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Effect of grass cover on water and pesticides transport through undisturbed soil

columns, comparison with field study (Mor cille water shed, Beaujolais)

S. Doussel*, M. Thévenot’, D. SchracK'® V. Gouy® N. Carluerf®

& Nancy-Université, CNRS, LIMOS, BP 70239, 54506 ¥aauvre-les-Nancy, France.
b Université de Lille 1, CNRS, Géosystémes, 5969&Neuve d’Ascq, France.

© INRA-SAD ASTER, 88500 Mirecourt.

4 AFSSA, Laboratoire d'Etudes et de Recherches eindthgie, 54000 Nancy, France.

® UR Milieux Aquatiques, Ecologie et Pollution, Cegnef, 69336 Lyon Cedex, France.

Capsule: Grass-covered soils reduce the amount of pestieatshing, due mainly to their

higher organic matter contents, thereby reduciegigk of groundwater contamination.

ABSTRACT
The purpose of this work is to assess the effeatisenf two grass covefbuffer zone and

grass-covered inter-row)o reduce pesticide leaching, and subsequentjyréserve groundwater
quality. Lower amounts of pesticides leached through grassfcsoil columns (2.7 - 24.3% of
the initial amount) than the bare soil column (8.85.1%), in correspondence with their
sorption coefficients. Diuron was recovered in leighmounts in leachates (8.9 - 32.2%) than
tebuconazole (2.7 - 12.9%), in agreement with teemption coefficients. However, despite
having a sorption coefficient similar to that otucbn, more procymidone was recovered in
the leachates (10.2 - 55.1%), probably due toatslifated transport by dissolved organic
matter. Thus even in this very permeable soil, @igirganic matter contents associated with

grass-cover reduce the amount of pesticide leachimg limit the risk of groundwater
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contamination by the pesticides. The results ofatiuand tebuconazole transfer through
undisturbed buffer zone soil columns are in agregméth field observations on the buffer

Zone.

*Corresponding author. Tel.: +33 (0)3 83 68 42a3; +33 (0)3 83 68 42 84.

E-mail adresssylvie.dousset@limos.uhp-nancy.fr

Keywords: Buffer zone; Grass cover; Vineyard soil; Leachi@gsticide; Commercial

formulation
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1. Introduction

As a result of numerous sources of pollution, idolg the use of agricultural pesticides,
drinking waters resources are becoming increasiagiyce and a crucial issue for developed
countries. It is critical that solutions are propdgo better protect water quality, in particular
that of surface waters, which are generally thetrnostaminated and also the most sensitive
to contamination (IFEN, 2006). Viticulture is anportant agricultural sector in France, and a
great consumer of pesticides to control diseasgcindamage and weed competition in the
vineyards. Consequently, many recent studies hep@rted the presence of pesticide residues
in surface- or ground waters near several vineyatisoncentrations higher than the
European regulatory limit of 0.1 pg'Lfor drinking water (ECC, 1998), and the European
Quality Standards defined for some pesticides enEaropean Water Framework Directive
as, for example, in France (Lennartz et al., 1993tuchart et al., 2004) and in Spain
(Bermudez-Couso et al. 2007). Consequently, agurall institutions advise wine producers
to use alternative practices to chemical weedirgytarreduce pesticide transfer by adopting
management practices such as grass covered intsremobuffer zones.

Numerous studies have shown that the grass coderces erosion and runoff due to
sediment deposition and increases water infiltratiathin the vegetated zone (Dillaha et al.
1989; VanDijk et al., 1996). More recent works hdeen concerned with the use of these
buffer zones to limit surface water contaminatigngesticides. A number of authors have
reported that the amount of pesticide in the rufraifn vegetated buffer zones is lower than
the amount entering the zone (Patty et al., 198t et al., 1999; Watanabe et al., 2001).
The effectiveness of the vegetated buffer zonagdicing the amounts of pesticide in the

runoff may be explained by the processes of reianénd/or infiltration within the zone
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(Kloppel et al., 1997; Mersie et al., 1999; Seybetdal., 2001; Delphin and Chapot, 2001;
Souiller et al., 2002; Benoit et al., 2003; Mersial., 2003). Lacas et al., (2005) and Krutz et
al (2005) reviewed the various parameters affeqtiesticide infiltration and/or retention in
vegetative filter strips. The respective proportiminthe two processes in the reduction of
pesticide runoff depends on the affinity of the emiles for the soil (sorption) (Arora et al.,
2003; Boyd et al., 2003). For example, a reduatibrelatively water soluble herbicides, such
as atrazine and metolachlor, in the runoff from egetated zone could be explained by
increased infiltration; whereas, reduction in clyiafos runoff would be due to sorption onto
the sediments retained by the buffer zone vegetdfioora et al., 2003). Similar conclusions
were reached by Boyd et al. (2003) who showed dhlarpyrifos was retained on sediments
deposited in vegetated buffer zones; whereas,iatrand acetochlor infiltrated the soil and
were detected in the drains.

However, reducing the quantities of pesticides tbum surface waters by promoting
their infiltration in buffer strips may threatenadlow water tables or even groundwater with
pesticide contamination. On the one hand, varidudiess have shown that the sorption and
degradation of pesticides is higher in vegetatategdhan in cultivated soils (Benoit et al.,
1999; Madrigal et al., 2002; Krutz et al., 2003ukr et al., 2004) or fallow soils (Staddon et
al., 2001). On the other hand, these were labgrdiaich studies somewhat removed from the
reality of field conditions. It is likely that theore infiltration rates through a vegetated soil
increase, the less physico-chemical equilibriummemsched. In particular the degree of non-
equilibrium of sorption increases with water flow showed by Pot et al. (2005) and Vincent
et al. (2007); potential sorption and degradatibthe compounds would decrease relative to
the results of the batch studies in which steadtestonditions are attained. Nevertheless,
very few studies have been conducted on the qiemtf pesticides leached from vegetated

soils and the results of these studies are costagli In some cases, the use of grass covers
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on soil reduces the amounts of pesticides leacbatpared with the amounts leached from
cultivated or fallow soils (Liaghat and Prasher989 Benoit et al., 2000), in other cases,
there was no difference (Belden and Coats, 200d)s;Tour work contributes to a better
understanding of pesticide leaching through gras®ied soil, in particular structured soils
sensitive to leaching (loamy sand) that are reptesee of a widespread vineyard areas in
France.

The Cemagref of Lyon established an experiment& s St Joseph (Beaujolais,
France) in 2004, in order to assess the efficierioyegetated buffer zones to reduce pesticide
runoff and the subsequent pesticide infiltratiorotigh the buffer zone (Boivin et al., 2007).
It consisted of an experimental plot laid out onodsthmeadow vegetated buffer zone (6 x 4.2
m?) interposed between the vineyard uphill and therdile stream downhill. An
homogeneous distribution of water inflow was ensirthe upper end of the buffer zone. Soil
water content was monitored during the water inflayging tensiometers and humidimeters
located at different position in the experimenthltpln addition, lysimeters implemented at
different locations were designed for collecting sater at 50 cm depth when runoffs were
simulated. They clearly demonstrated a global redadn pesticide concentrations (diuron
and tebuconazole) leached to a 50 cm soil dep#itivelto the initial concentration of the
incoming runoff. Their attempts to quantify the wetlon, however, were hampered by the
difficulty in obtaining reliable mass balances inetfield from pesticide concentration
measured in lysimeters which collected a limiteatfion of the total infiltration through the
buffer zone (4% of the total buffer surface). Mareg no field data on pesticide leaching
through neither the cultivated bare soil nor theerimow grassed soil were available for
comparison in this site. Thus, the objectives ¢f tork were (i) to implement an experiment
allowing the comparison of pesticide leaching ie thuffer zone soil with a bare cultivated

soil and a grass covered inter-row soil, that tesul better mass balance control than field
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experiment; (ii) to better assess the role of twasg cover modalities (buffer zone and grass
covered inter rows) on water infiltration, and lkeéxg or sorption of one herbicide (diuron)
and two fungicides (tebuconazole and procymidoti@pugh a Beaujolais vineyard soil
during runoff events; and (iii) to compare the plolesrelease of pesticides from soils after
subsequent runoff events. The pesticide leachirgysiiadied using undisturbed soil columns
(15 x 20 cm) in laboratory and outdoor conditionEhese two experiments were
complementary: monitoring some metabolites in #@chates under laboratory conditions,
and the additional grass-cover modality under ocatdmnditions (inter-row vineyard). The
loamy sand soil was sampled in a chemically-weeqdet] in an adjacent buffer zone and in a
grass-covered inter-row plot. Several runoff evemdth and without pesticides were
simulated, and pesticide concentrations were maedtin the column leachates. The results
of our work were compared to those obtained aettpgerimental site in St Joseph by Boivin
et al. (2007). This increased our understandintpeffate of pesticides in grass covered soils
compared to bare soil, and showed their potengaluce the pesticide leaching through soil

thus preserving groundwater quality.

2. Material and methods

2.1. Chemicals

Diuron  (3-(3,4 dichlorophenyl)-1,1-dimethylurea) -[@4-dichlorophenyl]-1,1-
dimethylurea) and two of its metabolites, DCPMU3(3-dichlorophenyl-N,N-methylurea)
and DCPU (3-3,4-dichlorophenylurea), tebuconaz(®sj-1-p-chlorophenyl-4,4-dimethyl-3-
(1H-1,2,4-triazol-1-ylmethyl) = pentan-3-ol), andopymidone (N-(3,5-dichlorophenyl)-1.2-

dimethylcyclopropane-1.2-dicarboximide) were ob¢ginfrom Cluzeau (Sainte-Foy-La-
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Grande, France) with > 99% certified purity. Theirmphysico-chemical properties of the
pesticides are listed in Table 1. Commercial pasidormulations were used: Canyon
(diuron 71g %), Folicur EW (tebuconazole 250 g'L.and Sumisclex (procymidone 500 g L

Y in order to obtain more realistic results.

2.2. Soil sampling and column set-up

The experimental site monitored by Cemagref of Ly@&9, France) is located in the
Beaujolais region near St Joseph (Rhoéne, Frantepnisists of an experimental plot (25.2
m?) on a 25% slope laid out on a vegetated buffeeztatated between a chemically-treated
hillside vineyard and the Morcille stream. For fiedd experiment, soil water content was
monitored through the buffer strip using humidimetend tensiometers, and pesticide
concentrations and fluxes were measured in soiemetllected using lysimeters (Jordan,
1968; Boivin et al., 2007; ). These lysimetersrespond to water percolation sampler
consisting of two similar and joint horizontal stigiss steel plates (0.25 x 0.25%making
the gravimetric soil water flow converging into @ntying glass bottles by means of a Teflon
capillary tube. The plates were placed at 50 cnttdepder the soil surface taking care not to
disturb the underlying soil owing to a lateral slim the ground which was filled after the
installation. A set of two other capillary tubegpéted to set the system at the atmospheric
pressure and to transfer the percolated water ftloenburied bottles to the surface for
measurements (water volumes and solute concemisatitn the field experiment, pesticide
leaching was monitored only in the buffer zone;ntitbe chemically-treated soil and a
complementary site in the same vineyard consistedgyass-covered inter-row plot allowed
to collect soil columns. No runoff occurred on thoaffer strips that means that all the

entering water flow infiltrated into the soil. Tiseil is a sandy loam (arenic cambisol, FAO,
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1998). Column extraction of the soil occurred inrba 2006 (outdoor conditions) and in
March 2007 (laboratory conditions) before pesticideatment of the fields, and was
facilitated by the use of a shovel to carefully @&xate the surrounding soil. Final carving of
the soil was carefully performed by hand resuliimg5-cm diameter cylinders of structured
soil. A 25-cm long polyvinyl chloride (PVC) pipe thi an internal diameter of 20 cm was
placed around each soil cylinder. The space betwbenpipe and soil was filled with
expandable foam to prevent water from moving pesfeally down the side of the pipe rather
than through the soil. The minimal expansion foamsvallowed to cure overnight. The
columns were then removed from the field by diggimgler the PVC pipe, and placing nylon
mesh (105 um openings) at the bottom of each colbase to retain the soil. Preliminary
experiments showed that no sorption was measurdldeominimal expansion foam either on
the nylon mesh. Six columns were brought back &léboratory (3 columns from the bare
sail, B.1, B2 and B3 and, three from the buffer zone, BZBZ., and BZ3). In addition, ten
undisturbed soil columns were brought to the expenital site at INRA-Dijon in march 2006
for installation in an outdoor, in-ground lysimetailection system (4 columns from the bare
soil, Bo1, Bo2, Bos and Bps, three from the buffer zone, BZ BZo, and BZs and three from
the grassed-cover vineyard, @CGCo2 and G(g3). This device previously used by Landry et
al. (2006), consisted of a perforated PVC suppornecting the columns to funnels, with
PFTE-lined collection tubing leading to high-depgiblyethylene bottles in an underground
pit. The volume around the columns was backfilléthveand to simulate field conditions.
The outdoor lysimeters allowed studying the impeEdhe outdoor environmental conditions
(temperature, rainfall, and solar radiation) on thegradation of pesticides between the

different runoff inflows.
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2.3. Water inflows and experimental set-up

Same artificial inflows (simulating vineyard runagizents) were replicated at three
different times (¥, Ti4 and Tg days, respectively) on the soil surface for labmmatand
outdoor columns. The first water inflow diTcontained a homogeneous mixture of 5 mig L
bromide and 100 pg 't diuron, procymidone or tebuconazole, simulatingitaminated
runoff after a rainfall event. Bromide was added aadracer of water transfer. Input
concentrations were selected based on previous amrtontaminated runoff from vineyard
(Louchart et al., 2001) and local references (La2865). A 3.6 L volume of solution was
applied onto the surface of each column (176.6)cwhich is equivalent to the 4800 L water
volume applied to the experimental vegetated buftere (25.2 i) in the field experiment
monitored by Boivin et al (2007). This simulatedhoff corresponds to a < 2-yr rain event
frequency (Lacas, 2005). The bromide-pesticide temiuwas applied onto the top of each
laboratory or outdoor soil column at a constanwfl@te of 10.2 cm fhusing a peristaltic
pump. This rate is lower than that used in theystudBoivin et al. 2007 (28 cm™), but it is
within a realistic range; indeed, Lacas (2005) ragab a slightly higher field saturation
hydraulic conductivity of 12.5 cm hat 15 cm depthTwo additional water inflows,
consisting only of 3.6 L of water, were appliedhe columns fourteen (1) and twenty eight
days (he) after the pesticide application in order to asgestential pesticide release from the
soil. Each inflow lasted 3 hours in average, exéepthe grass-covered inter-row soil (26h).
During the laboratory experiment, the soil watdusstion wass5% + 4% for the bare soil and,
64% + 6% for the buffer zone soilThe laboratory soil columns were maintained at@°
2°C, whereas the mean outdoor temperature was d@fi@g the monitored period from the
27 of March to 23 of April 2007; rainfall was scardess than 15 mm (< 5% of the runoff

water).
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2.4. Leachate collection and analyses

Laboratory and outdoor column effluent was colldct 6-min intervals in 250-mL
glass bottles. Leachate volumes were determinedngedrically. Each leachate sample from
the first water inflow (§) was kept for analysis. When collecting efflueranfi the second
(T14) and third (bs) water inflow events, three consecutive samplesewnixed; so that,
column effluent was essentially collected at 18-imiervals. Pesticide residues contained in
the leachates were concentrated by solid-phaseactixin with a LC-18 bonded silica
cartridge (3 mL, Supelclean, Supelco) for water{gi@nvolumes <100 mL or with an LC-18
bonded silica cartridge (12 mL, Supelclean, Supefoo water-sample volumes >100 mL.
The cartridges were pre-conditioned with similaluvoes of acetonitrile then distilled water,
2 x 1 mL for the 3 mL cartridge, and 2 x 2.5 mL the 12 mL cartridge. The pesticide
residues adsorbed by the 12 mL LC-18 cartridge® wérted using 2 x 2 mL of acetonitrile
(2 x 1 mL for the 3 mL cartridge), and evaporatedityness in a rotary evaporator at 30°C.
The residues were then dissolved in 5 mL of meth&hanL for the 3 mL cartridge) and
stored at -18°C prior to analysis. Respective mesovery rates for 3 mL and 12 mL
cartridges were 99.3% and 95.8% for diuron, 98.3% 85.1% for DCPMU, 97.5% and
88.8% for DCPU, and 94.6% and 82.6% for procymidamel 55.7% and 55.6% for
tebuconazole. All sample concentrations were ctetedased on these recovery values.
Samples were analyzed using a Waters HPLC equigpibch Diode Array Detector and a 25
cm X 4.6 mm C18-column packed with Kromasil 5 pumtébuconazole, procymidone, diuron
and its two metabolites DCPMU and DCPU, and a 15xcfn6 mm Waters IC Pack Anion
HC for Br. The mobile phase was acetonitrile-water at 7@®0for the pesticides and a
sodium borate-gluconate eluent with 12% of acetibaifor bromide. The flow rate of the

mobile phase was 0.8 mL miror the pesticide analyses, and 1.8 mL Trior bromide. UV

10
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detection was performed at 249 nm for diuron, DCPaid DCPU, 220 nm for tebuconazole
and 203 nm for procymidone and 200 nm for bromMigimum detectable levels of residues
extracted with SPE cartridges respectively wergiglL™ for diuron, DCPMU, DCPU, and
tebuconazole 2 pgtfor procymidone. Minimum detectable concentratioas 0.25 mg L

for Br.

2.5. Soil characterization

At the end of the monitoring period, the gravime®sbil water content was measured.
Then the soil columns were weighed and dried at@dbr 24 hours before reweighing. For
the outdoor soil columnghe mean porosities were 0.37 + 0.02°cmfor the bare soil (0.41 +
0.04 cnicm? for laboratory columns), 0.46 + 0.05 tom for the buffer zone soil (0.37 + 0.02
cm®cm®for laboratory columns), an@l28 + 0.06 cricm®for thegrass covered inter-rosoil.
The soil columns were then divided into 5 horizésections (0-2.5 cm; 2.5-5 cm, 5-10 cm;
10-15 cm; 15-20 cm), air-dried, weighed, and sieteed 2 mm. The > 2 mm fractions were
weighed as the coarse fraction. The < 2 mm frastivare characterized by determinations of
texture (NFX 31-107), pH (NF 1SO 10390), and tateganic C (NF ISO 10694) at INRA-
Arras, France. The main properties of the two ssilglied are presented in Table 2. The
surface soils from the buffer zone and the gras®real inter-rows contained more organic

carbon (4.0 and 3.9%, respectively) than the bareyard soil (0.8%) (Table 2).

2.6. Batch sorption coefficient measurement

For each treatment (buffer zone, grass covered-iate and bare soils), the sorption of

diuron, procymidone and tebuconazole (using comiaefarmulations: Canyon, Sumisclex

11
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and Folicur EW, respectively) was measured usibgtah equilibrium method. Each sample
consisted of 2 g dried soil (0-5 cm depth) place@ i50 mL Teflon centrifuge tube with 10
mL of 1, 2.5, 5 and 10 mg ldiuron, procymidone or tebuconazole solution. Tiiees were
agitated on a rotary shaker for 24 h at 20°C ireotd reach steady-state, then centrifuged for
20 min at 4000 (Beckman-Avanti J-25 centrifuge maintained at 2A°C. Blanks were
prepared without soil to measure pesticide sorptmithe centrifuge tube. The amount of
pesticide adsorbed by the sample at equilibrium dedsrmined by the difference between the
initial and equilibrium pesticide concentrations dalution corrected by the blank sorption
measurement. The experiment was performed indafgi Distribution coefficients KL kg
Y for diuron, procymidone and tebuconazole werewtated for each soil sample.

x/m = Ky X Cgq
Where x/m is the amount of herbicide (mg) adsorped kg of soil and g is the diuron

equilibrium concentration (mg?).

3. Results and discussion

3.1. Sorption isotherms of diuron, tebuconazole and procymidone

For all three pesticides, the sorption coefficiesmuts higher in the soil from the buffer
zone (K = 12.0-42.2 L kd) than in the grass-covered inter-row soil; & 4.9-19.1 L kg)
and the bare soil (K= 2.2-10.5 L k&) (Fig.1, table 3). These results may be explamethe
higher organic carbon contents in the 0-5 cm dspthof the buffer zone and grass-covered
inter-rows (3.8% and 2.7%, respectively) than ie game depth of the bare soil (0.8%)
(Table 2). However, based on their organic carlmpten coefficients and, considering that

interaction with mineral fraction may be neglectdte organic matter in the bare and the

12
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buffer zone soils seems to be more reactivg fom 275 to 1314 L Kd) than that of the
grass covered soil g&from 183 to 709 L kg).

In the buffer zone, grass cover and bare soilgjdahazole (folicur) is adsorbed in
greater amounts (K= 10.5-42.2 L kg) than procymidone (sumisclex) (K 4.2-14.1 L kg)
and diuron (canyon) (K= 2.2-12.0 L kg). These sorption coefficients are of the same
magnitude as those reported in the literature @abhlGonzales-Pradas et al. 2002; Close et
al. 2005). In particular, similar diuron sorptioalwres were obtained by Lacas (2005) with
bare soil from the 0-20 cm depth(K 4.6 L kg*) and buffer zone soil from the 0-5 cm depth

(Kg=14.2 L kgh).

3.2. Water infiltration and bromide elution under |aboratory conditions

Water flow was relatively homogeneous between tiplidates of each soil treatment,
and the eluted water flow rates were quite simaladl constant for both the bare (83.3.0
mm H') and the buffer zone (806 0.3 mm H) soils throughout the three flow events.
However, the buffer zone flow was slightly loweaththe saturation hydraulic conductivity
of 125 mm H at 15 cm depth reported by Lacas (20@8)er the three water inflow events,
we found that bromide was eluted in greater amoumtise leachates of the bare soil (74.0 +
1.0%) than in those of the buffer zone soil (59.9..2 %; Table 4) despite of similar
recovered leachate volume. This result could betdulee absorption of bromide by the grass
cover vegetation as demonstrated by Xu et al. (R0t two wetland plantsTypha latifolia

andPhragmites australis and more recently by Papiernik et al. (2009).

13
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3.3. Pesticides elution under |aboratory conditions

The quantities of pesticide leached at the enti@three simulations were greater in the
bare soil leachates (8.0% to 55.1% of applied) ihamose of the buffer zone soil (6.7% to
24.3%) (Table 4), in correspondence with their Borpcoefficients, which were lower in the
bare soil (i = 2.2-10.5 L k&) compared to those in the buffer zone soid §12.0-42.2 L
kg?) (Table 3). Our results are in contradiction witlose of Belden and Coats (2004) that
showed that the presence of grass did not modédytdkal amount of herbicide that leached
through soil columns. For both soils, the amourtpesticides recovered in the leachates
varied somewhat between triplicates of a given despite having similar pore volumes,
coarse fraction contents and bromide recoveriebl€T2, 4).

Diuron metabolites (DCPMU and DCPU) were recoveregreater amounts in the bare
soil leachates (7.6 and 1.0% of the initial amooinparent molecules, respectively) than in
those of the buffer zone (0.2 and 0.1%). This tesuight be explained by the faster
degradation of diuron in the bare soil (chemicallgeded) by a microbial population adapted
to the herbicide due to repeated agricultural diureatments on the vineyard plot as seen by
Rouchaud et al. (2000). Similar results were foopdBelden and Coats (2004) with atrazine
where more deethyl-atrazine was recovered in l¢ashaf non-vegetated soils than the
leachates of vegetated soil. Our hypothesis of medth biodegradation in the bare soil could
not be verified for tebuconazole and procymidoneabse metabolites were not monitored;
nevertheless, Potter et al. (2005) showed thatatedeapplication of tebuconazole increases
its dissipation rate in soil.

Of the total amounts of pesticide leached in threghsimulations (Table 4), greater
amounts of diuron were recovered in the percolatdsare and buffer zone soils (32.2% and

14.6% of the applied amount, respectively) thautebazolg8.0% and 6.7%, respectively)
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in correspondence with their respective sorptioefficients (Ky = 2.2-12.0 L kg and 10.5-
42.2 L kg'). However, procymidone was measured in greateratsdn the leachates (24.3
to 55.1%) than either diuron or tebuconazole, @wtto what would be expected based on its
sorption coefficient ((i = 4.2-14.1 L kg) (Tables 3, 5). This may be due to the facilitated
transport of procymidone bound to dissolved orgamétter as suggested by Gonzales-Pradas
et al. (2002).

After the second and third runoff events (14 andda@s after the first inflow event)
when only water was applied to the soils, low tgngicant amounts of pesticides were
released to the soil solution (11.3-50.4% of thaltleached amounts, or, 1.5 to 26.4% of the
applied pesticide). These values are of the sarderaf magnitude as those reported by
Belden and Coats (2004) who recovered from 10 té6 26f the applied atrazine or
metolachlor in soil leachates. The buffer zone selidased less pesticide to the soil solution
(0.9 to 12% of the applied amounts) than the baileg(:.5 to 26.4%) (Table 5) in agreement
with its higher sorption coefficients (K 12.0-42.2 L kg relative to K = 2.2-10.5 L kg for
the bare soil). Additional processes such as lengrinon-equilibrium sorption and formation
of non-reversible residues may be involved; inddgehoit et al. (2000) showed a greater
formation of non-extractable residues in the grdssteép soil compared to a cultivated soil.
Furthermore, diuron was detected in greater amohi$ to 11.5% of applied) than
tebuconazole (0.9 to 1.5%) in the leachates, alsmgreement with their respective sorption
coefficients (Table 3) and with their relativelyrsiar half-life (Table 1). Again, procymidone
was released in greater amounts (12.0 to 26.4%)dlber diuron or tebuconazole (Table 5),
which may be explained by its very high persistemaeticularly in acidic soils (Footprint,

2007-2008), and suspected facilitated transpoft digsolved organic matter.
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3.4. Water infiltration and bromide elution under outdoor conditions

Water flow was relatively homogeneous between thigreatment replicates. However,
the eluted water flow rates were higher in bothhhee (47.6: 19.8 mm i) and buffer zone
(66.4+ 3.0 mm H") soils than the grass-covered inter-row soil 3.0 mm ). The lower
flow rate could be due to water ponding on the soiface of the all grass-covered inter-row
soil columns Consequently 3 hours after percolation began, liitemias recovered in greater
amounts in the leachates of the bare (35518%) and the buffer zone (4%526.6%) soils
than in the leachates of the vegetated soil £6/64%). This result may be related to greater
porosity in the buffer zone (0.46 &rom®) and the bare (0.37 ¢nem) soils relative to that
of the tractor compacted grass-covered inter-roi (€028 cnt cmi®). Then the reduced
infiltration through the grass-covered inter-ronultbbe a limitation to potential benefits of
this management practice, in particular in casenivially compacted soil. Nevertheless, as
with the experiments conducted under laboratoryditmms, bromide was eluted in greater
amounts in the percolates of the bare soils (811®.6%) and the grass cover soils (83.3 £
12.4%) than in those of the buffer zone soils (6833 %) at the end of all the three runoff
events (Table 6). At the St Joseph experimenta) Bibivin et al (2007) estimated a bromide
leaching rate of 90% of the total amount addedh@ibflow, at the 50 cm soil depth, which
compares well with our results, especially whensabering the uncertainty linked to this
result (extrapolation of the results from 4 x 2 lysimet@sl25 m2 each) to the total buffer

strip (25 m2).
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3.5. Pesticides eution under outdoor conditions

The amounts of the three pesticides leached throluglsoils after applying simulated
runoff were in the same order of magnitude undeh baboratory and outdoor conditions
(Table 6). Under outdoor conditions, the pesticidese recovered in greater amounts in
percolates of the bare soil (from 12.9 to 45.4 B&ntin those of the buffer zone (from 2.7 to
11.9%) and grass-covered inter-row (from 4.4 t®%d). soils (Table 6). The results obtained
for the bare and the buffer zone soils corresportdetthe same value than those measured
under laboratory conditions which means the outeémmtironmental conditions (temperature,
rainfall, and solar radiation) did not induce angiigant differentiation of the pesticide release
after the 28 days of the experiment for each modalihis could be explained by the scarce
rainfall measured during the monitoring period, geadmitted to compare all the soil cover
modalities under laboratory or outdoor conditiolisappeared that leaching of pesticides
through grass-covered inter-row soil was similarthat through the buffer zone soil. The
difference between the bare soil and the buffelezamd grass-covered inter-row soils might
be explained by both the greater amount of broreldeed and the lower sorption coefficient
of the three pesticides on the bare soil relativiné two other soils. Although the amounts of
the three pesticides leached through the buffeezamd the grass-covered inter-row soils
were relatively similar, more bromide eluted thrbube grass covered soil (83.3% compared
to 63.4% for the buffer zone) and lower quantittdsthe pesticides adsorbed to the grass
covered soil (i = 4.9-19.1 L k@) than the buffer zone soil (K= 12.0-42.2 L kd).
However, one must remember that the water flowsratere far lower (eight times) in the
grass-covered inter-row soil columns than the Wuffame soil columns. One hypothesis is
that the longer contact times between the pesscadal soil in the grass-covered inter-row

columns (due to ponding conditions) favours somtess it has been observed for the sorption
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of four pesticides on an organic substrate in ggearmental flume (Boutron et al. 2009). A
lower water flow also decreases the degree of muilierium sorption (Pot et al., 2005). As
in the experiment conducted under laboratory cambt procymidone (from 10.2 to 45.4%)
was eluted in higher amounts than diuron (fromt8.27.8%) and tebuconazole (from 2.7 to
12.9%) through the three soils. Again, these resuight be explained by the higher sorption
coefficients of tebuconazole §k 10.5-42.2 L k@) relative to those of procymidone (k&
4.2-14.1 L k&) and diuron (K = 2.2-12.0 L kg) (Table 3) and possible facilitated transport
of procymidone by dissolved organic matter as nesly suggested by Gonzales-Pradas et
al. (2002).

As with the experiment conducted under laboratanyditions, significant quantities of
the three pesticides were released to the soitisnkiafter the second and third runoff events
(from 23.7 to 69.0% of the total leached amouriffe buffer zone and grass-covered inter-
row soils released less pesticide to the soil gmiufrom 1.9 to 3.8% and from 3.1 to 5.6% of
the applied amounts, respectively) than the baitga@ to 15.0%) (Table 7), in relation with
their sorption coefficients (K= 12.0-42.2 L kg and Ky = 4.9-19.1 L kg for the buffer zone
and grass cover soils, respectively, and=K2.2-10.5 L kg for the bare soil) (Table 7). In
addition, these results could be explained by ag-®mm non-equilibrium sorption.
Furthermore, the formation of non-extractable nesgdcould be greater in the buffer zone and
the grass-covered soils than in the bare soilnAke laboratory experiment, and probably for
the same reasons previously given, procymidone ngksased in greater amounts (3.8 to
15.0%) than tebuconazole (1.9 to 7.6%) and diuBoh 0 7.2%) (Table 7).

Boivin et al. (2007) also found that more diuroAa%d than tebuconazole (31%) leached
through the buffer zone at the St Joseph expermhesitie. Although their values are far
higher than ours (8.5% for diuron and 0.8% for teimazole), the uncertainty associated with

their results must be considered. Indeed, theynastid the amounts of pesticides leached
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through the buffer strip from the measured wateluwmes and pesticide concentrations
reaching the four lysimeters, which only collectedh? (4%) of the buffer surface, and

extrapolated the results to the whole surface.

4. Conclusions

Results on pesticide transfer through the undistirboil columns according to the
different soil cover modalities (bare soil or bufteone) were in good agreement whatever
they were obtained under laboratory or outdoor ¢@rs which could be explained by the
low rainfall amount during the outdoor experimeriinsidering all the soil cover modalities
(bare soil or buffer zone and grass inter-rows3ygtematically appears that more diuron than
tebuconazole was recovered in the leachates, eeagnt with their sorption coefficients.
However, more procymidone than diuron was recoverdle leachates, despite their similar
sorption coefficients. This may be due to the fatiéd transport of procymidone by dissolved
organic matter. All three pesticides used in thiglg were eluted in lower amounts through
the grass-covered soils (buffer zone and inter-yalan through the bare soil, in relation with
their sorption coefficients, which were from 2 totithes higher in the grass-cover soils
(buffer zone and inter rows) than in the bare sbilus it appears that grass-covered soils
(buffer zone and inter-rows) reduce the amountpasiticide leached; consequently, buffer
zones decrease the risk of surface water contammmatithout increasing the risk of
groundwater contamination by pesticides. Neverslthe reduction of the water infiltration
capacity in the wheeled compacted grass-covered-iatv may limit its effectiveness in
pesticide surface transfer reduction by increasurgff. Consequently, it is not enough to
establish a grass cover in the inter-row, one aE® to check its good infiltration capacity

especially avoiding soil compaction by tractorswewer, significant quantities of pesticides
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were released from the solil after runoff eventsuatieg 2 to 4 weeks after the initial runoff
event containing the pesticides and were systeaigtinigher from the bare soil than from
the grassed soils.

Comparison with field studies on pesticide transfeough a buffer zone which were
conducted in the same area from which the soilmokiwere collected, suggests that higher
pesticide leaching rates occur in the field. Howeviem the latter, a higher spatial
heterogeneity of runoff and subsequent infiltrattbrough the surface of the grassed plot,
coupled with the higher runoff water flow rates mexplain this difference. Indeed, both
phenomena are suspected to lead to a higher patimn of macroporous pathways
contributing to the total leachate volume, incregsthe risk of rapid transport without
equilibrium sorption. Consequently, in complemehttlee undisturbed soil columns study
reported here, which permitted to compare the enfae of the different soil cover modalities
on pesticide transfer with a reasonable experinhesffort, further field monitoring is
necessary to assess the real infiltration capatigybuffer zone taking into account the spatial
heterogeneity of this parameter onto the plot &ednfluence of macropore flow on pesticide
leaching through the grass cover soil. In addititre long-term behaviour of pesticides

accumulated in the buffer zone should be also ot
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1 Table 1. Main physico-chemical properties of diuron, tetm@zole and procymidone

2  (Footprint, 2007-2008).

3
Diuron Tebuconazole  Procymidone
(phenylurea) (triazole) (dicarboximide)
Water solubility (20°C) 35.6 36 2.5
(mg LY
Vapor pressure (25°C)  1.15 x 10° 1.3 x 10° 0.023
(mPa)
Sorption coefficient K¢ 1067 992 378
(L Kg™h (161-1666)  (803-1249) (199-1500)
Half-life (20°C) 75.5 62 7
(day) (20-231) (20-610) (17-2381)
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Table 2: Main characteristics of the soils (meanstandard deviation of triplicates).

depth

(cm)

>2mm Sand Silt Clay oC phkbo

fraction

CEC

(cmd kg™

0-2.5

2.5-5

5-10

10-15

15-20

0-2.5

2.5-5

5-10

10-15

15-20

0-2.5

2.5-5

5-10

10-15

15-20

Bare Vineyard soil (or chemically treated) (sand)
45+18 85.2+6.6 9.5+4.1 53+25 0.8+0.2 53+0.3
41+0.7 79.2+6.9 13.2+4.3 7.7+2.6 0.8+0.2 5.0+0.2
9.0+14 75.8+3.5 152+21 9.0+15 0.8+0.1 4.7+04
8.2+14 745+2.1158+1.39.7+1.0 0.7+£0.1 4.8+0.7
46+3.2 76.1+4.4 14628 9.2+1.7 0.7£0.2 4604

Buffer zone (loamy sand)
1.3+£0.7 63.5+£10.220.4+5.614.5+ 4.0 4.0+ 2.1 5.7+0.3
26+10 63.2+4.0 21.7+29148+1.7 3.5+1.1 5504
55+41 68.1+6.8 18.1+3.112.2+ 1.6 2.2+ 0.5 5.2+0.1
9.5+1.2 69.9+35 18.6+2.311.6+15 1.4+0.4 52+0.3
5.3+48 70.9+8.8 17.7+5911.4+29 1.3+£0.3 5.2+0.1
Grass-covered inter-row soil (loamy sand)
40+12 78.1+16 149+19 7.0+x1.3 3.9+04 57+0.3
7.1+10 78.3+1.3 145+09 7.2+0.5 1.5+04 5.7+0.2
18.8+2.3 749+28 17.0+1.8 8.2+1.1 0.9+0.1 59+0.1
146+7.4 71.4+ 0.6 17.5£1.611.1+0.9 1.0+ 0.8 5.6+0.3

14.2+49 71.8+2.1 18.2+1.6 9.9+0.7 0.6+0.1 58+0.1

41+1.2

5.1+1.9

6.2+ 0.9

6.0x1.4

6.5+ 1.3

10.0+ 1.3

11.5+25

15.6+ 8.8

10.3+ 4.6

8.8+ 1.3

8.3+1.5

5.3+0.2

4.5+0.8

5.1+ 2.7

3.7+ 0.7
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Table 3: Sorption coefficients (Kand Ky for diuron, tebuconazole and procymidone on the

bare soil (B), the buffer zone soil (BZ) and thasg cover inter-row soil (GC) (0-5 cm

depth).
Kad Ko
Pesticide soil r?
(L kg™ (L kg?)
Diuron B 2.20 0.982 275
BZ 12.0 0.979 319
GC 4.9 0.995 183
Tebuconazole B 10.5 0.979 1314
BZ 42.2 0.983 1126
GC 19.1 0.989 709
Procymidone B 4.2 0.996 519
BZ 14.1 0.995 375
GC 7.4 0.999 274

* Koc = Kg/ OC % x 100
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2 Table4: Recovery percentages of initial amounts of bromdlileron, DCPMU, DCPU,

3 tebuconazole and procymidone summed over the Waesr inflow events under laboratory

4  conditions for the bare soil (Band the buffer zone (BZ

5
Eluted water Bromide Diuron DCPMU DCPU TebuconazoleProcymidone
volume (L) (%) (%) (%) (%) (%) (%)
Bi1 9.7 73.1 31.5 8.9 0.1 3.9 90.1
B2 9.6 75.1 22.7 7.0 0.1 1.3 24.3
Bis 9.4 73.9 42.5 7.1 2.9 18.7 50.8
Mean + SD 9.6+02 740+10 322+99 76+11 10+16 80%x94 55.1+33.1
BZ,; 10.2 60.7 12.2 0.2 0.1 4.6 18.2
BZ.» 10.3 58.5 10.3 0.1 0.0 3.7 17.5
BZ.3 10.2 60.5 215 0.2 0.2 11.9 37.2
Mean + SD 102+01 599+12 146+6.0 02+01 0101 6745 243+11.1
6
7
8
9
10
11
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[EEN

Table5: Recovery percentages of initial amounts bromideod, DCPMU, DCPU,

2 tebuconazole and procymidone for tH& @nd 3rd water inflow events (only) under

3 laboratory conditions for the bare soil jEand the buffer zone (BX
4
Eluted
Bromide Diuron DCPMU DCPU TebuconazoleProcymidone
water
(%) (%) (%) (%) (%) (%)
volume (L)
BL1 6.6 7.0 11.9 5.4 0.1 0.7 51.4
BL2 6.5 8.5 12.9 4.6 0.1 0.6 11.1
Bis 6.3 2.1 9.8 4.8 2.9 3.1 16.7
MeanxSD 65+01 59+34 115+16 49+04 10+x16 15+14 264218
BZ.; 6.8 0.5 4.0 0.2 0.1 0.2 9.2
BZ.» 6.8 3.6 3.2 0.1 0.0 0.5 9.4
BZ.3 6.8 2.0 5.9 0.2 0.2 1.9 17.5
Mean+SD 68+00 20+16 44+14 02+£01 01+£01 0909 120+ 4.7

32



Author-produced version of the article published in Environmental Pollution, n°® 158, p. 2446-2453.
The original publication is available at http://www.sciencedirect.com/ doi: 10.1016/j.envpol.2010.03.028

Table 6: Recovery percentages of initial applied amountsriade, diuron, tebuconazole and

procymidone summed over the three water inflowss/ander outdoor conditions for the

bare soil (B), the buffer zone (BZ) and the grassed-cover(§iilo).

Bo1
Boz
Bos*
Bos
Mean + SD
BZo1
BZo>
BZo3
Mean + SD
GCor*
GCo2*
GCos*

Mean + SD

Eluted water

volume (L)
9.4
10.2
9.2
9.2
95+05
9.6
8.9
9.6
94+04
7.6
6.3
8.6

75+11

Bromide
(%)
98.1
99.7
54.1
89.7

81.2+19.6
62.6
67.8
59.8

63.4+3.3
66.0
90.1
93.9

83.3+124

Diuron
(%)
17.1
45.9
20.3
17.0
2781129
111
21.4
3.2
119+£75
3.7
5.9
17.0

89+58

TebuconazoleProcymidone

(%)
7.4
21.6
6.5
7.8

129+6.8
4.6
0.0
3.6

27+£20
1.6
3.0
8.6

44+3.0

(%)
314
71.9
31.9
32.3
454 +18.7
18.3
0.03
12.3
102+ 7.6
8.5
9.8
14.6

110+ 26

* Water ponding on the soil surface
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Table 7: Recovery percentages of initial applied amountsriade, diuron, tebuconazole and

procymidone following the™ and & water inflows (only) under outdoor conditions.

Bo1
Boz
Bos*
Bos
Mean + SD
BZo1
BZo>
BZo3
Mean + SD
GCor*
GCo2*
GCos*

Mean + SD

Eluted water
volume (L)
6.2
6.7
6.1
5.7
6.2+04
5.7
5.4
6.1
5.7+04
4.5
3.4
5.1

43+0.8

Bromide
(%)
40.8
34.0
11.9
1.8
22.1+18.3
0.6
5.9
0.0
22+33
34.8
36.7
5.6

257174

Diuron
(%)

8.9
6.7
8.1
4.9

7218
2.0
6.6
1.5

34+28
2.7
3.7
4.0

35+0.7

TebuconazoleProcymidone

(%)
6.5
13.6
4.9
5.4
76+4.1
2.8
0.00
2.91
19+17
1.5
2.3
4.7

31+14

(%)
18.5
115
18.1
11.9

150+ 38
5.4
0.01
5.9

3.8+3.3
5.4
5.6
5.9

56+0.3

* Water ponding on the soil surface
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