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a b s t r a c t

Although pesticides undergo degradation tests prior to use, determining their export, degradation and
persistence under field conditions remains a challenge for water resource management. Compound
specific isotope analysis (CSIA) can provide evidence of contaminant degradation extent, as it is generally
independent of non-destructive dissipation (e.g., dilution, sorption, volatilization) regulating environ-
mental concentrations. While this approach has been successfully implemented in subsurface environ-
ments, its application to pesticides in near-surface hydrological contexts at catchment scale is lacking.
This study demonstrates the applicability of CSIA to track pesticide degradation and export at catchment
scale and identify pesticide source areas contributing to changes in stable isotope signature in stream
discharge under dynamic hydrological contexts. Based on maximum shifts in carbon stable isotope
signatures (Dd13C ¼ 4.6 ± 0.5‰) of S-metolachlor (S-met), a widely used herbicide, we estimate
maximum degradation to have reached 96 ± 3% two months after first application. Maximum shifts in
nitrogen isotope signatures were small and inverse (Dd15N ¼ � 1:3±0:6‰) indicating potential sec-
ondary isotope effects during degradation. In combination with a mass balance approach including S-met
main degradation products, total catchment non-destructive dissipation was estimated to have reached 8
± 7% of the applied product. Our results show that CSIA can be applied to evaluate natural attenuation of
pesticides at catchment scale. By providing a more detailed account of pesticide dissipation and
persistence under field conditions we anticipate the contribution of pesticide CSIA to the improvement of
regulatory and monitoring strategies.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The widespread occurrence of micropollutants in surface and
groundwater poses a threat to human water security and river
biodiversity on a global scale (V€or€osmarty et al., 2010). Among
organic micropollutants, pesticides are one of the principal con-
tributors to chemical risk (Malaj et al., 2014) with the potential to
accumulate over decades in various environmental compartments
(Sabatier et al., 2014; Rasmussen et al., 2015). Despite compre-
hensive exposure assessments and research evaluating toxicity,
degradability and transformation products, current approaches
often fail to determinewhere, when and how pesticide degradation
occurs. This highlights the difficulties to bridge information ob-
tained under laboratory and field conditions. Beyond regulatory
testing, complementary novel management strategies (e.g., Fenner
et al. (2013)) that enable monitored natural or engineered attenu-
ation are thus warranted.

In contrast with current monitoring approaches, which are
unable to distinguish among competing environmental sinks,
compound specific isotope analysis (CSIA) allows for the direct
quantification of pesticide degradation extent (Elsner, 2010). Dur-
ing chemical transformation, lighter isotopes (e.g., 12C) exhibit
lower activation energy, generally resulting in faster reaction times
relative to their heavier counterparts (e.g., 13C). This leads to an
enrichment of the heavier isotopologues in the non-degraded
pesticide fraction remaining in environmental samples (Elsner,
2010). The resulting average isotope value (e.g., d13C) of the non-
degraded fraction can then be used to quantify degradation by
following the Rayleigh distillation equation (Rayleigh, 1896).
Research on legacy contaminants (Sherwood Lollar et al., 2001;
Hunkeler et al., 2008) and nitrate pollution (Nestler et al., 2011;
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Fenech et al., 2012), have shown CSIA to be a valuable comple-
mentary line of evidence to demonstrate degradation, persistence
and source identification at various temporal and spatial scales.
Akin to these approaches, application of CSIA to pesticides relies on
the ability to monitor changes in stable isotope composition be-
tween source(s) and outlet to quantify the extent of (bio)chemical
conversion at the catchment scale.

This study evaluated the feasibility of carbon-based CSIA as a
first characterization approach for monitoring pesticide fate at
catchment scale under dynamic hydrological and rainfall-runoff
conditions. The use of carbon-based CSIA to evidence natural
attenuation is well established for legacy compounds in contami-
nated sites (Thullner et al., 2009) and thus may be considered as a
relevant approach to monitor pesticide degradation and export
across distinct hydrological events. However, principal limitations
to the applicability of pesticide CSIA at catchment scale are the
occurrence of low (sub-mg=L) environmental concentrations, which
lead to challenges in analyte extraction and quantification under
field contexts (Schreglmann et al., 2013; Elsner and Imfeld, 2016).
While changes in d13C tend to be smaller in larger molecules
(Elsner, 2010), the higher contribution of carbon atoms to the total
molecular massmay allow for the collection of more environmental
samples at or above quantification limits. This is of particular in-
terest when seeking detailed characterization of rainfall-runoff
events requiring high-resolution data made possible by flow-
proportional sampling strategies. An important trade-off howev-
er, is the limitations in sample volumes that may be achieved due to
automatic sampler unit capacities, therefore challenging
catchment-scale CSIA studies during discharge periods where
environmental concentrations are low. In this respect, although
multi-element CSIA may also be desirable to further improve
characterization (Elsner and Imfeld, 2016), its feasibility will be
challenged by the sampling window where quantification limits
can be achieved.

By implementing a CSIA high resolution monitoring strategy,
the objectives of this study were then to (i) demonstrate the val-
idity of pesticide CSIA as a complementary line of evidence for
quantifying degradation extent under field conditions; (ii) infer off-
site losses due to non-destructive dissipation (e.g., dilution, vola-
tilization, sorption) and; (iii) demonstrate applicability of pesticide
CSIA under shifting hydrological regimes. To address these objec-
tives, the study tracked S-metolachlor (S-met) in an agricultural
headwater catchment (47 ha) during one growing season, a period
where degradation and off-site transfer risk is most relevant. As a
well characterized and widely used herbicide (i.e., 4.2% of global
pesticide use) that is frequently detected in groundwaters (Fenner
et al., 2013), S-met is a relevant model compound for establishing a
first effort of catchment-wide pesticide CSIA characterization.

2. Materials and methods

2.1. Catchment description

The 47 ha catchment is located 30 km north-east of Strasbourg
(Bas-Rhin, France; 48 47 19,56 N; 7 35 2,27 E) and has been previ-
ously described by Lefrancq et al., (2017b). The mean catchment
slope is 6.7 ± 4.7% with altitude ranging between 190 and 230m.
Catchment water flows in ditches to a 50 cm diameter pipe at a
single outlet. Roads represent 3.5% of the catchment surface and in
2016, 88% was arable land, from which sugar beet (70%) and corn
(18%) were the principal crops sown between mid-March and late
April (Fig. 1A).

Overall, the soil characteristics indicate little variability. Surface
soil samples (0e20 cm, n¼ 30) and soil profiles (2m, n¼ 6) have a
grain size distribution of clay 30.8 ± 3.9%, silt 61.0 ± 4.5%, and sand
8.5 ± 4.2%. The main soil type is Haplic Cambisol Calcaric Siltic and
Cambisol Eutric Siltic on hillsides (north and south) and Cambisol
Colluvic Eutric Siltic in the central valley. Soil characteristics were
CaCO3 ¼1.1 ± 1.6%; organic matter¼ 2.2 ± 0.3%; pH¼ 6.7 ± 0.8;
total soluble phosphorus¼ 0.11 ± 0.04 g/kg, and CEC¼ 15.5 ±
1.3 cmol/kg. A compacted layer (plough pan) was observed at a
depth between 20 and 30 cm.

2.2. Hydrological conditions

A summary of the catchment hydrological conditions during the
study period, between April 1st and June 28th 2016, is presented in
Table 1. The summary data provided includes mean daily rainfall
ðPÞ, mean rainfall intensity ðPintÞ, total rainfall ðPtotÞ, mean daily
reference evapotranspiration ðETPÞ, mean daily temperature ðTÞ,
mean daily discharge normalized by the total catchment area ðQÞ,
the time of concentration ðTCÞ and the percent of days in a month
were rainfall occurred (% Wet Days). The time of concentration (TC)
is defined as the time between the start of rainfall minus evapo-
transpiration and the resulting peak discharge (Gericke and
Smithers, 2014). Although subsurface travel times for this catch-
ment range from 6 to 12 months (Lutz et al., 2017), TC values
decreased from 2.2 to 0.5 h (Table 1). Soil crust development was
generally observed across the catchment after around 100mm of
cumulative rainfall. A reduction in the soil infiltration capacity due
to observed crusting and the progressive increase inmean daily and
total monthly rainfall likely contributed to the observed decrease in
the catchment's TC .

2.3. Top soil and water collection

Top soil (1 cm) concentrations and d13C were determined by
weekly sampling on three transects across the catchment. Tran-
sects where selected to account for variability of moisture condi-
tions, drainage characteristics and to maximize the number of plots
where S-met was applied (Fig. 1). A digital Elevation Model (DEM),
at 2m resolution, was used to obtain local slopes and to estimate
the topographical wetness index (TWI) [�] (Fig. 1B), which quan-
tifies the influence of topography on soil moisture such that (Beven
and Kirby, 1979):

TWI ¼ ln
�

a
tanðbÞ

�
(1)

where a is the upslope area draining through a certain point per
unit contour length and tanðbÞ, the local slope in radians.

Discharge at the catchment outlet was continuously measured
by a Doppler flow-meter (2150 Isco, Lincoln, Nebraska, USA) with
discharge precision of 3%. Water was collected by flow proportional
sampling using a refrigerated automatic sampler with a total ca-
pacity of 3.96 L divided into 12 glass vials each of 330mL (Isco
Avalanche, Lincoln, Nebraska, USA). A predefined discharged vol-
ume based on the seasonal rainfall intensity expected for April (50
m3), May (100 m3) and June (150 m3) was chosen allowing for 36
aliquots of 110mL each per week. Water samples were then com-
bined into composite samples according to hydrograph character-
istics (base-flow, rising and/or falling limb), yielding one to four
samples weekly of volumes � 990mL.

2.4. Farmer surveys

S-met was applied on three different dates, on March 25 (plots:
5, area: 14.9 ha), April 14 (plots: 8, area: 8.2 ha) and on May 25
(plots: 5, area: 5.9 ha) (Table 2 and Fig. 5C). Farmers used one of two
Syngenta product formulations, Mercantor Gold (area applied: 97%)



Fig. 1. Catchment land-use (A) and topographical wetness index (B) (Beven and Kirby, 1979). The wetness index is computed with SAGA in QGIS 2.18 using the Topographical
Wetness Index (TWI) tool with options ”local upstream area” and the slope map in radians according to equation (1).

Table 1
Catchment Hydrological Conditions (mean ± 1s, total or %) between April 1st and June 28th, 2016.

P (mm/d) Pint (mm/h) Ptot (mm) ETP (mm/d) T (�C) Q (mm/d) TC (h) % Wet Days

April 2.7±4.6 1.1±0.9 82.2 2.2±0.8 9.1±2.9 0.6±0.6 2.2±1.8, n¼ 9 67%
May 4.6±7.1 1.7±2.8 136.8 3.1±1.2 14±3.2 0.9±1.3 0.9±0.6, n¼ 13 63%
June 4.8±7.0 1.8±3.1 145.6 3.7±1.2 17.6±2.9 1.2±1.2 0.5±0.2, n¼ 14 80%

Note: Abbreviations pertain to mean daily rainfall ðPÞ, mean rainfall intensity ðPintÞ, total rainfall ðPtotÞ, mean daily reference evapotranspiration ðETPÞ, mean daily temperature
ðTÞ, mean daily discharge normalized by the total catchment area ðQÞ, the time of concentration ðTCÞ and the percent of days in a month were rainfall occurred (% Wet Days).

Table 2
Applied mass (Kg) of active S-met per transect by date.

Date North Valley South

25 March 2016 5.1 1.6 11.1
14 April 2016 8.0 1.8 2.9
29 May 2016 7.2 2.4 0.0
Total 20.3 5.8 14.0

P. Alvarez-Zaldívar et al. / Water Research 139 (2018) 198e207200
or Dual Gold (area applied: 3%). Technical dosage specifications
were 0.6 and 1.2 L/ha, with pure product S-met concentrations of
960 g/L and 915 g/L, respectively. Signatures were obtained via
dilution in Milli-Q water and followed the same solid-phase
extraction (SPE) procedure described below for environmental
waters. Initial d13C (-32.2 ± 0.5‰, n¼ 17) and d15N (1.9 ± 0.5‰,
n¼ 17) were obtained from pure product and tractor tank dilutions.
Pure product and tractor tank dilutions were not significantly
different (Table S4).
2.5. Pesticide extraction and quantification

S-met and its degradation products metolachlor ethane sulfonic
acid (MESA) and metolachlor oxanilic acid (MOXA) were extracted
from soil and outlet water samples (Supporting Information (SI),
section IV. Pesticide extraction). Water samples were extracted by
solid-phase extraction (SPE) using SolEx C18 cartridges (Dionex®,
Sunnyvale, CA, USA) and an AutoTrace 280 SPE system (Dionex®) as
described previously (Elsayed et al., 2014), and quantified by GC-
MS/MS (S-met) and by LC-MS/MS (MESA and MOXA), as
described previously (Elsayed et al., 2014). Pesticide extraction and
purification for soils were adapted from Ivdra et al., (2014) and
Anastassiades et al. (2003). Environmental quantification limits for
the soil samples were 0.001, 0.1, 0.1 mg/g dry weight (d.w.) for S-
met, MOXA and MESA with an analytical uncertainty of 16%, 40%
and 8% respectively.
2.6. Isotope analysis

The carbon and nitrogen isotope composition of S-met was
analysed by adapting a previously described protocol (Elsayed et al.,
2014) and further detailed in the SI. The GC-C-IRMS system con-
sisted of a TRACE™ Ultra Gas Chromatograph (ThermoFisher Sci-
entific) coupled via a GC IsoLink/Conflow IV interface to an isotope
ratio mass spectrometer (DeltaV Plus, ThermoFisher Scientific). The
reproducibility of triplicate measurements was � 0.2‰ (1s) for
d13C and � 0.5‰ (1s) for d15N. The carbon and nitrogen isotope
ratios are reported in d notation in parts per thousand [ ‰] relative
to the V-PDB standard for carbon and Air standard for nitrogen,
according to:

d13Csample or d
15Nsample

�
‰

�
¼
�
Rsample � Rstandard

Rstandard

�
$1000 (2)

where Rsample and Rstandard are the ratios
13C
12C

or
15N
14N

of sample and
standard, respectively. Based on GC-IRMS linearity tests, the min-
imum peak amplitudes needed for accurate d13C and d15N mea-
surements were established as about 300mV and 200mV,
respectively (Fig. S6). These signals correspond to 10 ng of carbon
and 20 ng of nitrogen injected on column.

2.7. Soil degradation experiments

To derive a carbon isotope enrichment factor (εlab) for S-met,
signatures and remaining concentrations were obtained from soil
microcosm experiments and conducted over a period of 200 days
over a set of temperatures (20 and 30 �C) and moisture conditions
(20 and 40% volumetric water content). Derivation of εlab with eq.
(3) was then used to infer field degradation extent based on isotope
signatures measured in field samples and eq. (15). Microcosms
consisted of 20 g air-dried soil obtained from the catchment and
were spiked to environmental concentrations (5.0 mg/g soil) in
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20mL crimp glass vials, with silicone/natural PTFE caps (Inter-
chim®, France). Tomaintain aerobic conditions while limiting water
loss and avoiding contamination, a 0.2 mm syringe filter (Rotilabo®,
Carl Roth®, France) was mounted on a syringe tip and installed
through a vial cap (Fig. S7). To distinguish sorption from microbial
degradation, and to determine whether isotope fractionation could
arise due to non-destructive dissipation (i.e., sorption) or abiotic
degradation (i.e., hydrolysis), half of the soil samples were three-
times autoclaved in glass bottles and stored in the dark at room
temperature for 12 h between each autoclave run. Sacrificial sam-
pling was conducted in triplicate at days 1, 10, 50, 100 and 200.
Fractionation extent and dissipation kinetics are provided in
Table S5.

Abiotic controls showed no significant isotope fractionation,
confirming insignificant fractionation associated to sorption and
hydrolysis (Fig. S8, SI section VII Degradation experiments). A carbon
S-met enrichment (εlab) was derived from living microcosm ex-
periments by following the classical Rayleigh equation (Rayleigh,
1896):

d13Ct þ 1

d13C0 þ 1
¼ f ε (3)

where f¼ [S-met]t/[S-met]0, is the remaining fraction of S-met at
time t.
2.8. Predictive calculations

Predictive approaches required computing remaining masses
based on farmer surveys and estimating degradation extent ac-
cording to median (21 d), minimum (7.6 d) and maximum (37.6 d)
half-lives (t1=2) reported for S-met (PPDB, 2009). Calculation in soils
where computed according to:

Mtot;t ¼ Mtot;t0

�
1
2

� t
t1=2

(4)

where Mtot is the total catchment mass at time t.
2.9. Mass balance calculations

Soils. Pesticide mass along a catchment's transect areaMTr;t [mg]
is given by:

MTr;t ¼ CTr;t,rb0
,ATr,D (5)

were CTr is the dry weight S-met soil concentration
[mg=g soil dry wt] on transect Tr at time t, ATr is the associated
transect area [m2] and D is sampling depth (1 cm). A homogeneous
bulk density (rb0 ¼ 0.99 g=cm3) was assumed based on sample
measurements obtained across the catchment.

Transect signature and pesticide mass were then used to
compute bulk signatures across the catchment (d13Cbulk) and given
by:

d13Cbulk;t ¼
XTR¼3

Tr¼1

MTr;t

Mtot;t
d13CTr;t (6)

were d13CTr is the S-met carbon isotope signature in transect Tr. The
total catchment mass, Mtot [mg], at time t is obtained by adding eq.
(5) for all three transects.

Outlet. Outlet loadings (OL) [mg] where calculated based on flow
proportional samples given by:
OLws ¼ Cws

ZDt
t

VðtÞdt (7)

where C the concentration ½mg=L� of water sample ws and V [L] is
discharge over the sample time interval Dt [h]. Transformation
product (TP) loadings were expressed in S-met mass equivalence
(MEQS�met) [mg] such that:

MEQS�met ¼ MOXA,
�
mwS�met

mwMOXA

�
þMESA,

�
mwS�met

mwMESA

�
(8)

wheremw is themolar mass of each species measured at the outlet.
MB errors associated to missed sampling intervals were corrected
by linear interpolation between measured sample concentrations.
2.10. CSIA and open-system Rayleigh calculations

The Rayleigh equation assumes that f ¼ Ct=C0 reflects solely
reduction in concentrations due to degradation and should thus be
expressed as fdegradation. Accounting for dilution processes, the
remaining fraction that is measured in the field sample becomes
then ftotal (Van Breukelen, 2007):

ftotal ¼ fdegradation,fdilution (9)

fdilution ¼ 1
F

(10)

where F is the number of times the sampled volume has become
diluted. F can be calculated if εlab is known such that:

F ¼ eðD�=εlab�lnftotalÞ (11)

D� ¼ 1000,ln

 
10�3d13Ct þ 1

10�3d13C0 þ 1

!
(12)

where D� is the isotopic shift of the measured sample at time t.
The total fraction remaining (ftotal) was estimated based on the

concentration (Ct) measured along a transect (Tr) at any given time
t relative to the cumulative initial concentration (CTr0 ) ½mg=g soil�
after a timely application (at) and given by:

CTr;t0 ¼
PA

a¼1MTr;at
ATr,D,rb0

(13)

where,MTr;at [mg S-met] is the total mass applied on transect Tr due
to application a at time t (Table 2), the total plot area [m2] associ-
ated to the transect (ATr), which is proportional to sampling points
along a transect, the sampling depth (D) [m] and the initial soil bulk
density (rb0 ) [g=m

3]. Measured concentrations ðCTr;tÞ and remain-
ing fractions ðftotal ¼ CTr;t=CTr;t0 Þ across time per transect are
detailed in the SI, tables S6, S7 and S8.

The carbon isotope enrichment factor (εlab), derived from closed
microcosm degradation experiments under mixed aerobic and
anaerobic conditions (section 2.7), was used to quantify field
degradation ðB%Þ. Degradation was then determined from the
remaining fraction associated to degradation (fdegradation) such that
(Hunkeler et al., 2008):
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fdegradation ¼
 
d13Ct þ 1

d13C0 þ 1

!1=εlab

(14)

B% ¼
�
1� fdegradation

�
,100 (15)

To obtain the relative contribution of degradation and dilution
(e.g., off-site export, sorption), the open-system Rayleigh equation
(Van Breukelen, 2007) was adapted for tops soils. The relative
contribution of dilution and degradation to concentration decrease
is represented by the factor ratio D*/B*, where dilution (D*) and
breakdown (B*) factors are given by:

D� ¼ lnfdilution
lnftotal

(16)

B� ¼ lnfdegradation
lnftotal

¼ 1� D� (17)

and where D* � 0 and 0�B* � 1. For example, if D*/B* ¼ 0 (D* ¼ 0;
B* ¼ 1), the concentration decline is solely due to degradation,
while if D*/B* ¼ 1 (D* ¼ B* ¼ 0.5), the contribution of each pro-
cesses to the logarithmic concentration decrease is equal (Van
Breukelen, 2007).

3. Results and discussion

3.1. S-met degradation and carbon isotope fractionation in top soils

S-met d13C signatures and concentrations were obtained on a
weekly basis on catchment top soils (1 cm) from April to June 2016.
Soil concentrations negatively correlated with changes in isotope
shift (Dd13C) across time ðr ¼ �0:7; P <0:001Þ (Fig. 2A). To allow
quantification of field degradation extent, microcosm degradation
experiments were conducted (section 2.7) to derive a carbon isotope
enrichment factor (εlab ¼ � 1:5±0:5‰, R2 ¼ 0.87, P <0:001).
Assuming a reactive position at the C-Cl bond, this corresponds to an
apparent kinetic isotope effect (AKIEC) ranging from 1.02 to 1.03 (eq.
S(5)) compatible with SN2 (AKIEC ¼ 1.03e1.07) type substitution
reactions and reductive cleavage of C-Cl bonds (AKIEC¼1.02e1.03)
(Elsner et al., 2005). Although d15N values were also measured,
derivation of a nitrogen isotope enrichment was not possible due to
high matrix interference effects in soils leading to significant un-
certainty in measured signals (� 1‰).
Fig. 2. S-met carbon isotope shift (Dd13C ¼ d13Ct � d13C0) vs. concentration in transect soils,
(standard deviation) of initial product and ±1s from sample signatures (eq. S(3)). Analytic
measurements. The shaded area represents the minimum shift below which degradation sh
sample error uncertainties, and minor shifts in the soil extraction method (eq. S(1)).
To estimate the error extent that could arise from derivation of
enrichment values in the field, a carbon isotope field enrichment
(εfield) was also derived based on top soil samples and compared
against εlab (Fig. 2B). Due to open system conditions, the field
derived enrichment is expected to underestimate εlab (i.e., be less
negative) and consequently lead to an overestimation of degrada-
tion extent. As expected, a catchment-wide εfield underestimated
εlab (Fig. 2B). However, this underestimation was small, likely
reflecting S-met high sorptive properties and indicating good
transferability of ε values between laboratory and field conditions
for this compound.

Abiotic controls for S-met degradation experiments showed no
significant isotope shift, which indicated no fractionation associ-
ated to sorption and agreement with previous results (Imfeld et al.,
2014; Kopinke et al., 2017) (section 2.7, SI, section VII., Fig. S8 and
Table S5). Field measurements of top soil and outlet signatures also
support this observation, as fractionation extent in water samples
taken both near application periods and towards the end of the
season generally remains equivalent or slightly lower relative to top
soil samples (Fig. 4). Based on a multiple lines of evidence approach
derived from the combined CSIA, mass balance (MB) and predictive
calculations in the following section, attribution of degradation
extent to photochemical degradation is likely to be small (< 5%), if
not negligible. Indeed, carbon isotope effects associated to photo-
chemical degradation in aqueous solutions of aniline substructures
have been reported to be negligible under indirect photolysis (Ratti
et al., 2015a) and nearly insensitive to inverse at environmental pH
(Ratti et al., 2015b). If inverse fractionationwhere to be of relevance
for this case, CSIA biodegradation estimations would therefore be
regarded as conservative. Nevertheless, photochemical degradation
is not expected (PPDB, 2009) or may be lowwhen incorporated into
the top soil (Kochany and Maguire, 1994; EXTOXNET, 1996; Wilson
and Mabury, 2000; Dimou et al., 2005), which is supported by
similar lab and field enrichment values as well as by comparisons of
non-degraded fractions vs. remaining mass measured in top soils
(see following section, Fig. 3. B vs. C).
3.2. Validation of the CSIA approach

The value of CSIA as a complementary monitoring tool was
assessed by comparing information derived from both MB accounts
and reported half-life ranges for S-met (7.6e49.5 days) (European
Commission, 2004; PPDB, 2009; Wu et al., 2011). Results indicate
good agreement between CSIA, MB and predictive calculations,
which emphasizes the validity of the CSIA approach (Fig. 3). Based
where d13C0 ¼ � 32:2±0:5‰. Error bars account for error propagation (e.p.) across ±1s
al uncertainty (1s � ±0:5‰) incorporates both accuracy and reproducibility of n � 3
ould not be concluded (i.e. uncertainty limit) due to maximum analytical uncertainties,



Fig. 3. Estimation of remaining S-met relative to the cumulative applied mass (%).
Estimation of remaining fractions were based on the referenced typical field half-life,
with error bars representing referenced half-life ranges (A); the non-degraded fraction
(CSIA� f ) calculated from isotope signatures in soils (B) and outlet waters (D), with
error bars corresponding to 95% confidence intervals (±0:4‰) of S-met εlab; the
remaining mass based on measured soil sample concentrations and standard de-
viations (C); and the total fraction of discharged mass in S-met molar equivalents for
MESA and MOXA (outlet loadings), with error bars representing the cumulative
standard deviation (E).
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on CSIA estimations in soils (Fig. 3B), S-met was degraded by 50%
and 88% by the end of April (32 days after 1st application) and June
(82 days after 1st application), respectively. Propagation errors in
catchment degradation extent associated to statistical variation of
CSIA input parameters was estimated to be jDBj ¼ 19% in April and
9% in June (Thullner et al., 2012). Relative to the CSIA approach,
single first-order degradation predictions (Fig. 3A, eq. (4)) based on
a field half-life of 21 days (PPDB, 2009), slightly overestimated
degradation in April (jDBj ¼ 10%) and were nearly equivalent in
June (jDBj ¼ 4%). Overestimation in April was likely due to low
spring temperatures and largest degradation rates associated to
higher concentrations when computed by the single first-order rate
model. Comparison of a half-life of 34 days obtained during the
degradation experiment (i.e., based on catchment soils) further
indicates that lower field degradation rates may also be attributed
to soil characteristics. Nevertheless, although both methods pro-
vide approximately equivalent estimations, CSIAwas able to reduce
the uncertainty margins relative to the reported half-life ranges
(i.e., see error bars across methods in Fig. 3A vs. Fig. 3B).

Soil MB accounts during April and June (Fig. 3C) indicated
remaining fractions of 46% and 4%, with only 0.1% and 0.2% of S-met
reaching the outlet, respectively. Comparing information from CSIA
(Fig. 3B) and MB approaches (Fig. 3C), inferred top soil non-
destructive losses (e.g., sorption, infiltration, run-off and volatili-
zation) were estimated to have reached 8% of the applied product.
Plant uptake was considered to be negligible, as no correlation was
found between remaining mass and crop growth (from 0 to 40 cm)
or surface cover (from 0 to 100%) (Lefrancq et al., 2017b). Although
S-met is considered to be a non-volatile compound (VP¼ 1.73mPa)
(Corbin et al., 2006), based on environmental conditions (e.g.,
Prueger et al., 2005) and model based calculations (Lefrancq et al.,
2017b) we estimate volatilization to have accounted for � 5% of the
applied product.

Comparison of the type of information that can be derived from
CSIA and MB approaches at the outlet illustrates a further advan-
tage of tracking pesticide fate using CSIA. By tracking parent and
major TPs, direct information regarding source zone degradation
extent cannot be appreciated, as mass balances cannot be closed
due to long subsurface travel times within the catchment, the
potential for further TP degradation and difficulties in determining
sorption extent without numerical modeling. On the other hand,
the use of CSIA generally provided a good approximation of the
degradation extent observed in source top soils (Fig. 3B vs. 3D), as
tracking S-met, carries information of its degradation extent
independently of the total loads exported. In this respect, CSIA
presents an opportunity as a complementary line of evidence to the
rapidly developing capabilities of high-resolution mass spectrom-
etry for target and non-target analyses of pesticide TPs (e.g., Kern
et al., 2009). By providing information on the maximum degrada-
tion achieved by parent compounds, CSIA may thus contribute to
monitoring programs seeking to develop chemical risk assessments
requiring more accurate MB accounts.

3.3. CSIA-based monitoring under dynamic hydrological regimes

To determine whether CSIA could be implemented at reduced
effort and be of relevance, for example, in larger catchments con-
texts, we evaluated whether a catchment-wide assessment could
be conducted by monitoring discharge water at the catchment
outlet. To do so, we compared linear trends of isotope fractionation
in bulk top soils against stream discharge at the catchment outlet
across time (Fig. 4). Bulk top soils are computed by eq. (6) and
provide a more accurate representation of the catchment wide
signature evolution by taking mass balances into account. An
approximately equivalent and general increase in Dd13C above
uncertainty ranges (i.e., shaded area) was observed across time for
bulk soils and waters. However, linear trends indicate that without
top soil information, outlet trends would have underestimated
catchment-wide degradation by DBz8% towards the end of the
season (mid-June). This underestimation was however, likely
related to an increase in variability of isotope signatures in source
soils following a late season application on May 25th (Fig. 4) and
observed at the outlet due to significant changes in hydrological
conditions taking place in late May and June (see SI section III for
detailed analysis of hydrological variability).

To identify potential source contribution leading to isotope
variability, the relative contribution of degradation and dilution to
concentration decrease, given by the factor ratio D*/B*, in transect
soils was estimated across time (Van Breukelen, 2007, section 2.10).
Although mass flux contributions from each area would be neces-
sary for a quantitative source apportionment (i.e., via end-member
analysis), D*/B* ratios in top soils may be used as qualitative source
indicators for outlet d13C and S-met concentration variability.
Weekly D*/B* calculations (Tables S7, S8 and S9) considered two
enrichment scenarios based on the derived εlab ¼ �1:5‰ and on
εmax ¼ � 1:9‰. The latter considers a conservative maximum ki-
netic isotope effect of KIE¼ 1.03 (C-Cl bond) expected for SN2 re-
actions (Elsner et al., 2005), and approximates degradation
conditions observed during the microcosm experiment for satu-
rated moisture levels (Table S5, q ¼ 40%).

A comparison between rainfall, discharge, S-met concentrations
in outlet and soils, and D*/B* ratios across time in Fig. 5 shows how
D*/B* ratios were highest (Fig. 5D) shortly after rainfall events,
when outlet concentrations exceeded the seasonal trends (Fig. 5B).
Median D*/B* ratios for the north, valley and south transects
(Table 3) indicate that dilution was more significant shortly after
applications, with each transect showing dilution to be as impor-
tant as degradation (D*/B* � 1) at least once early in the season
(April to mid-May). Further inference of D*/B* ratios indicates that
dilution along the steeper slopes and better drained soils of the
north transect continued to be of more importance during the late
season relative to other transects, where drainage was poor. Low
D*/B* ratios along the south during the late season indicate po-
tential contributions to outlet concentrations of lesser importance.



Fig. 4. S-met carbon isotope shift (Dd13C) across time in bulk soils and outlet waters with vertical arrows indicating application dates (d13C0 ¼ � 32:2±0:5‰). Fitted linear models
(DdðtÞ ¼mt) for outlet signatures (R2out ¼ 0:5) and bulk soils (R2soil ¼ 0:9) vs. days (t) after first application illustrate similar trends in time, despite an increase in variability for outlet
signatures during May and June. Error bars account for error propagation (e.p.) across ±1s (standard deviation) of initial product and ±1s from sample signatures (eq. S(3)).
Analytical uncertainty (1s � ±0:5‰) incorporates both accuracy and reproducibility of n � 3 measurements. The shaded area represents the minimum shift below which
degradation should not be concluded (i.e. uncertainty limit) due to maximum analytical uncertainties, sample error uncertainties, and minor shifts in the soil extraction method (eq.
S(1)). Degradation extent (%) shown on secondary y-axis is obtained from Dd13C transformations based on εlab (eqs. (14) and (15)).
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This is supported by significant differences (P < 0.05, Kruskal-
Wallis) in d13C observed between outlet and the south transect
during the late season (Fig. 6), indicating that the south transect
was unlikely responsible for outlet isotope variability within this
period. Finally, two major rainfall-runoff events, with outlet S-met
concentrations exceeding late-season trends, can be appreciated on
May 29th and June 25th. With respect to the former event, no
appreciable influence can be observed on the north and south
transects. However, D*/B* ratios along the valley, which received a
late season application on May 25th, were significantly higher (D*/
B*¼ 0.8e1.2) relative to its overall median values (D*/B*¼ 0.1e0.5),
likely indicating this transect as the main source leading to drops in
outlet d13C (and S-met concentration increase) during this event. A
comparable observation can also be made for the latter (June 25th)
event. However, this time the source of outlet variability shortly
after the rainfall event may be most likely attributed to the north
transect, where increases in outlet concentrations (Fig. 5B) and a
drop in outlet d13C (Fig. 4) coincide with an increase in D*/B* ratios
(D*/B* ¼ 1.1e1.7) measured on June 28th (Fig. 5D) for this transect
relative to median values (D*/B* ¼ 0.6e1.0).

Although these results alone cannot provide quantitative in-
sights of the contribution of pesticide from each area to outlet,
comparison of degradation extents to remaining masses can be
used to estimate export losses from top soils. However, values of
B* > 1 along the valley and in the late season along the south,
indicate an overestimation of degradation extent based on the
overall εlab. During these periods (e.g., where moisture levels were
likely high in these areas), estimation based on the more conser-
vative εmax may thus be more appropriate, as observed during the
microcosm experiment (Table S5, q ¼ 40%). A comparison of end of
season (June 21th - 28th) remaining mass (RMnorth ¼ 2%; RMvalley
¼ 13%; RMsouth ¼ 4%) against degradation extents (Bnorth ¼ 85%;
Bvalley ¼ 84%; Bsouth ¼ 94%), yielded non-destructive losses ofz 16%
along the north and valley transects vs. only 2% in the south. While
the low relative losses observed in the south also support a minor
role for volatilization (Lefrancq et al., 2017a) and photodegradation,
the valley and north transect accounted for 91% of total export
losses (2.8 kg of S-met or 7% of the total applied product), despite
representing only 50% of the catchment area. This highlights the
potential value of CSIA approaches to identify critical areas of
degradation and off-site export, evenwhere complete MB accounts
may not be available.
3.4. Perspectives for pesticide CSIA applications at catchment scale

Detailed soil and sub-event CSIA data allowed us to determine
the evolution of pesticide degradation extent and export losses
across the catchment. Additional insights on mechanisms of bond
cleavage however, could have been obtained using multi-element
CSIA of nitrogen, hydrogen or chlorine (Wu et al., 2018). Unfortu-
nately, the ability to implement multi-element isotope analysis was
reduced by current limitations in CSIA quantification from envi-
ronmental samples. Indeed, seeking sub-event information to
better understand the catchment's primary pesticide transport
processes limited our ability to collect sufficient volumes during
each forcing event and also derive a nitrogen based high-resolution
data set. Namely, given the small contribution of nitrogen (z 5%),
hydrogen (z 8%), and chlorine (z 12%) to the molar mass of a S-
met molecule and the amount required of each element for analysis
(about 20 ng on column for nitrogen and hydrogen and 10 ng for
chlorine) significantly larger environmental concentrations would
have been required to achieve the study objectives (i.e., a combined
mass balance and carbon-based CSIA account under a high-
resolution monitoring strategy). For example, at minimum envi-
ronmental concentrations of z 1 mg=L the extraction from about
56, 40 and 8 L, respectively for either nitrogen, hydrogen or chlo-
rine, would have been required (Fig. S2).

Despite these challenges, additional concentration steps
allowed quantification of nitrogen isotope fractionation (d15N) for
sub-event samples with highest concentrations (n¼ 7). These
samples are associated to periods near application dates and during
one major event. Maximum nitrogen isotope shifts were inverse



Fig. 5. Hydrological forcing and catchment response to pesticide applications across the growing season. Error bars represent ±1s. Rainfall and discharge at the outlet ðmm=dÞ (A),
outlet concentrations before (early season) and after (late season) second pesticide application ðmg=LÞ (B); composite transect soil concentrations ðmg=g dry weightÞ and pesticide
application (App.) dates (C); and D*/B* ratios based on εlab ¼ 1:5‰ and εmax ¼ � 1:9‰ (D).
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but small (Dd15N ¼ � 1:3±0:6‰, Fig. S5), indicating potential
secondary isotope effects during biodegradation (Elsner and Imfeld,
2016). Attempts to construct laboratory and field nitrogen enrich-
ment values from soils however, were not possible due to high
matrix interference effects leading to significant uncertainty in
measured d15N values (>1‰). In this respect, enrichment cultures
isolated from relevant soils should prove crucial in the interpreta-
tion of field studies implementing multi-element pesticide CSIA.

Based on the observed limitations associated to the high-
resolution approach followed in this study, catchment scale char-
acterization campaigns implementing micropollutant CSIA should
therefore account for a trade-off in information objectives inherent
to pesticide CSIA analytical limitations and near-surface hydrolog-
ical contexts. Namely, (i) improving understanding of pesticide fate
during periods of high transfer risk, and (ii) seeking an evaluation of
competing degradation processes across catchment compartments.
Under the former objective (i), a high-resolution sampling scheme
involving carbon-based CSIA should enable quantification of
pesticide degradation across multiple events and catchment areas,
as it was achieved in this study. However, when attempting to
achieve the latter objective (ii), low-flow conditions may preclude
obtaining information associated to base-flow components and
therefore an understanding of long travel time degradation char-
acteristics within the catchment. Evidently, similar challenges are



Table 3
Degradation (B%), breakdown factors (B*) & D*/B* ratios for εlab ¼ � 1:5‰ and
εmax ¼ � 1:9‰ along the North, Valley and South transects.

Transect Blab Bmax B�lab B�max D*/B*lab D*/B*max

(%) (%) (�) (�) (�) (�)

North
Early Season 53.1 45.0 0.6 0.5 0.7 1.1
Late Season 85.4 78.1 0.7 0.6 0.4 0.8
Overall 74.4 66.2 0.6 0.5 0.6 1.0
Valley
Early Season 56.2 59.6 0.9 0.8 0.1 0.3
Late Season 82.1 75.6 0.9 0.7 0.2 0.5
Overall 80.8 73.3 0.9 0.7 0.1 0.5
South
Early Season 61.0 52.4 0.6 0.4 0.8 1.3
Late Season 93.1 87.9 0.9 0.7 0.1 0.3
Overall 64.4 60.3 0.6 0.6 0.6 0.6

Fig. 6. Distribution of carbon isotope signatures in outlet and soil transects across
early and late season groups. Initial pesticide product isotope signature: d13C0 ¼
�32:2±0:5‰, n¼ 11.
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to be expected under multi-element CSIA approaches. Therefore,
monitoring strategies seeking subsurface compartment character-
ization, may be advised to target narrower sampling time-frames,
particularly if MB accounts are of lesser priority relative to multi-
element CSIA information.
4. Conclusion

This study evaluated the feasibility of carbon-based CSIA ap-
proaches as a tool to monitor pesticide fate at catchment scale.
Comparison of three information sources (i.e., CSIA, MB and re-
ported half-life (t1=2) ranges) demonstrated the validity of pesticide
CSIA as a complementary line of evidence for quantifying degra-
dation under dynamic hydrological and rainfall-runoff conditions.
The CSIA approach improved our understanding of pesticides fate
by delineating the primary catchment areas regulating degradation
(88%) and export losses (8%). Comparison of MB and CSIA ap-
proaches showed that degradation extent evolution was consistent
between outlet and catchment-wide top soils, demonstrating the
monitoring applicability of CSIA methods despite shifting hydro-
logical regimes. It should be noted however, that due to potential
artifacts in soil extraction methods, a minimum shift of Dd13C > 2‰
(z 75% degradation) was considered before any conservative
conclusion on degradation extent could be established. Based on its
ability to quantify degradation independently of TPs and to delin-
eate critical source areas, CSIAmay thus be considered as a valuable
complementary tool to identify and monitor chemical risk at
catchment scale. Further efforts seeking to implement high-
resolution CSIA approaches at greater scales should be supported
by adequate characterization of dominant transport pathways
regulating critical source areas. During periods of relatively low
flow however, and where MB information is of lower priority, non-
proportional (e.g., manual) sampling efforts may nevertheless be of
interest to successfully characterize long-term discharge. In this
respect, modeling of slow catchment response behavior may
facilitate the selection of minimum sampling volumes and the
design of extraction protocols required to achieve higher resolution
of multi-dimensional CSIA.
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