank et al., 2005) and
chlorinated ethenes (Hunkeler et al., 2005; Sherwood Lollar et al., 2001). In the
context of diffuse agricultural pollution, it has mainly been applied to identify
natural and anthropogenic nitrate sources, and provide evidence of denitrification
(Divers et al., 2014; Johannsen et al., 2008; Kellman and Hillaire-Marcel, 2003; Voss
et al., 2006). Although CSIA may confirm the occurrence of pesticide degradation
(Fenner et al., 2013), CSIA data of pesticides remain restricted to the measurement
of the isotopic composition of pesticide products (Annable et al., 2007; Weller
et al., 2011), the change of the isotopic composition due to specific reaction mechanisms under laboratory conditions (Hartenbach et al., 2008; Meyer and Elsner,
2013; Meyer et al., 2009; Penning et al., 2010; Reinnicke et al., 2011; Wu et al.,
2014), grab samples of groundwater (Schreglmann et al., 2013), and the analysis
of groundwater and stream water samples near a landfill (Milosevic et al., 2013).
Chloroacetanilide herbicide degradation and associated isotope fractionation have
been recently studied in lab-scale wetlands (Elsayed et al., 2014), but CSIA has not
yet been repeatedly measured in stream water to evaluate in situ degradation of
pesticides at catchment scale. This chapter presents the first field isotope data of
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pesticides in surface runoff and stream water from an agricultural catchment. It
discusses concentration and carbon CSIA data of two chloroacetanilide herbicides
(S-metolachlor and acetochlor), which were collected in a 47-ha agricultural catchment (Alsace, France) at three different spatial scales (i.e., at a plot, at the outlet
of a drain, and in the stream at the catchment outlet).
In addition to the field CSIA data, this chapter also describes the use of these
data in a catchment-scale hydrological model. CSIA data and associated isotope
fractionation effects have been previously simulated to characterize groundwater
pollution (Atteia et al., 2008; D’Affonseca et al., 2011; Pooley et al., 2009; Prommer
et al., 2009; van Breukelen et al., 2005; Wanner et al., 2012b). Moreover, this
approach has been applied in chapter 4 in a virtual experiment of pesticide pollution
at hillslope scale. In view of the acquired CSIA data of pesticides, we now present
a two-compartment flow and transport model that describes pesticide transport,
degradation and associated isotope fractionation at catchment scale. The transport
formulation in this model is based on travel-time distributions, which allows calculating flux concentrations and mass fluxes of conservative and reactive solutes with
a parsimonious model structure (Botter et al., 2010; van der Velde et al., 2012).
This modeling approach has been applied to, e.g., simulate atrazine and chloride
transport in agricultural catchments (Benettin et al., 2013; Bertuzzo et al., 2013).
In the current study, the objective of the modeling was to identify dominant
processes affecting herbicide transport and degradation. In particular, the aim
was to examine how the field CSIA data from the three different spatial scales can
inform the modeling (e.g., by indicating which transport pathways and degradation
kinetics have to be simulated), and thus to identify potential benefits of CSIA data
in modeling compared to concentration data only. Moreover, the purpose of the
modeling study was to analyze what additional information about herbicide transport
and degradation can be gained from the model results (e.g., by comparing model and
field-data based assessment of pesticide degradation and isotope fractionation). This
chapter thus seeks to determine whether the use of CSIA data in a complementary
monitoring and modeling approach allows for an improved assessment of the fate
and degradation of diffuse pesticide pollution at catchment scale.
This chapter first describes the experimental setup and provides the field concentration and CSIA data of S-metolachlor and acetochlor. Second, it presents the
model concepts for the simulation of pesticide transport, degradation and associated
isotope fractionation. The chapter then discusses the results of the model calibration
to the field data. This leads to a discussion of the added value of CSIA data in
monitoring and modeling of pesticide transport and degradation.

5.2
5.2.1

Methods
Field measurements

Study catchment
The study was conducted in a 47-ha headwater catchment, located 30 km north of
Strasbourg (Alteckendorf, Alsace, France). The mean annual temperature between
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2005 and 2011 was 11.7°C, and mean annual precipitation and potential evapotranspiration were 704 mm (±151 mm) and 820 mm (±28 mm), respectively (data from
Meteo France station in Waltenheim sur Zorn at 7 km distance from the catchment).
Arable land comprises 88% of the catchment area (of which 68% is corn, 16% winter
wheat, and 4% sugar beets). The catchment is prone to mudslides; its mean slope
is 6.7%, and the main soil type is loess. The catchment is drained by an artificial
drainage network of unknown size; at least one drainpipe was active during the
study period and continuously discharged into the ditch upstream of the catchment
outlet (D1; Fig. 5.1). During the study period, an area of 77.2 m2 was isolated on a
sugar beet field (with a 60 cm high shield to a depth of 30 cm below the ground
surface) for a controlled plot experiment (Fig. 5.1). A detailed description of the
study catchment and experimental setup can be found in Lefranq (2014).

Figure 5.1: Scheme of the Alteckendorf catchment (Alsace, France). OC and D1 indicate the
outlet of the catchment and the drainage system, respectively. P1 shows the location of a pipe
that conducts runoff water below a path. Surface runoff from the experimental plot was collected
and measured at OP .

Study compounds
This study considers the two chloroacetanilide herbicides metolachlor (2-chloro-N(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide) and acetochlor
(2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide; Table 5.1). They
rank among the most commonly applied pesticides (Grube et al., 2011) and are
mainly used for pre-emergence weed control. Metolachlor consists of four stable stereoisomers; S-metolachlor (Table 5.1) denotes the two herbicidally active
stereoisomers of metolachlor. Since the late 1990s, metolachlor products comprising
all isomers have been progressively replaced by formulations that typically contain
more than 80% of S-metolachlor (Buser et al., 2000). S-metolachlor is classified as
moderately water-soluble (480 mg L−1 ) and moderately mobile in soil (log KOC
between 1.79 and 2.57). Acetochlor has a moderate solubility (282 mg L−1 ) and
mobility in soil (log KOC of 2.19). In the study year 2012, S-metolachlor was applied
as the commercial formulations Mercantor Gold, Dual Gold, and Camix (Syngeta),
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Table 5.1: Compound properties of the two study compounds S-metolachlor and acetochlor.
Sources: University of Hertfordshire (2013); TOXNET databasea .

Chemical formula
Molecular mass (g

Acetochlor

C15 H22 ClNO2

C14 H20 ClNO2

283.8

269.8

Solubility in water at 20°C (mg l−1 )

480

282

Henry’s law constant at 25°C
(Pa m3 mol−1 )

2.2·10−3

2.1·10−3

log KOC b

1.79 − 2.57c

2.19

Soil half life (d)

15

14

Half life for hydrolysis in water (d)

stable

stable

a
b
c

mol−1 )

S-metolachlor

U.S. National Library of Medicine; http://toxnet.nlm.nih.gov
soil organic carbon-water partition coefficient
Alletto et al., 2013

and acetochlor as the commercial formulation Harness (Dow Agrosciences).
Data collection and sampling
Metolachlor and acetochlor have been used in the study catchment since the 1990s.
To estimate the application of these compounds in the study year 2012, a survey
was conducted among the farmers within the catchment. The survey showed that
the two herbicides were mainly applied in the first two weeks of May; the total
estimated application amount for the catchment was 10.4 kg of acetochlor and 11.0
kg of S-metolachlor. At the experimental plot, only metolachlor was applied (on
April 12 and May 1). Discharge and concentrations of S-metolachlor and acetochlor
were measured between March and August 2012 at the three different scales (plot
experiment, OP ; drain outlet, D1; and catchment outlet, OC ; Fig. 5.1). At the
catchment outlet, discharge was measured using a Doppler flowmeter (2150 Isco,
Lincoln, Nebraska, USA), and flow-proportional samples were taken every 20 m3
with a cooled automatic sampler (Isco Avalanche, Lincoln, Nebraska, USA). At the
plot, only surface runoff was captured; it was collected in a polyethylene gutter, and
water levels were determined with a Venturi channel and a surface water level sensor
(ISMA, Forbach, France). Flow-proportional water samples at the plot were taken
every 7 L with a cooled automatic sampler (Isco Avalanche, Lincoln, Nebraska,
USA). Weekly grab samples were collected from the drain outlet.
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Concentration and CSIA analysis
S-metolachlor and acetochlor concentrations were determined according to the
method described in (Lefranq, 2014). In brief, water samples were filtered through
a 0.7 µm glass-fiber filter and extracted by solid-phase extraction (AutoTrace 280
SPE system, Dionex, CA, USA). They were analyzed in a GC-MS/MS system
(ITQ 700 model, Thermo Fisher Scientific, Les Ulis, France) using a OPTIMA 5MS
column (30 m x 0.25 mm ID, 0.25 µm film thickness, Macherey Nagel GmbH, Düren,
Germany) with helium as carrier gas (flow rate of 1 mL min−1 ). This yielded a
mean analytical uncertainty of 8%, and quantification limits of 0.05 and 0.02 µgL−1
for acetochlor and S-metolachlor, respectively.
The detailed method of carbon stable isotope analysis of S-metolachlor and acetochlor can be found in Elsayed et al. (2014). In brief, carbon isotope ratios of
samples were determined in triplicates with a GC-C-IRMS system coupling a gas
chromatograph (Agilent 6890) to an isotope ratio mass spectrometer (Finnigan
MAT 252, Thermo Fischer Scientific). Analytes (4 µL volume) were injected using
a split/splitless injector run in splitless mode (held at 280°C), combusted with a
GC/C III interface (set to 980°C), and transferred to a BPX5 chromatographic
column (60 m × 0.32 mm, 0.5 µm film thickness, SGE, Ringwood, Australia; heated
stepwise from 50°C to 320°C) with helium as carrier gas (flow rate of 2.0 mL min−1 ).
Quality control of this procedure was achieved by regularly measuring reference
carbon isotope ratios of S-metolachlor and acetochlor standards, which had been
determined earlier with an elemental analyzer-isotopic ratio mass spectrometer
(EA-IRMS, eurovector, Milan, Italy).



13
C
Carbon isotope ratios of samples
are reported in per mil (h) relative
12 C
sample

to
the
VPDB (Vienna Pee Dee Belemnite) standard ratio
13
C
= 0.0112372 :
12 C
VPDB

 13 
C

13

12 C

δ C=

13 C
12 C

sample



−1

(5.1)

VPDB

Carbon isotope ratios were obtained for six plot and six catchment samples for
S-metolachlor (between one and nine weeks after the main application day), and
three plot and five catchment samples for acetochlor (between two and six weeks
after the main application day). Additionally, δ 13 C-values of the S-metolachlor
formulation used in the plot experiment were determined (for a sample from the
application tank and the applied pesticide). No δ 13 C-values of either herbicide were
available for the drain outlet due to low concentrations and small sample volumes.
In the context of groundwater contamination, a conservative estimate of the extent
of natural attenuation can be obtained from the Rayleigh equation approach:
RS
α−1
= fdeg
R0

(5.2)

where R0 is the isotope ratio (e.g., 13 C/12 C) of the contaminant at the contamination source, RS is the isotope ratio of the contaminant in a groundwater sample
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downgradient from the source, fdeg represents the remaining fraction of the contaminant in the sample relative to the source, and α is the kinetic isotope fractionation
factor (reported in per mil (h) as the kinetic isotopic enrichment factor; ε = (α−1)).
In this study, we applied Eq. 5.2 to the field CSIA data at the catchment outlet, and
calculated the extent of degradation based on the measured CSIA data (EDmeas )
as follows:

EDmeas (%) = (1 − fdeg ) · 100

(5.3)

In order to evaluate the potential use of the Rayleigh equation approach for
catchment-scale application, we compared EDmeas to the simulated extent of
degradation known from the mass balance of the pesticide model (see below).

5.2.2

Hydrological model

Similar to (Benettin et al., 2013; Bertuzzo et al., 2013), the parsimonious hydrological
model comprises two storage reservoirs: a shallow reservoir, which represents crop
leaves and the upper soil layers, and a lower groundwater reservoir (Fig. 5.2). The
storage of the shallow reservoir (Ss ) is fed by precipitation (P ), and the groundwater
reservoir by recharge from the shallow reservoir (Rgw ). Water in shallow storage
can leave the reservoir as evapotranspiration (ETs ) or discharge (Qs ). Qs is zero
as long as the amount of water does not exceed the capacity of shallow storage.
If the latter is reached, discharge flows to groundwater with a maximum recharge
rate of Rmax . Excessive discharge above Rmax from the shallow reservoir is directly
diverted to the stream as overland flow (OF ). Groundwater storage (Sgw ) is a
function of recharge from the shallow reservoir (Rgw ), evapotranspiration from the
groundwater reservoir (ETgw ), and discharge to the stream (Qgw ). We assumed that
discharge from the groundwater reservoir is solely a function of storage (Kirchner,
2009). The model simulated discharge at the catchment outlet on a daily time step.
The detailed equations of storage and fluxes for the hydrological model are given in
Table S5.1 in the supplementary information to this chapter.
Travel time distributions
Travel time distributions characterize flow dynamics in a reservoir; they give the
probability density function of the time that a water parcel spends inside the
reservoir before leaving it via Q or ET, respectively (van der Velde et al., 2012;
Botter et al., 2010). Travel time distributions also allow for the calculation of
solute concentrations in Q and ET by convolution of travel time distributions and
the relation between travel times and concentrations (Benettin et al., 2013; Botter
et al., 2010). The shape of travel time distributions depends on the assumed mixing
scheme, which specifies the time-variance of travel times, and the preference of Q
and ET to remove water of a certain age from storage. For example, it may be
sufficient for the description of a specific catchment to assume identical travel time
distributions for Q, ET, and any water parcel in the reservoir (i.e., complete mixing).
In other cases, however, it might be required to simulate that ET predominantly
removes young water and thus yields relatively older water in the reservoir (van der
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Figure 5.2: Scheme of flow (blue arrows) and pesticide transport routes (red arrows) from the
shallow reservoir (brown box) and groundwater (blue box) to the stream (light blue semicircle).
Pesticide concentrations were modeled separately for light and heavy carbon isotopes to simulate
degradation-induced isotope fractionation.

Velde et al., 2012). In this study, we assumed variable flow with variable incomplete
mixing, which means that travel time distributions are time-variant and different for
ET, Q, and storage, and that the preference of Q for water of a certain age depends
on storage (i.e., on wetness conditions in the catchment). A detailed description
of the used mixing scheme and derivation of travel times can be found in van der
Velde et al. (2014). Based on this mixing scheme, travel time distributions were
numerically calculated for the modeled fluxes from the groundwater and shallow
reservoir, which, in turn, yielded pesticide concentrations in Qs , Qgw , and ETgw
(Table S5.2).

5.2.3

Pesticide model

The applied pesticide enters the model system via the shallow reservoir (mass
flux φinp in Fig. 5.2) and is assumed to immediately sorb to soil. Infiltration of
precipitation leads to pesticide desorption and dissolution in the shallow reservoir.
Pesticide in the dissolved phase of the shallow reservoir can leave this storage via
discharge (φs ), which leads to pesticide input to groundwater storage (φr ) and, if
this transport way is active, also to the stream via overland flow (φof ). Pesticide in
groundwater storage can be discharged to the stream (φgw ), or enter plants and the
shallow reservoir via evapotranspiration from groundwater (φet ). Evapotranspira-
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tion from groundwater was assumed to only transport a fraction of the pesticide
mass into the shallow storage (φex ; Benettin et al., 2013; Bertuzzo et al., 2013).
This mirrors incomplete uptake of pesticide in ET water by plants, and pesticide
release to the soil after uptake (i.e., exudation by plant roots; Al-Khatib et al., 2002;
Henderson et al., 2007). As the study catchment is prone to surface runoff and
erosion, the model also accounts for direct pesticide transport from shallow storage
to the catchment outlet via overland flow. This can occur in the dissolved phase
after desorption (φof ) or in the particulate phase via eroded material in overland flow
(φer ; without desorption). The eroded pesticide amount is proportional to discharge
via overland flow and stored pesticide mass in the shallow reservoir. Pesticide in
φer plays an important role for the overall mass balance as it removes the pesticide
from the shallow reservoir. As the pesticide can enter the stream via overland flow
and groundwater discharge, concentrations in the stream (dissolved phase) were
calculated from concentrations in overland flow and groundwater. S-metolachlor
concentrations and carbon isotope ratios (see Eq. 5.4 below) were calculated on a
daily time step. Table S5.2 in the supplementary information to this chapter shows
the detailed equations for pesticide storage, mass fluxes and concentrations.
Pesticide degradation and isotope fractionation
The model simulates pesticide degradation in the shallow and groundwater reservoir.
We only considered degradation of metolachlor in the aqueous phase. Following
Bertuzzo et al. (2013), we assumed first-order kinetics with a time-invariant degradation rate constant for the shallow reservoir. In contrast, we opted for a time-variant
degradation rate constant in groundwater: the degradation rate constant in groundwater declines exponentially with travel time, which resembles a linear decrease in
the degradation rate with depth given an exponential decrease in travel time with
depth (van der Velde et al., 2010). This simulates slower pesticide degradation in
groundwater compared to the topsoil (Albrechtsen et al., 2001), which is associated
with the frequently observed decrease in microbial activity with increasing distance
to the topsoil (Rodríguez-Cruz et al., 2006; Si et al., 2009).
The model was applied to calculate concentrations of light and heavy carbon
isotopes contained in the pesticide separately, which allowed for the simulation
of degradation-induced isotope fractionation: the light isotopes degraded with a
rate constant r0L , which is related to the rate constant of the heavy isotopes (r0H )
by the isotope fractionation factor α (α < 1) as r0H = α · r0L . For simplicity, we
assumed identical fractionation factors for biodegradation in the shallow reservoir
and groundwater. Simulated carbon isotope ratios were determined as
 13

Csim

13

δ Csim =

12 C

sim

13 C
12 C

sample



−1

(5.4)

VPDB

where 13 Csim and 12 Csim are the simulated concentrations of the heavy and light
carbon isotopes of the pesticide, respectively, at the catchment outlet.
We disregarded abiotic degradation processes (e.g., photolysis) and potentially
associated isotope fractionation effects in the modeling because of the lack of information about their importance for this study. We also assumed a negligible role
of photolysis on the ground surface, as the application of metolachlor in a spray
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formulation on bare soil presumably resulted in rapid infiltration of the herbicide
into the topsoil and thus reduced susceptibility to photodegradation (Fenner et al.,
2013; Rivard, 2003). Moreover, soil photolysis appears to play a minor role for
metolachlor compared to biodegradation (Health & Consumer Protection Directorate, 2004; Joly et al., 2012; Parochetti, 1978).
Pesticide volatilization and sorption
The model disregards pesticide transfer to and from the atmosphere (i.e., volatilization and deposition). We assume a minor role of volatilization for the field study, as
pesticide application as spray formulation and precipitation soon after application
presumably led to rapid infiltration of S-metolachlor into the soil. In addition,
volatilization of metolachlor is generally considered low (Parochetti, 1978; Rice
et al., 2002; Rivard, 2003), which also follows from its relatively small Henry’s
law constant (Table 5.1). As metolachlor only shows moderate sorption to solids
(Rivard, 2003; University of Hertfordshire, 2013), we also neglected sorption in the
groundwater reservoir. However, we considered sorption in the shallow reservoir to
simulate the observed persistence of S-metolachlor in soil (see below). To this end,
we assumed that water flowing through the shallow reservoir can only dissolve and
transport a fraction of the adsorbed pesticide in the shallow reservoir depending
on the contact time between water and soil, with decreasing dissolved pesticide
concentrations with increasing water flow through the shallow reservoir. This
mimics that water bypassing the soil matrix (i.e., preferential flow) dissolves little
of the sorbed pesticide residues. Pesticide sorbed to suspended material entering
the stream was not considered in the calculation of pesticide concentrations and
isotope ratios in the dissolved phase (i.e., pesticide desorption from particles was
neglected). Sorption-induced isotope fractionation was not simulated.

5.2.4

Input data and calibration

The model simulated discharge, pesticide concentrations and carbon isotope ratios
from 1 September 2004 to 31 December 2012. It was run with daily data for
precipitation and potential evapotranspiration (ETpot ) from the meteorological
station Waltenheim sur Zorn. The initial storage in the shallow and groundwater
reservoir were calculated from the parameter values of Smax and S0 , respectively
(Table 5.2). Pesticide input rates and dates of pesticide application for each
simulation year were set to the application rates and dates in 2012 (known from the
farmers surveys). The initial pesticide concentration was zero in the whole model
domain.
Table 5.2 shows the range of parameter values used for the calibration of 16 of
the 18 model parameters. The following data were used for calibration: daily
average of discharge at the catchment outlet (OC ; Fig. 5.1) between 9 March and 14
August 2012; 34 flow-proportional samples of S-metolachlor concentrations at OC
between 20 March and 21 August 2012, among which six with δ 13 C-values; and one
grab sample of S-metolachlor concentrations at OC on 20 November 2012. Model
performance of each parameter set was evaluated with respect to the Nash-Sutcliffe
coefficients for discharge (N SQ ), concentrations (N SC ) and carbon isotope ratios
of S-metolachlor (N Sδ13 C ; see section S5.3 in the supplementary information for a
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Table 5.2: Parameters of the hydrological and pesticide model with the lower and upper bounds
of the parameter value for model calibration.
Parameter

Symbol

Calibration
Lower bound

Upper bound

0.1

10

Shallow reservoir
Storage capacity (mm)

Smax

Groundwater reservoir
Maximum recharge rate (mm d−1 )
First fitting parameter of storage-discharge
relation (-)
Second fitting parameter of storage-discharge
relation (-)
Storage for which discharge ceases (mm)
Storage for which ET starts to reduce (mm)
Storage for which ET ceases (mm);
constrained to < Sred

Rmax

5

50

a

10

20

b

1

1.8

S0

30

100

Sred

25

320

Sext

15

120

αQ

0.2

1.9

βQ

0

0.95

αET

0.01

0.8

mIN

0.95

1.05

r0

0.02

0.14

k

5·10−3

0.03

l

0.05

0.37

fex

0.01

0.5

fer

3.4·10−4

0.02

Calculation of travel time distributions
Preference for young (< 1) or old (> 1)
water in groundwater discharge
during dry periods (-)
Change fraction of αQ from the driest to
wettest conditionsa (-)
Preference for young water in ET from
groundwater (-)
Pesticide model
Calibration factor for applied pesticide
amount (-)
Degradation rate constant (d−1 )
Coefficient for decrease of degradation rate
constant in groundwater with travel time
(d−1 )
Coefficient describing pesticide sorption in
the shallow reservoir (d−1 )
Fraction of pesticide transfer from
groundwater to the shallow reservoir via ET
and plant exudation (-)
Eroded fraction of pesticide mass in the
shallow reservoir with overland flow (mm−1 )
Isotopic enrichment factor (h)
Carbon isotope ratio of the applied pesticide
product (h)
a

VIM model; van der Velde et al. (2014)

εC

fixed at -1

δ 13 C0

fixed at -32.5
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detailed description). First, preliminary model calibrations were run to determine
the parameter set with the best model fit in terms of N SQ , N SC , and N Sδ13 C similar
to the GLUE approach (Beven, 2012). Subsequently, in view of the relatively few
field data points, we did not consider this parameter set as the only suitable one,
but defined a range of values for the N S-efficiency around the best fit that indicated
an equally suitable (i.e., behavioral) parameter set. Model parameters were then
determined in 10000 calibration runs, which yielded 10000 behavioral parameter sets.
In order to investigate the added value of the CSIA measurements, the calibration
runs were classified into two sets: the first set contains simulations with N SQ ≤ 0.85
and N SC ≤ 0.9 (hereafter referred to as set 1); the second set of calibration runs is
a subset of the first one with the additional constraint of N Sδ13 C ≤ 0.9 (hereafter
referred to as set 2). With this setup, it was tested whether set 2 yields a reduction
in model-output uncertainty compared to set 1.
Preliminary calibration showed that the field CSIA data were not sufficient for
calibration of the isotopic enrichment factor (εC ), as they contained too few samples
to constrain the δ 13 C-values. Hence, to reduce equifinality of model parameters in
the calibration procedure, the two parameters that only affect simulated δ 13 C-values
were kept at predefined values for the final model calibration (i.e., εC = −1 h and
δ 13 C0 = −32.5 h, respectively; Table 5.2). The value for the isotopic enrichment
factor (εC ) was chosen such that large fluctuations in the simulated δ 13 C-values
in periods between δ 13 C-measurements were avoided. This resulted in an εC value at the lower end of the range of experimentally derived εC -values for the
chloroacetanilide alachlor (−1.5 ± 0.9 h to −2.1 ± 0.4 h), and below the range for
acetochlor (−3.2 ± 1.2 h to −3.6 ± 1.1 h), respectively (Elsayed et al., 2014). The
isotopic signature of the applied pesticide (δ 13 C0 ) was assumed to be more negative
than the one of the metolachlor formulation exclusively used in the plot experiment
(δ 13 C = −31.9 ± 0.3 h), which allowed simulation of measured δ 13 C-values as low
as -32.4 h at the catchment outlet.

5.3
5.3.1

Results and Discussion
Monitoring results

Drain outlet
Figure 5.3 displays S-metolachlor and acetochlor concentrations and carbon isotope
ratios at the three spatial scales (i.e., drain outlet, plot, and catchment outlet). With
a maximum concentration of 2.2 and 0.9 µgL−1 for S-metolachlor and acetochlor,
respectively, the weekly grab samples at the drain outlet (Fig. 5.3a and b) show
low concentrations compared to concentrations at the catchment outlet (Fig. 5.3e
and f) and in surface runoff at the plot (Fig. 5.3c and d). The low concentrations
can be ascribed to the attenuating effect of dilution, degradation, and sorption
during transport through the soil to the drain. Due to sorption and slow percolation
through the soil matrix (apart from preferential flow), it is also possible that the
pesticide that was applied in spring had not yet entirely reached the drainage
network by the end of the sampling period (mid July).
The concentration maxima for S-metolachlor (2.2 µgL−1 ) and acetochlor (0.9 µgL−1 )

Chapter 5. CSIA of pesticides - combined monitoring and modeling

107

Figure 5.3: Measured concentrations (black dots) and carbon isotope ratios (red triangles) of
S-metolachlor (panels on the left) and acetochlor (panels on the right) at the drain outlet (a and
b), plot (c and d), and catchment outlet (e and f). Standard deviations of replicate measurements
are indicated by vertical bars. Linear regression lines of carbon isotope ratios are indicated in red
(coefficients of determination: R2 = 0.06 (c); R2 = 0.81 (d); R2 = 0.92 (e); and R2 = 0.85 (f)).

on 21 May can be attributed to the occurrence of an intense rainfall-runoff event
(54 mm, return period of 40 years), which led to extensive overland flow and soil
erosion. This event might have activated preferential flow pathways, which caused
additional input of water with high pesticide concentrations from upper soil layers
into the drainage system. However, the drain concentrations during this extreme
event were much lower than the concentrations at the plot (Fig. 5.3c and d) and
catchment outlet (Fig. 5.3e and f), as the drainage system did presumably not
receive pesticide input via surface runoff or soil erosion.
As the drainage outflow was perennial, the concentrations during baseflow conditions
can be considered representative of the background concentration in groundwater.
Accordingly, background concentrations were below 1 µgL−1 for both compounds,
which highlights that groundwater exfiltration represents a secondary emission route
for pesticides in the Alteckendorf catchment. Nonetheless, acetochlor was detected
in the drain water in early April, which has to be attributed either to an early
application in 2012, or to the use of the compound in previous years. According to
the survey among the farmers, acetochlor was not applied before May 2012. Hence,
this implies a high persistence of the compound in the soil, and would also explain
the detection of acetochlor at the catchment outlet in late March.
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Plot experiment
Figure 5.3c and d show concentrations and carbon isotope ratios of S-metolachlor
(left) and acetochlor (right) in surface runoff from the plot between mid April and
mid July. S-metolachlor concentrations were highest during the first runoff event
(64.1 µgL−1 on 17 April) following the first controlled metolachlor application (12
April). The second highest concentration (48.7 µgL−1 on 15 May) was associated
with surface runoff in mid May, which mobilized metolachlor from the second
controlled application (1 May) as well. Acetochlor concentrations also peaked
during the first runoff event on 17 April, but at a much lower level (1.8 µgL−1 ), as
this compound had not been applied at the plot. Its frequent detection in the plot
samples must, therefore, be ascribed to contamination from surrounding fields, or,
possibly, to applications in previous years.
After the first runoff event, plot concentrations of S-metolachlor remained above 10
µgL−1 throughout the study period (except for 19 June), which indicates repeated
mobilization of metolachlor residues from the topsoil by surface runoff or erosion.
Metolachlor was thus persistent in the soil throughout the summer, which agrees
with the field-derived degradation half life of 54 d based on soil samples from the
plot experiment (Lefranq, 2014). The high concentration for the plot samples
in comparison to the catchment outlet, which is mainly fed by drain flow except
for surface runoff events, indicates that surface runoff is a major transport route
for metolachlor in the Alteckendorf catchment. Moreover, the decreasing plot
concentrations of S-metolachlor and acetochlor for subsequent runoff events suggest
a gradual depletion of chloroacetanilide-herbicide residues in the topsoil. This can
be attributed to mobilization by erosion and surface runoff, and degradation in
between runoff events.
The δ 13 C-value of the pesticide product in the application tank was −31.9 ± 0.31 h.
The gradual enrichment of 13 C of S-metolachlor in surface runoff (Fig. 5.3c) indicates
degradation of the compound at the plot. However, a significant increase in δ 13 Cvalues is only apparent for two runoff events at the end of the study period (19
June and 10 July). This suggests that substantial degradation might have only
occurred in summer after a period of little microbial activity in April and May,
which might be caused by low soil temperature or availability of nutrients, or a
phase of adaptation of microorganisms to the applied pesticide (Albrechtsen et al.,
2001). Therefore, the first runoff events caused mobilization of barely degraded
S-metolachlor, whose δ 13 C-value was still in the range of the applied pesticide
product. Acetochlor shows a faster and more pronounced enrichment between two
samples from the end of May and mid June (Fig. 5.3d), but as it was not applied
on the plot in 2012, other processes than transformation might be at the origin of
this enrichment.
The δ 13 C-value of S-metolachlor in the last sample at the plot (16 July) dropped
below the initial values of the applied product (δ 13 C = −32.8 h). This decrease
was accompanied by a concentration increase relative to the two previous runoff
events (Fig. 5.3c). A decrease in δ 13 C combined with a concentration increase can
result from enhanced desorption of light carbon isotopes at later times, as these
might preferably sorb to the soil matrix after pesticide application (Qiu et al., 2013).
However, this effect is not likely to cause a decrease in δ 13 C of more than 3 h
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within one week (δ 13 C = −29.6 h on 10 July). It is thus not clear what caused
this change in δ 13 C for the last sample.
Catchment scale
S-metolachlor concentrations at the catchment outlet were highest (62.1 µgL−1 )
at the beginning of the extreme rainfall-runoff event on 21 May (Fig. 5.3e). Prior
to this event, S-metolachlor was only detected once in late March at background
concentration level. The rainfall-runoff event on 21 May caused extensive surface
runoff and soil erosion, which, in turn, entailed metolachlor transport from the
agricultural fields to the catchment outlet in the aqueous and particulate phase.
Subsequent concentration maxima during later runoff events did not exceed 10 µgL−1 .
Moreover, concentrations gradually decreased from around 2 µgL−1 in June to
around 0.1 µgL−1 in August. This indicates that metolachlor was mainly mobilized
by the first runoff event after pesticide application (21 May), which is consistent
with the estimated contribution of 96% of this event to total chloroacetanilide export
during the study period (equal to 3.2% of the applied amount of S-metolachlor;
Lefranq, 2014). Major pesticide losses to streams following the first rainfall events
after pesticide application have been found in previous studies on pesticide transport
in other agricultural catchments as well (Kreuger, 1998; Leu et al., 2004a; Louchart
et al., 2001; Rabiet et al., 2010).
Similar to the plot scale, the relatively low S-metolachlor concentrations during runoff
events in July indicate that the majority of metolachlor residues had already been
removed from the topsoil before via surface runoff, infiltration, and/or degradation.
However, the catchment-scale concentrations reflect a more complex system than
the plot-scale concentrations, as the contamination at the catchment outlet can
result from various agricultural plots within the catchment, where the herbicide
was applied on different dates and in different amounts. The catchment outlet
receives water from surface and subsurface flow, and the drain. We suggest that
catchment discharge was essentially fed by surface runoff during storm events, and
by drain outflow and groundwater seepage during low flow conditions. Accordingly,
concentrations at the catchment outlet were similar to concentrations in surface
runoff from the plot during the first runoff event. S-metolachlor was still detected at
a concentration of 0.1 µgL−1 in a grab sample at the catchment outlet in November
(not shown), which indicates a high persistence of metolachlor residues in the system,
given that the herbicide was only applied in spring.
Concentrations of acetochlor at the catchment outlet were comparable to those of Smetolachlor (Fig. 5.3f). For example, as observed for S-metolachlor, concentrations
of acetochlor were highest in response to the rainfall event on 21 May, and rapidly
decreased afterwards. However, the last two samples show a concentration increase
following very low concentrations in July. This could result from a second application
of the compound, but, to our knowledge, a summer application of acetochlor did not
occur in the catchment. Another explanation for this late concentration increase
might, therefore, be a delayed arrival of the pesticide in the drainage network due
to slow pesticide transport through the soil matrix.
The total mass export in the dissolved phase at the catchment outlet between the
end of March and mid of August was 3.3% for acetochlor and 1.8% for S-metolachlor
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relative to the application amount (Lefranq, 2014), which indicates a higher mobility
of acetochlor compared to S-metolachlor. The particulate phase accounted for 2.5%
of acetochlor and 1.6% of S-metolachlor export. The more pronounced particulate
transport for acetochlor compared to S-metolachlor might result from a slightly
higher sorptivity of acetochlor compared to S-metolachlor (log KOC of 2.19 for
acetochlor versus 1.79 − 2.57 for S-metolachlor; Table 5.1). A larger export in the
particulate phase might increase the amount of acetochlor in the dissolved phase
via desorption during transport to the catchment outlet, and thus cause a higher
total export of acetochlor compared to S-metolachlor. Besides, a larger overall
export for acetochlor might have also resulted from application-specific factors such
as application practices, plant cover, or predominant use of acetochlor on fields
near the catchment outlet (although not suggested by the survey). Another cause
could be faster metolachlor degradation, which would result in less metolachlor
residue available for transport to the outlet in comparison to acetochlor. However,
more than 96% of total pesticide export occurred within two weeks after the main
pesticide applications, which suggests that differences in degradation rates will
only play a minor role for the total mass export compared to hydrological forcing,
especially as both compounds have similar half lives in soil (Table 5.1).
Carbon isotope ratios of S-metolachlor and acetochlor at the catchment outlet
became increasingly enriched with time, and show a difference of 2.7 h and 4.1 h,
respectively, between 21 May and 17 July (Fig. 5.3e and f). This increase in δ 13 Cvalues is indicative of gradual isotope fractionation due to degradation processes,
which appears to be more pronounced for acetochlor than for S-metolachlor. Carbon
isotope ratios of S-metolachlor were similar for the plot and catchment outlet: δ 13 Cvalues were in the range of the applied product during the first runoff events in
May (-32.2 to -31.6 h at the plot and -32.4 to -31.6 h at the catchment outlet,
respectively), and became gradually enriched in June and July (maximum of 29.6 h and -29.7 h at the plot and catchment outlet, respectively). This indicates
a comparable extent of degradation at both spatial scales. The only exception to
the general trend of isotopic enrichment is the significant decrease in δ 13 C-values
between the last two plot samples, which was not observed at the catchment outlet.
This suggests that local effects such as late desorption, which might have caused
the decrease in δ 13 C-values at the plot, became masked at catchment scale due
to the general increase of carbon isotope ratios with time. However, the CSIA
data at catchment scale might be subject to variations resulting from the use of
different metolachlor formulations: although the same commercial product accounts
for about 80% of metolachlor applications in the study year, the remainder may
have caused metolachlor input with a different initial isotopic composition (no
information available) at different times. This would cause variations in δ 13 C-values
at catchment scale even without any degradation-induced change in the isotopic
composition. The relatively coarse temporal resolution of δ 13 C-measurements did
not allow to discern such an effect.
As also seen for S-metolachlor, δ 13 C-values of acetochlor at the plot and catchment
scale became significantly enriched between May and July (above 3 h). This
confirms the hypothesis of similar isotope fractionation effects at both spatial
scales. However, in the case of acetochlor, plot samples show a systematic shift
of approximately 4h towards more depleted values compared to the catchment
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samples (Fig. 5.3d and f). This might result from the use of an acetochlor formulation
near the plot that has a more depleted δ 13 C-value than the predominantly used
product at catchment scale, although the farmers survey suggests application of
a single commercial product on all fields during the study year. Therefore, a
more plausible explanation would be volatilization of acetochlor from surrounding
fields and subsequent deposition on the experimental plot, which would favor the
deposition of pesticide with a relatively depleted δ 13 C-value. As acetochlor was not
applied on the experimental plot, this might have resulted in the detection of solely
deposited and thus isotopically depleted acetochlor at the plot scale.

5.3.2

Modeling results

Feedbacks from monitoring to modeling
The monitoring results were used for building and validating the conceptual flow and
transport model. First, the low drain concentrations of the two herbicides (Fig. 5.3a
and b) suggested that pesticide export via groundwater discharge is of secondary
importance. This could only be achieved by assuming pesticide degradation not only
in the shallow reservoir, but also in the groundwater reservoir. However, the field
CSIA data from the catchment outlet indicated that degradation in groundwater is
slower than in the shallow reservoir: trial model runs with the same degradation
rate constant in both compartments resulted in a too large enrichment in modeled
δ 13 C compared to the measurements, even with εC -values at the lower end of the
plausible range (εC = −1.0 h; not shown). Moreover, whereas decreasing this
degradation rate constant would have led to less enrichment, it would have also
produced high pesticide concentrations until late autumn, which is inconsistent
with the measured concentrations. Therefore, we assumed first-order degradation
kinetics in the shallow reservoir, and applied a time-dependent exponential decrease
of the degradation rate constant in the groundwater compartment (see section 5.2.3
and Table S5.2).
The monitoring results highlighted the role of overland flow as most important
pesticide transport way during the study period. Correspondingly, the measured
carbon isotope ratios demonstrated the need for a direct transport route from the
shallow reservoir to the stream, which would avoid further degradation-induced
isotope fractionation in groundwater and, consequently, allow modeled δ 13 C-values
in the range of the applied pesticide product following the extreme rainfall event on
May 21. Therefore, we incorporated overland flow and associated pesticide transport
in the dissolved phase into the model structure. In addition, pesticide transport in
the particulate phase appeared to be significant during intense precipitation. Hence,
we also included soil erosion from the shallow reservoir, which is proportional to
the amount of overland flow (see section 5.2.3).
The relatively long persistence of both pesticides and the late enrichment in carbon
isotope ratios at the plot indicated the presence of a limiting factor for pesticide
degradation in the soil. This was included in the modeling by assuming no degradation for sorbed pesticides, which allowed for repeated pesticide release with
discharge from the shallow reservoir in response to rainfall events. This agrees with
the observed concentration peaks at the plot and catchment scale following rainfall
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events. The repeated pesticide release from the shallow reservoir resulted, in turn,
in a long tailing of modeled S-metolachlor concentrations in groundwater discharge,
which is in line with concentrations above the quantification limit until late autumn,
as suggested by the grab sample from the catchment outlet in November.
Multiple model calibrations
Figure 5.4 displays the measurements (red lines) and model results for discharge,
S-metolachlor concentrations and carbon isotope ratios at the catchment outlet. The
calibration run with the best fit in terms of the mean of N SQ , N SC , and N Sδ13 C is
shown as black line; the ranges of all calibration runs in calibration set 1 (i.e., N SQ
> 0.85 and N SC > 0.9) and calibration set 2 (i.e., N SQ > 0.85, N SC > 0.9, and
N Sδ13 C > 0.9) are indicated as light and dark grey area, respectively. Whereas
the ranges of set 1 and 2 for modeled discharge, concentrations, and isotope ratios
are narrow during the calibration period (March to August), they are much larger
outside the calibration period, where model results were not constrained by their fit
to measurements. The model generally captured the measured discharge (Fig. 5.4a),
and also succeeded in reproducing the general concentration pattern: concentrations
were low prior to pesticide application, and increased during high-flow conditions,
with the maximum following the extreme rainfall event on May 21 (Fig. 5.4b).
However, as the occurrence of overland flow in the model requires discharge from
the shallow reservoir above the maximum recharge rate, it underestimated peaks in
discharge and concentrations. Some calibrations yielded concentrations in the low
ng L−1 range in late summer due to the absence of outflow from the shallow reservoir (i.e., no pesticide release), which matches periods of measured concentrations
below the quantification limits. Subsequently, concentrations increased again due to
pesticide input from the shallow reservoir following precipitation in early autumn.
This simulates persistence of metolachlor in topsoil throughout summer, which
would explain the detection of pesticide at the catchment outlet several months
after the application period.
Modeled carbon isotope ratios gradually increased after pesticide application in April
and May, which reflects the progressive enrichment of δ 13 C-values in groundwater
discharge due to pesticide degradation. Due to the scarcity of the field CSIA data,
calibration results for δ 13 C-values are associated with a wide range of possible
values outside the period with measurements (Fig. 5.4c). Whereas the relatively
small enrichment in observed δ 13 C-values restricts the increase in carbon isotope
ratios during the study period, the range of behavioral simulations suggests a more
pronounced enrichment in early autumn.
Although degradation in both model compartments induces isotope fractionation
with the same εC -value, the modeled curve of δ 13 C-values is not monotonously
increasing, but shows local minima following rainfall events. These rainfall events
caused pesticide transfer from the shallow reservoir to groundwater. Pesticide in
discharge from the shallow reservoir is, despite the larger degradation rate constant,
associated with a smaller extent of degradation than pesticide in groundwater, as
degradation does not occur for the sorbed pesticide. Therefore, transport of recently
desorbed pesticide from the shallow reservoir to groundwater is reflected in lower
carbon isotope ratios at the catchment outlet. In addition, rainfall events result in
a temporal decrease in travel times in the groundwater reservoir, which, in turn,
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Figure 5.4: Measured (red lines) and modeled time series for discharge (a), S-metolachlor concentrations (b), and carbon isotope ratios (c) in 2012. The black line indicates the results of the
calibration run with the best fit in terms of the mean of NS Q , NS C , and NS δ13 C . The shaded
areas show the ranges of behavioral calibration set 1 (NS Q ≤ 0.85 and NS C ≤ 0.9; light grey) and
2 (NS Q ≤ 0.85, NS C ≤ 0.9, and NS δ13 C ≤ 0.9; dark grey), respectively. Blue bars in (a) indicate
daily precipitation.

shortens the time for degradation and associated isotope fractionation to occur
during transport through groundwater. Consequently, rainfall events during spring
and summer resulted in a decrease in carbon isotope ratios relative to low-flow
conditions. This decrease was strongest following the rainfall event on May 21. In
contrast, the effect of precipitation on δ 13 C-values was much less apparent in late
autumn and winter, as most of the pesticide had already been removed from the
shallow reservoir. A stronger isotope fractionation (i.e., a more negative εC ) would
have resulted in even larger fluctuations in modeled δ 13 C-values in response to
pesticide release from the shallow reservoir. Due to the limited temporal resolution
of the field CSIA data, it is not possible to conclude whether these fluctuations
occurred in reality.
According to the range of simulation results and the simulation with the best
fit, carbon isotope ratios show two distinct minima in spring: after the second
metolachlor application at the plot (May 1), and after the extreme rainfall event on
May 21 (Fig. 5.4c). These minima reflect the arrival of recently applied pesticide
at the catchment outlet, which had undergone little degradation and, therefore,
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shows little isotope fractionation. Prior to the first minimum, the increase in δ 13 Cvalues for the best fit leveled off, which indicates that isotope fractionation became
negligible prior to pesticide application. This can be attributed to discharge of
pesticide from the previous year, which is associated with long travel times. These
long travel times imply a significant decrease in the rate of pesticide degradation in
groundwater (exponential decrease with travel time in groundwater), which resulted,
in turn, in negligible isotope fractionation and thus flattening of the δ 13 C-curve
before May. Hence, the results for the best model fit suggest little degradation
of the pesticide once it has passed through the upper soil layers. This would also
explain S-metolachlor detection several months after its application in the study
catchment, and agrees with experiments of pesticide degradation in groundwater,
which have shown decreasing rates of pesticide degradation with decreasing pesticide
concentration (Albrechtsen et al., 2001).
Quantification of pesticide transport and degradation
The mean amount of applied pesticide that was transported to the catchment
outlet in dissolved and particulate form in 2012 was 1.9 ± 1.5% in simulations with
N Sδ13 C > 0.9 (set 2), of which 1.6% occurred via overland flow (Table 5.3). The
remaining 0.3% indicates low pesticide export by groundwater discharge, which is
in line with the low concentrations in the drain outlet (Fig. 5.3a). The average
extent of pesticide degradation in 2012 for calibration set 2 was 97.4±1.9% of
the applied amount (84.9% in the shallow reservoir and 12.5% in groundwater,
respectively). Correspondingly, only 0.7% of the applied pesticide was still retained
in the modeled catchment at the end of 2012. For the study period only, the model
simulated the same mass export as for the whole year for both calibration sets
(1.9%; Table 5.3), which closely matches a mass export of 1.8% calculated from
measured concentrations. The mass balance also highlights the role of overland
flow for pesticide transport. This becomes apparent when comparing the modeled
contribution of overland flow in the years 2011 and 2012: erosion accounted for
the bulk of pesticide transport in 2012, whereas it did not occur in the simulation
of 2011 (Table 5.3). Therefore, modeled pesticide transport to the stream only
occurred via groundwater, and was thus negligible in 2011. This resulted in a more
significant pesticide retention in the catchment at the end of 2011 (around 5%)
compared to the year 2012 (less than 1%).
Information about retained and degraded pesticide amount cannot easily be obtained
from the measurements alone. Application of the Rayleigh equation to the field
CSIA data can, however, yield a rough estimate of the extent of degradation. If
we assume the same enrichment factor and initial isotopic signature of the applied
product as in the model (i.e., εC = −1 h and δ 13 C0 = −32.5 h, respectively),
the Rayleigh equation approach gives an extent of degradation of EDmeas = 94.2%
(Eq. 5.3) for the last CSIA sample (17 July). The mass balance of the model
(set 2) suggests a lower extent of degradation of 76.0 ± 6.3% between 1 May and
17 July. However, the result of the Rayleigh equation approach is presumably
not representative of the extent of degradation occurring in the whole system, as
it describes the extent of degradation specifically for the environmental sample,
which will, in general, differ from that for the bulk of the diffuse pollutant in the
entire system. For example, while application of Eq. 5.3 only accounts for isotope

Chapter 5. CSIA of pesticides - combined monitoring and modeling

115

Table 5.3: Amount of degraded and transported pesticide for behavioral calibration set 1
(NSQ > 0.85 and NSC > 0.9) and set 2 (NSQ > 0.85, NSC > 0.9, and NSδ13 C > 0.9) in the
simulation years 2011, 2012, and study period.
Study period (CSIA)a
Set1

2011

Set1

Set2

Set1

Set2

Degradation
(%)

72.0±9.2b 76.0±6.3

97.1±2.2

97.4±1.9

94.7±2.5

95.0±1.9

Shallow reservoir (%)

67.7±9.7

72.1±6.3

83.7±3.9

84.9±3.0

88.7±4.3

89.6±2.8

Groundwater
(%)

4.3±1.2

4.0±0.9

13.5±3.4

12.5±2.5

6.0±2.2

5.4±1.5

Transport to
stream (%)

1.9±1.5

1.9±1.5

1.9±1.5

1.9±1.5

0.1±0.0

0.1±0.0

Overland flow
– dissolved (%)

0.2±0.1

0.2±0.1

0.2±0.1

0.2±0.1

0

0

Overland flow
– eroded (%)

1.4±1.5

1.4±1.5

1.4±1.5

1.4±1.5

0

0

Groundwater
discharge (%)

0.3±0.1

0.3±0.1

0.3±0.1

0.3±0.1

0.1±0.0

0.1±0.0

73.9±9.2

77.9±6.3

99.0±1.7

99.3±1.3

94.7±2.5

95.1±1.9

Total (%)
a
b

Set2

2012

1 May to 17 July
mean ± standard deviation of all runs

fractionation of the pesticide that was transported to the catchment outlet (only
1.9% of the applied amount), the pesticide that is still retained in the system
(e.g., due to sorption or slow transport via groundwater) might be more or less
susceptible to degradation. This part of the applied pesticide might get discharged
at a later point, or be dominant in the δ 13 C-values during low-flow periods that
were not captured in the CSIA data. This is opposed to closed laboratory systems
or steady-state groundwater plumes, where the calculated extent of degradation
can be used as estimate for the entire contaminated system.
Although we assume a monotonous isotopic enrichment when applying the Rayleigh
equation to the four CSIA samples, a higher temporal resolution or longer sampling
period of CSIA might reveal variations in the δ 13 C-values as seen in the model results.
Hence, whereas the Rayleigh equation approach generally yields a conservative
estimate of contaminant transformation in studies of groundwater pollution plumes
(Abe and Hunkeler, 2006; van Breukelen and Prommer, 2008), application of Eq. 5.3
to a few CSIA data points from a catchment outlet might result in an overestimation
of the extent of degradation. Correspondingly, as modeled δ 13 C-values show local
minima, application of the Rayleigh equation to these values would yield a different
extent of degradation depending on which data point during the study period is
taken as RS (Eq. 5.2). These minima also explain the relatively low extent of
degradation in the simulations: they result from repeated input of recently desorbed
(i.e., barely degraded) pesticide from the shallow reservoir, which thus results in
a lower overall extent of degradation compared to the estimate obtained from the
Rayleigh equation approach.
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Another source of uncertainty for the application of the Rayleigh equation approach
is the assumption of a unique isotope ratio of the applied pesticide: in reality,
different metolachlor products were applied in the study year, which may have
different isotope ratios and, thus, cause additional variations of δ 13 C-values at
catchment scale. Moreover, it was required to assume a certain value of the isotopic
enrichment factor for the catchment (εC ) in order to apply the Rayleigh equation
to the field CSIA. This value can be based on laboratory studies, but when used
for the simulation of field CSIA data, one should take into account that dispersion
and mixing of various flowpaths in catchments might attenuate actual isotope
fractionation (Abe and Hunkeler, 2006; van Breukelen and Prommer, 2008) and
thus require the assumption of a smaller isotopic enrichment factor (in terms of its
absolute value). In this study, the assumption of the εC -value for S-metolachlor
had to be based on prior calibration results of the pesticide transport model, and
laboratory-derived εC -values for similar compounds.
Distribution of calibrated model parameters
In general, the distribution of model parameters was similar for calibration set
1 and 2. However, the N Sδ13 C -efficiency affected the calibration results for the
storage capacity of the shallow reservoir (Smax ) and maximum recharge rate (Rmax ).
Whereas the distribution of these parameters has one clear maximum and a relatively
evenly distributed parameter range in set 1 (especially for Smax ), set 2 shows two
distinct peaks and less spread in the parameter ranges (Fig. 5.5). These peaks are
correlated: in most calibrations, Smax and Rmax either both take values from the
secondary peak (around 6 mm and 39 mm d−1 , respectively), or the primary peak
(around 9 mm and 35 mm d−1 , respectively). These differences in the distribution
of Smax and Rmax between set 1 and 2 imply that incorporation of field CSIA data
into the calibration would lower the uncertainty in calibrated parameter ranges of
these parameters. Correspondingly, the N Sδ13 C -efficiency also affects the assessment
of pesticide degradation. This cannot only be observed for the simulation results
of the year 2012, but also for those of the other simulation years, which were
not calibrated to field data. For example, simulation results for 2011 belonging
to set 2 are associated with less uncertainty in the quantification of pesticide
degradation for both reservoirs compared to set 1 (standard deviation of 1.9 versus
2.5, respectively; Fig. 5.6). This also becomes apparent from Table 5.3, where set 2
always shows equal or lower standard deviations in the mass balance terms than
set 1. In contrast, preliminary calibrations that restricted εC to a range instead
of a value (i.e., inclusion of εC in the calibration procedure) yielded no difference
in uncertainty of model output between calibration sets 1 and 2. This indicates
that detailed knowledge of the isotopic enrichment factor is required to achieve a
reduction of model uncertainty by calibration against CSIA data.
Despite the measurable reduction in uncertainty, differences in the parameter ranges
and mass balance terms between calibration sets 1 and 2 were small, and the
uncertainty of most of the parameter values did not decrease by including the field
CSIA data into the calibration. Accordingly, model results of calibration sets 1 and
2 are similar except for a period in autumn, where set 1 shows lower concentrations
and more enriched δ 13 C-values than possible in set 2 (Fig. 5.4b and c). We suggest
that the scarcity of the field CSIA data limited the decrease in uncertainty for
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Figure 5.5: Distribution of the parameter values for the storage capacity of the shallow reservoir
(Smax ; a) and the maximum recharge rate (Rmax ; b) for all calibrations (behavioral calibration
set 1; red bars) and calibrations with NS δ13 C > 0.9 (behavioral calibration set 2; blue bars).

Figure 5.6: Distribution of the calculated extent of degradation in the shallow (a) and groundwater
reservoir (b) for all behavioral calibration sets (red bars, set 1) and behavioral calibration sets
with NS δ13 C > 0.9 (blue bars, set 2) in 2011.

set 2: the values stem from six flow-proportional samples only, which are likely
to overrepresent the isotopic signature during runoff events, and underrepresent
periods of low flow (drain flow only). Correspondingly, 3342 out of the 10.000
calibration runs were behavioral with respect to set 2, which illustrates that the
criterion of N Sδ13 C > 0.9 could easily be met for calibrations with a good fit for
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discharge and concentrations. We propose that much more information about
pesticide degradation than from concentration data only might have been obtained
from samples representative of base flow conditions, and measurements that imply
a larger extent of degradation than those taken soon after pesticide application.
Hence, additional CSIA data at a higher temporal resolution could have significantly
reduced the uncertainty in calibration results.
Benefits of the modeling approach
In summary, both the monitoring and modeling results indicate extensive pesticide
degradation during the study period, which highlights that CSIA can yield additional information in comparison to concentration measurements only. Pesticide
concentrations following rainfall events were high enough to allow for carbon isotope
analysis of several samples at the plot and catchment scale. The parsimonious
modeling approach was able to reproduce concentration dynamics at the catchment
outlet, with the highest concentrations occurring in response to rainfall events
shortly after pesticide application. It also showed a good fit with the measured
carbon isotope ratios. However, due to the scarcity of CSIA data points (especially
in autumn), calibration to these data could only partly reduce model uncertainties.
For example, pesticide fate in the shallow reservoir appeared to govern the extent
of pesticide degradation and mass export in the system, but the field CSIA data
do not illustrate whether the model accurately mirrors the dynamics of pesticide
degradation and isotope fractionation in the source zone (e.g., no degradation in the
shallow reservoir for sorbed pesticides). Pesticide release from the source zone also
affects the role of the groundwater reservoir for pesticide degradation and discharge,
which could have been described in more detail if CSIA data had been available for
baseflow conditions. Another important factor is pesticide transport via overland
flow, which leads to direct input of barely degraded pesticide into the stream. In
the model, overland flow only occurs when the shallow reservoir is filled and flow
to the groundwater reservoir exceeds the maximum recharge rate. This results in
the simulation of only one event with overland flow in 2012 and the absence of
overland flow in 2011. However, the model does not account for localized generation
of overland flow, which can, for example, occur if the rainfall intensity during storm
events surpasses the infiltration capacity of the topsoil. It is, therefore, likely that
overland flow, and, consequently, fast pesticide transport to the catchment outlet
occurred in response to several rainfall events during the study period, which was,
indeed, observed at local scale in the plot experiment.
Despite the shortcomings of the modeling approach, it allowed for an estimate of
pesticide degradation and retention in the catchment, which is presumably more
applicable than the use of the Rayleigh equation approach at catchment scale.
Model calibration also helped in assessing the isotopic enrichment factor (εC ). At
the same time, the combination of field concentration and CSIA data allowed for the
setup of the parsimonious model approach, which enabled us to better understand
pesticide degradation and transport in the study catchment. In particular, field
CSIA data improved our conceptualization of pesticide transport at catchment scale.
Overall, these results showed how monitoring and modeling of CSIA data can be
combined and inform each other, which proves advantageous in the characterization
of diffuse pollution at catchment scale.
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Conclusions

In this chapter, we presented a combined monitoring and modeling approach of
pesticide concentrations and CSIA data at catchment scale. Concentrations of
the chloroacetanilide herbicides S-metolachlor and alachlor from an agricultural
headwater catchment were highest in response to an extreme rainfall event shortly
after pesticide application, and decreased subsequently. In contrast, measured
carbon isotope ratios increased gradually, which is indicative of pesticide degradation
in the soil and during transport to the catchment outlet. This illustrates that
CSIA data of diffuse pollutants can yield additional information in comparison
to concentration data only. However, as supposed to CSIA-based assessment of
contaminant degradation in aquifers, it is questionable due to the heterogeneous
nature of the investigated system whether the Rayleigh equation approach yields
a reliable estimate of pesticide degradation at catchment scale. In order to gain
more insight in pesticide degradation and transport in the study catchment, we,
therefore, developed a parsimonious model approach based on the description of flow
and transport by travel time distributions. This model was calibrated in multiple
model runs against measured discharge, S-metolachlor concentrations and carbon
isotope ratios. Model results indicated an average extent of degradation above 70%
during the study period, which mainly occurred in the topsoil compartment, and
an average mass export of less than 2% with respect to the initially applied amount.
This is in good agreement with the measured mass export of 1.8% for S-metolachlor.
The model approach was also used to examine the added value of CSIA data in
modeling of pesticide degradation at catchment scale. Simulations with a good fit
against the CSIA data showed lower uncertainty in calibrated parameter values and
calculated extent of degradation compared to simulations with solely a good fit to
discharge and concentration data. However, the decrease in model uncertainty was
generally small and only significant for two model parameters. This might result
from the scarcity of the field CSIA data, such that calibration to CSIA data with
finer temporal resolution might reveal a more significant reduction of parameter
uncertainty.
Although the presented field CSIA data could be used as an indicator of pesticide
degradation, it was not possible to analyze the dynamics of isotope ratios at a
higher resolution (e.g. during single rainfall events) due to the scarcity of the CSIA
data points. The model results indicated, however, that dynamics of CSIA data
are highly responsive to changing hydrological conditions (e.g., following rainfall
events). Future studies might, therefore, aim for a more extensive monitoring of
CSIA data, which would also improve the applicability of CSIA-based assessment
of degradation of diffuse pollutants. A finer temporal resolution of field CSIA data
would, in addition, increase data availability for model calibration and might thus
significantly improve the representation of pesticide degradation in models. Besides
the analysis of more samples, measuring isotope fractionation for a second element
(i.e., dual-element isotope analysis) might confirm the occurrence of degradation,
and also allow a more precise assessment of the extent of degradation (Wiegert
et al., 2012; Zwank et al., 2005). The quantification of degradation based on
CSIA data relies, however, on the specification of an accurate enrichment factor for
pesticide degradation in the investigated environmental system. This demonstrates
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the need for additional laboratory studies of isotope fractionation associated with
pesticide degradation. Despite the limited information on isotope fractionation of
the investigated compounds, this study, nonetheless, highlighted how CSIA can
advance our understanding of pesticide degradation at catchment scale, especially
when applied in a combined monitoring and modeling approach.
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Supplementary information to chapter 5
S5.1

Equations of the hydrological and pesticide model

Tables S5.1 and S5.2 show the equations of the hydrological and pesticide model,
respectively. See Fig. 5.2 and Table 5.2 for further explanation of parameters.

S5.2

Calculation of Nash-Sutcliffe coefficients

N SQ compares measured with modeled discharge at the catchment outlet, considering the best fit in a window of plus or minus one day to account for potential time
lags of measured discharge in response to rainfall events:
N SQ = 1 − 0.03 · f −
min

Pn
t=1

(Qt,mod − Qt,meas )2 ,


Pn
Pn
(Qt-1,mod − Qt,meas )2 , t=1 (Qt+1,mod − Qt,meas )2
Pt=1
n
2
t=1

(Qt,meas − Qmeas )

(S5.1)

where n is the total number of days with discharge measurements, Qt,mod and
Qt,meas are the modeled and measured discharge on day t, respectively, Qt-1,mod
and Qt+1,mod are the modeled discharge one day before and after day t, respectively,
Qmeas is the mean of the measured discharge values, and f counts the number of
days where the modeled discharge is zero while the measured discharge is not, or
vice versa (weighted by the factor 0.03).
N SC considers errors in normal and ln-transformed concentration values, with the
latter emphasizing deviations at low concentrations:
2 !
2 Pn
Pn
N SC = 1 − 0.5

i=1

twi · Ci,mod − Ci,meas

Pn
i=1

twi · Ci,mod − Cmeas

i=1
2 + Pn

twi · ln Ci,mod − ln Ci,meas

i=1

twi · ln Ci,mod − ln Cmeas

2
(S5.2)

where n is the total number of concentration samples, Ci,meas is the concentration of
sample i, Ci,mod is the flow-weighted average concentration over all days comprised
in sample i, ln Cmeas is the mean of the ln-transformed measured concentrations,
and twi is the time-proportional weight of sample i (with flow-proportional samples
spanning more than a day considered as a daily sample). Note that the grab
sample in November was considered as daily value. The same twi is also used in
the calculation of N Sδ13 C , which gives the deviations of the flow-proportionally
weighted modeled (δ 13 Ci,mod ) from the measured carbon isotope ratios (δ 13 Ci,meas ):
Pn
N Sδ13 C = 1 −

twi · δ 13 Ci,mod − δ 13 Ci,meas

i=1
n
i=1

P

twi · δ 13 Ci,mod − δ 13 Cmeas

2

2

(S5.3)

dSs (t)
dt





Qs (t)
Rmax

ETpot (t) ≤

dSs (t)
dt
dSs (t)
dt

if

otherwise

Qs (t) ≤ Rmax
Qs (t) > Rmax

Qs (t) ≤ Rmax
Qs (t) > Rmax

P (t) − ETs (t) −

Table S5.1: Hydrological model.

if
ETpot (t) >

if
if

= Rgw (t) − ETgw (t) − Qgw (t)

if
if

d(Smax −Ss (t))
dt

if

= P (t) − ETs (t) − Qs (t)

Shallow reservoir
Storage

Fluxes
ETpot (t)
dSs (t)
dt

0

0
Qs (t) − Rmax

P (t) − ETs (t) −





ETs (t) =

Qs (t) =

OF (t) =

dSgw (t)
dt

Groundwater reservoir
Storage

Fluxes

Rgw (t) =

0

d(Smax −Ss (t))
dt

if

≤0

Sgw (t) ≤ Sext




 min ETpot (t) − ETs (t), dSgw (t)
if Sgw (t) ≥ Sred

dt



Sgw (t)−Sred
dSgw (t)
ETgw (t) =
if Sext < Sgw (t) < Sred
 min Sext −Sred (ETpot (t) − ETs (t)) , dt



1

Qgw (t) = [(2 − b) a (Sgw (t) − S0 )] 2−b

Concentration

Stream

Concentration

Fluxes

Storage

Parameter

Ds (t) = r0 Ms (t)

degradation

pQ,s (Ts , t)

probability density function of travel times Ts of
pesticide in Qs at time t

CET (t) =

pQ,gw (Tgw , t)

in evapotranspiration

probability density function of travel times Tgw of
pesticide in Qgw at time t
probability density function of travel times Tgw of
pesticide in ETgw at time t

dissolved phase

0

Cgw (t)Qgw (t)+Cs (t)OF (t)
Qgw (t)+OF (t)

pET,gw (Tgw , t)

C(t) =

r
− k0
r
− k0

pET,gw (Tgw , t) · Cs (t − Tgw ) · e

Cgw (t) =

in discharge

R∞

Dgw (t) = r0 e−kt Mgw (t)

degradation

pQ,gw (Tgw , t) · Cs (t − Tgw ) · e

φgw (t) = Qgw (t) Cgw (t)

via discharge

R∞

φr (t) = Rgw (t) Cs (t)
φet (t) = ETgw (t) CET (t)

via groundwater recharge

0



1−e


−kTgw

1−e−kTgw

dTgw

dTgw



pQ,s (Ts , t) · C0 (t − Ts ) · 1 − e−lTs · e−r0 Ts dTs

= φr (t) − φet (t) − φgw (t) − Dgw (t)

0

via evapotranspiration

dMgw (t)
dt

Cs (t) =

in discharge

s (t)
RS∞

C0 (t) =

average concentration in reservoir

Ms (t)

φex (t) = fex ETgw (t) CET (t)
φer (t) = fer OF (t) Ms (t)

via plant exudation

φs (t) = Qs (t) Cs (t)

via particulate phase

φinp (t)

change of pesticide mass Mgw

Equation
= φinp (t) − φs (t) + φex (t) − φer (t) − Ds (t)

application

dMs (t)
dt

via discharge

change of pesticide mass Ms

Groundwater reservoir

Concentration

Fluxes

Storage

Shallow reservoir

Table S5.2: Pesticide transport model.

