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Abstract

Transport processes in soils are strongly affected by heterogeneity of saillitygroperties.
Tillage practices and compost amendments can modify soil structure and create heterogtreity at
local scale within agricultural fields. The long term field experimen@lidgro (INRA-Veolia
partnership 1998-2013) explores the impact of heterogeneity in soil structure creatiddgby t
practices and compost application on transport processes. A modeling study was performed to evaluate
how the presence of heterogeneity due to soil tillage and compost applicationvedfiectflow and
pesticide dynamics in soil during a long term period. The study was done on a phihgeaeto-
compost of green wastes and sewage sludge (SGW) applied once every two yea@98inthe plot
was cultivated with a biannual rotation of winter wheat-maize (except on@fybarley) and a four-
furrow moldboard plough was used for tillage. In each plot, wick lysineettflow and TDR probes
data were collected at different depths from 2004, while tensiometer meeastsewere also
conducted during 2007/2008. Isoproturon concentration was measured in lysimeter outflow since
2004. Detailed profile description was used to locate different soil struatuttes profile, which was
then implemented in the HYDRUS-2D model. Four zones were identified in the phbleler:

compacted clods with no visible macropores (A), non-compacted soil with visible macroporosity (I'),
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interfurrows created by moldboard ploughing containing crop residues and applied compost (IF), and
the plough pan (PP) created by ploughing repeatedly to the same depth. Isoproturon retdntion a
degradation parameters were estimated from laboratory batch sorption and incekpdioments,
respectively, for each structure independently. Water retention paramatsrsestimated from
pressure plate laboratory measurements and hydraulic conductivity parameters were aloiained f
field tension infiltrometer experiments. Soil hydraulic properties were optinuredne calibration

year (2007/08) using pressure head, water content and lysimeter outflowardhthen tested on the
whole 2004/2010 period. Lysimeter outflow and water content dynamics in the sdi¢ pvefe
correctly described for the whole period (model efficiency coefficient: 0.98) sdme correction of

LAl estimates for wheat (2005/06) and barley (2006/07). Using laboratory-meaagrdiation rates

and assuming degradation only in the liquid phase caused large overestimation of simulated
isoproturon losses in lysimeter outflow. A proper order of magnitudesagroturon losses was
obtained after considering that degradation occurred in solid (sorbed) phaseea78% of that in

liquid phase. Isoproturon concentrations were found to be highly sensitive to degraddds.
Neither the laboratory-measured isoproturon fate parameters nor the indepedeewndg- soil
hydraulic parameters could describe the actual multiannual field dynamics of watsopraduron
without calibration. However, once calibrated on a limited period of time (9 MoNORUS-2D

was able to simulate the whole 6-year time series with good accuracy.
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Highlights

Impact of soil heterogeneity on water flow and isoproturon dynamics was evaluated.

Solil heterogeneity was created by moldboard ploughing and compost amendments.

A longterm numerical modeling on field experiment was performed using HYDRUS-2L

HYDRUS-2D described accurately lysimeter outflows and IPU loss after calibration.

Soil structures in tilled layer (I',A, IF) had a large influence on IPU distribution.

1. Introduction

Water flow and contaminant transport in the vadoze zone can be strongly affectedl by soi
structure heterogeneity. Soil structure can be defined as the arrangement ahdaolald space that
exists in a soil at a given time (Kay, 1990). Its heterogeneity can be causatliiat processes or by
anthropogenic interventions like soil tillage, fertilization or compost apjita®oil tillage has a very
important influence on soil structure and thus on soil hydraulic properties. eTfleagtices may
include a wide range of agricultural operations, ranging from reduced tillage or rurditticesin
conservation systems to moldboard ploughing imsconventional systems. Soil tillage and
management affect soil hydraulic properties with consequences for thgestrd movement of
water, nutrients and pollutants, and for crop growth (Strudley et al., 2008). It carclbangesn soil
pore-size distribution anith saturated hydraulic conductivity (Coutadeur et al., 2002; Mubarak et al.,
2009; Or et al., 2000; Xu and Mermoud, 2003) and hence influence water flow pathwacuaad
transportin soil. Conventional tillage generally reduces solute preferential transpatisiypting
functional macropores (Jarvis, 2007% suggested in the studies by Javaux et al. (2006) and
Vanclooster et al. (2005). Tillage can generate heterogeneities within tpeo$its, and may produce
various compacted and non-compacted zooesclods (Manichon and Roger-Estrade 1990).
Compacted zones generally have a much lower hydraulic conductivity than non-compacted zones

(Ankeny et al., 1990; Schneider et al., 2009) and may adamge influence on water flow and solute



transport. Coquet et al. (2005a) performed a field experiment to explomaphetiof soil structure
heterogeneity created by agricultural operations (trafficking, ploughingyaiar flow and solute
transport. Water and solute transport were mostly associated with non-tedngait; while very little
water or bromide penetrated compacted clods thus engaging preferential edurilosd patterns
around them.

In addition to soil tillage, application of organic amendmentts soil can alter soil structure
and thus have an effect on water flow and solute dynamics. Compost amendment toessit nsoil
organic matter content and has an effect on pesticide sorption and degradationd@et\ai, 2008;
Guo et al., 1993; KodeSova et al., 2011). Organic matter increases macroporosity and infiltration rates,
but can lead to a decrease of hydraulic conductivity at low pressure head (Gabtalé77).
Schneider et al. (2009) performed a study on the effect of urban waste compost incorporagan
saturated hydraulic conductivity. They found that the large variability ibhgdraulic conductivity
within the tilled layer was predominantly controlled by tillage practicgber than by compost
amendments. Pot et al. (2011) quantified the effects of tillage practice and repeafmmstcom
application on isoproturon transport in a tilled layer using column leaching exmgsimWhile
hydraulic conductivity measurements showed that tillage practice had a major effgmdred to
compost application, column leaching experiments showed no statistically signififesnttof either
tillage practice or compost addition.

Numerical models have been used to explain water flow and pesticide behavior in soil
(Dousset et al2007; Kodesova et al., 2005; Pot et al., 2005§&denas et al. (2006) compared four
conceptually different preferential flow and/or transport approaches for thdily abi simulate
drainage and pesticide leaching to tile draMedel predictions were compared against drainage and
MCPA concentration measurements madeairtile-drained field in southern Sweden. Authors
concluded that two-dimensional models are suitable tools for studying pesticidedeiom tile-
drained fields with large spatial variability in soil properties. Coqtiat. €2005b) used the numerical
model HYDRUS-2D to successfully reproduce water flow and bromide transpmigail profile that

contained compacted and non-compacted soil zones. After minor adjustments af Benuchten



soil hydraulic parametersand K, the model reproduced water and bromide dynamics quite well. The
work presented here goes one step further using the same approach but on thmI(sig years) to
model water and isoproturon dynamics in a heterogeneous soil profile.

Isoproturon[3-(4-isopropylphenyl)-1,1-dimethylurea] is frequently used to control weeds in
cereal crops and is one of the most detected herbicides in surface and ground syaeia]yein
France (SOeS, 20)2For this reason, isoproturon dynamics in soil has been largely studied in
laboratory and field experiments. Dousset et al. (2007) performed displacemerimerse of
isoproturon in disturbed and undisturbed soil columns of a silty loam soil undearsmaihfall
intensities. Kéhne et al. (2006) studied the physical and chemical noneguiliimocesses governing
isoproturon transport under variably saturated flow conditions in undisturbed soiireol Pot et al.
(2005) also performed displacement experiments with isoproturon on two undistusiseddgfilter
strip soil cores under unsaturated steady state conditions. Column leaching experiments are very useful
for studying the coupling between pesticide transport, sorption and degradation procedseg daunt t
hardly be multiplied in large number or performed at a large scale, sdiffiégalt to account for the
spatial heterogeneity of the tilled layer at the plot scale with suethaigue. One way to account for
the spatial heterogeneity of the tilled layer is to wge br three- dimensional transport models which
allow accounting explicitly for the spatial distribution of the different sailcttires encountered in the
tilled layer at the plot scal&eanwhile, pesticide modeling allows combining complex processes such
as water flow, solute transport, heat transport, pesticide sorption, transtmmnaaid degradation,
volatilization, crop uptake or surface runoff.

In this paper, we attempted to model a long term field experiment, wisistcarried out on
an agricultural field receiving repeated urban waste compost applications.ydimokters were used
to quantify water flow and isoproturon leaching. The main objective of this waskevevaluate how
the presence of different soil structures in the tilled layer (due lttilsgie and compost applicatipn
affects water flow and isoproturon dynamics duramgultiannual (six years) time period. In this
paper, we explicitly account for soil heterogeneity created by tillage and compastraddinga

two-dimensional model for describing water flow and isoproturon transport in soil.



2. Materials and methods
2.1. Fidld experiment

The experimental field site was located at Feucherolles (Yvelines, Frartbe)western part
of the Parisian Basin. The soil was a silt loam Albeluvisol (WRB), and cedtain average 19%
clay, 75% silt, and 6% sand in the ploediayer. The soil profile was composed of five horizons: a
tilled loamy LA horizon (0-28 cm), an eluviated silt loam E horizon (38-5) amilluviated silty
clay loam BT horizon (50-90 cm), a transition silty clay loam BT/ICZwri(90-145 cm), and a silty
loam structure-less decarbonated loess IC horizon (145-200 cm). A fieldnexpiewas designed to
evaluate the effects of urban waste compost application to soil since 1998. Thhafelieen
cultivated with a biannual rotation of winter whedtiticum spp.) andmaize Zea maysL.) (Fig. 1),
except in 2006/07 when barlelfdgrdeum vulgare L.) was grown due to corn rootworrDigbrotica
virgifera virgifera Leconte) infestation in the area. Urban waste compost was applied over wheat or
barley stubble and secondary tillage (stubble disking) was immediatelydcarrieto incorporate
composts and straws within the upper soil layer (25 cm). The soil was ploughed oncgeaveary
October or November to a depth of 28 cm with a four-furrow moldboard plough (plougiitig40
cm). In spring 2005, 2008 and 2010, seed bed was prepared for maize sowing usingativadal.
Each compost application was conducted every two yaagpplementary compost application was
made in September 2007 on barley) and was applied in an amount of four tons of organic carbon pe
ha. The application of isoproturon was performed three times (Fig. 1) during 2004t20&0rate of
1000 g per ha. One plot receivingcacompost of sewage sludge and green wastes (SGW) was
selected for this modeling study. Since 1998, the repeated compost applications havedirsmiéas
organic C content by about 10% compared with the control plot (Houot et al., 2008jdeclet al.,

2009).

2.2. Soil profile



Soil structure in the tilled layer was described in December 280f4ding to Manichon’s (1982)
method, which is based on the visual observation of soil macroscopic features eritla face of a
large soil pit dug perpendicular to the tillage direction (Coutadeur et al., Ro@@r-Estrade et al.,
2000). The profile (45 cm deep and 2 m wide) was divided into vertical and hatizontpartments
according to the effects of tillage practices, and a description of #reahstructures of each of these
compartments was made. Three soil zones were distinguished in the tilled layer (Fig. 2):

- Furrows— bands of soil which have been cut and rotated by the moldboard ploagh

composed of zones with compactedtructureand zones with I' macroporous structure. The

A structure has smoothly breaking faces and no structural porosity, and is charactristi
compacted soil zones. It may be found under recent wheel tracks or in clods Indiied
ploughed layer between the wheel tracks and created by the ploughing that cut and fragmented
the compacted soil formed under former wheel tradks T' structure is formed by the
coalescence of macroporous aggregates or clods, with clearly visible structural porosity

- Interfurrows (I§ — formed between the furrows created by the moldboard plough. They

contain a large amount of organic matter originating from the plant residties pfeceding
crop and/or from recent compost application. It is characterized by structural poreaity cl
visible by eye and large amounts of organic residues.

- An additional layer corresponding to a plough pan (PP) was distinguished betweeledhe til

layer and underlaying untilled E horizon from ~ 28 toc&8 This plough pan, characterized

by a continuous A structure, is result of the long term ploughing of the soil to the same depth.

2.3. Soil hydraulic properties

Near-saturated soil hydraulic conductivity was calculated from infiltraates measured for
each type of soil structure using a disc tension infiltrometer with a 4 crretdiafase (Schneider et
al., 2009). The 4 cm-diam. base size was chosen because of the small latmaladisnof some of

the soil zones to be characterized (e.g., interfurrows). Steady-state infiltetBsnasere measured at



five soil water potentials:-0.6, 0.4, -0.2, -0.125 and-0.05 kPa. The hydraulic conductivity was
calculated from the steady-state infiltration rates in accordance tonthtgpotential technique
(Reynolds and Elrick, 1991). Saturated hydraulic conductivity was extrapolated fron®tRe-0.05

kPa] interval assuming a K-h exponential relationship. Water retention values easerad in the
laboratory for each structure using Richanpiessure plate (Klute and Dirksen, 1986). Samples with a
volume of 50 cm (2.55 cm height and 5 cm diameter) were taken from the soil when soil water
content was close to field capacity. Applied pressure heads were: -1, -3, -14,0680;310, -1000
and -1580 kPa, successively. The o, andn parameters of the soil water retention curve were
optimized using the RETC software (van Genuchten et al., 1991) by fitting the atesi@ntion and
hydraulic conductivity data. A relative weight of 0.1 for hydraulic conduct@gginst retention was
selected. Rvalues varied from 0.81 to 0.99. Average bulk density profiles were measmingdthree

500cnTt soil cores (9 cm by 8.4-cm diameter) taken from each soil horizon in November 2007.

2.4. Field monitoring

Water content was measured in the field using TDR (Trase system) prathdésn@th 20 cm)
which were installed at the 20, 40, 60, 80, and 100 cm depths. The TDR system was operatng duri
the whole research period (2004-2010). Gravimetric water contents were measured on soil samples
taken with an auger at multiple dates during the 2007/2008 agricultural year dnforiSBR probe
calibration. In addition, pressure head values were measured using tensiometers whioclstalezd
at 20, 40, 60, 80, 100, 130, and 160 cm depth during 2007/08. The tensiometersdmatbiich-9.9-
mmdiameter ceramic ends mounted on 40-cm (for the tensiometers at the 20-cm depthinor 55-c
PVC tubes connected to pressure manometers. Daily weather aatacarded at a meteorological
station located 500 m from the field experiment. Data included rainfateraperature, air humidity,
wind speed, and net radiation. Two passive capillary-wick lysimeters (25 cnem)2ere installed
within the plot at 45 cm depth one beside each other (Fig. 2). The depth of 45 cm was selected in order
to install the lysimeter as close as possible to the ploughed layer (where the major hetesgeareit

located) while stllallowing for normal agricultural practices. Fiberglass wicks (Peperell, %2 inch) were



untwisted and mounted on a stainless steel plate that was installed horiaomialythe undisturbed
soil. The fiberglass wick does not only provide the suction, but simultaneouss s a sampling
device through which leachate was collected towards a 10 L tank buried in the soil at thé #&ith o
m. The fiberglass wick was inserted in a Tygon tube, and had a lengfihcaf, which corresponds to
a pressure head of -70 cm applied to the above-laying soil. Prior to insteltéi fiberglass wicks
were placed in a muffle oven for 4 hours at 40Go remove organic impurities (Knutson and Selker,
1993). Batch experiments were performed in the laboratory using the whole sampling staintess
steel plate, fiberwick and tygon tubes) to detect any sorption of isoproturon,dandtdihow any
significant amount of sorption (data not shown). Water was collected through thiysims&ters and
samples were filteredlt 0.45 um and stored at 4°C before analysis. Isoproturon concentrations were
measured by the Institut Pasteur (Lille, France) using onlineLfPES-MS (QUATTRO Premium

2005) and following NF EN 1SO 11369. The quantification limit was Q€P"' for isoproturon.

2.5. Isoproturon fate parameters

Sorption coefficientsKy of isoproturon were measured by Pot et al. (2011) for each
morphological zoneI{ A, IF, PP) in batch with*‘C-isoproturon solution prepared at 0.51 migih
calcium chloride (0.01 M). Sorption isotherms obtained with the same soil in ant@atiom range of
0.01 to 1 mg T were characterized by Freundlich exponent coefficients (n) close to 0.96°and R
0.99. For the subsaoil (E, BT, BTIC, I, values were obtained using the same procedure but with a
lower isoproturon concentration (0.10 mg) lassuming that concentrations reaching horizons below
the plougled layer were lower than in the topsoil (Simon, 20%2amples were taken from the same
soil pit based on a precise description of the soil profile, then sieved at 2 mairaigkd. Soil
suspensions were prepared in glass centrifuge tubes with three grams afpsodetl in 10 m‘C-
isoproturon solutionAfter 24h of equilibrium obtained by end-over-head shaking, the supernatant was

recovered by centrifugation and its radioactivity was measured allowinthdocalculation of the



sorbed concentratiors,(in mg kg'). The sorption coefficient relating the sorbed concentration of
solute on soil particles, to the solute concentration in solutiahis calculateds
Se

Kg =— 1)

Ce
wherec, (in mg ') is the solution concentration after 24 h equilibrium.

In January and May 2003;C-isoproturon mineralization was followed under laboratory
controlledconditions (28 °C, 80% of water content at pF = 2.5) during 65 days. Fresh soil samples
from each zone (15 g dry weight equivalent) were sprayed with an aqueous soltt®isoproturon
at 12 mg 1 corresponding approximately to the agronomic dose of 1.1 kgTHaee replicates per
zone were performed. The evolvE€-CO, was trapped in 5 ml of 1 N NaOH solutions that were
changed after 3, 7, 16, 24, 30, 42, 51, 60 and 65 days of incubation. Trapping solutionsalyseel an
for *C-CO, concentrations by adding 10 ml of scintillating liquid (Ultima Gold XR Ratkand
counting 10 min in a Tri-Carb 2100TR scintillation counter (Perkin Elmer lmairt@boeuf, France).

More details about the degradation study can be found in Vieublé-Gonod et al. (2009).

2.6. Modeling
2.6.1. Water flow and solute transport equations

Water flow and isoproturon transport simulations were carried out using tBRRHS-2D
software (Simtinek et al., 2008) that numerically predicts two-dimensional water flow and solute

transport in variably saturated porous media. Water flow is solved using Rickquasion:

2 22 k)] @

whered represents volumetric water content [I°], h is pressure head [L¥ (i=1, 2) are the spatial
coordinates [L]t is time [T],Kl-j? are the components of the dimensionless anisotropy ten8pin(K

the two main spatial directiox,(2), K is the unsaturated hydraulic conductivity [L]TS represents

sink term (root water uptake).
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Solute transport is modeled using the advection-dispersion equation assumingldirstegradation
kinetics of the solute in the liquid and solid phases and an instantaneous and liptan sbrthe

solute onto soil solid surfaces (from Eq. 1):

d(ROc) _ @ c\ _ 9(gic)
at  ox; (9 Lj )

)~ ox, — H19€ — UspPpsS ©)
wherec is the solute concentration in the liquid phase [f], s is the solute concentration in the solid
phase [M MY, p, is the soil bulk density [M ], g; is thei™ component of the volumetric water flux
density [L TY, D;; are the components of the dispersion coefficient tengoF{, 1 is the first-order

degradation rate in the liquid phade’], us is the first-order degradation rate in the solid phasg,[T

andR is the retardation factor [-], written:
R =1+ (4).

Degradation was assumed to be depended on temperature and water content. Dependence on soil

water content was assumed to follsWalker’s equation (Walker, 1974):

k() = 1.6 min [1,(2)'] (5)

wherey, andu are the degradation rates being considered at a reference water éantang at the
actual water contend, respectively; and is Walker’s exponent. Tie temperature dependency of the
isoproturon degradation rate was expressed by the Arrhenius equation (Stumm and LE8#anN,

which can be written:

Bt )] (6)

Hr = #rexp[ R,TATA

whereur and y, are the values of the degradation rate at a reference absolute tempEfatume
actual absolute temperatufé, respectivelyR, is the universal gas constant, @ad (J mol™) is the
activation energy.

Soil hydraulic function®) andK(h) were described using the van Genuchten-Mualem model (van

Genuchten, 1980), which is defined as follows:
6(th) = 6, + %% _forh< 0 7

1+ |ah|™)™

6(h) = 6,forh > 0
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1

K(h) = KSh(1— (1 —S7)™)? ©®

__ 6-06,
Se - 65_ 91‘ (9)
mzl—%; n>1 (20)

whereé, andé, denote residual and saturated volumetric water contént ], respectivelyK; is the
saturated hydraulic conductivity [L™T, S is the effective saturatior; [L™], and n [] are shape
parameters, andis a pore connectivity parameter. The pore connectivity parameter was taken from an
average value for many soil=0Q.5) (Mualem, 1976). A modified van Genuchten (1980) model with
an air-entry value of 2 cm was used in all simulations. This modificatiomgsyaminor change in the
shape of the water retention curve near saturation, but significaieityssind improves predictions of

the hydraulic conductivity function near saturation, especially for fine rektgoils with smalh

values (Vogel et al., 2001).

2.6.2. Simulation domain, initial and boundary conditions

Simulations were performed on two-dimensional rectangular domain 200 cm wide and 200 cm deep
(Fig. 2b). The time period for simulations was from 1 November 2004 until 27 October 2010, split into
ten separate simulations (there is no option for crop rotation in HYDRUS2ifore each crop or
bare soil period was simulated separately) which were connected sequentially binggbig final
pressure head, temperature, and concentration distribution from the preceding ainagaititial
condition for the next one. The material distribution was selected according fielt description of

the soil profile in which the different structurds, (A, IF) and layers (PP, E, BT, BTIC, IC) were
distinguished (Fig. 2b). The initial condition for water conteasset asa hydrostatic pressure head
distribution with -100 cm at the bottom of soil profile. Initial solute gigburon) concentration in the
whole soil profile was set to zero (the measured concentration in lysimetemowis zero at the
beginning of the experiment). An atmospheric boundary condition was selected g tiette soil
profile and free drainage boundary condition was selected at the bottomp#gedace boundary

condition with suction (pressure head of -70 cm) was implezddntrepresent the wick lysimeters.

12



HYDRUS-2D allows specifying only one seepage face. Thus, the outflow measurementsved the
lysimeters were summed up according to one 50 cm long and 25 cm wide lysilaetell pird type
solute boundary conditions were selected for isoproturon transport, at top, bottéysicueder plate
boundaries. Water extraction by roots was simulated using Feddes model (Fedde9@8pnlyith
different parameter sets for maize, wheat and barley, respectively, assafitiegr root density
distribution according to depth from a maximum root density at the surface wowero at the
maximum rooting depth. Maximum rooting depth was 110 cm for maize and 140 evhdat and
barley. The root water uptake parameters were selected from the HYDRAastat.e. according to
Wesseling (1991). LAl and crop growth parameters (crop height and rooting depth) were fdemnived
the STICSmodel (Brisson et al., 2002) and were used as input parameters for HYDRUS-1D for
potential evaporation and transpiration rates calculation according to the PenmankVapyiedach
(Monteith, 1981). Molecular diffusion coefficient of isoproturon (0.0179 et was taken from Jury

et al. (1983). Longitudinal dispersiviy,. was taken from Chalhoub et al. (2013), while transverse
dispersivityDr was assumed to be one fifth Bf. Isoproturon sorption properties were taken from
studies performed earlier on the same field (Pot et al., 2011; Simon, 2012). Ismpdegradation
rate in the liquid phasg was calculated from the incubation experiments of Vieublé-Gonod et al.
(2009) assuming that degradation took place only in the liquid pRési&er’s coefficient b and
energy of activatiorE, were taken from Cheviron and Coquet (2009). Soil parameters that varied
according to depth or type of soil structure are presented in Table 1. Mficiehey coefficientE
(Nash and Sutcliffe, 1970) was used to assess the level of agreement between janedlioteerved
data. To quantify the sensitivity of IPU loss to degradationsyaeatio of variation (ROV) was

calculated according to (Dubus et al., 2003):

ROV = 2=9c y Isc (11)

I=-Igc  Opc
whereO represents the value of the output variable (IPU l&3s), represents its value in the base-
case scenariol is the value of the input parameter (degradation rate)lggnd its valuein the base-

case scenario.
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3. Results and discussion
3.1. Water flow

A first set of simulations was performed using the independently measureloydmulic
parameters obtained from laboratory water retention and field hydraulic colitgusteasurements
(Table 1). The main differences between the layers can be seen in the valuesatédsaydraulic
conductivity, which varied from 12.8 for the plough pan (PP) to 353 ci fdayhe interfurrows (IF)
Large differencesn saturated hydraulic conductivity can be noticed within the tilled layer between
compacted (A) and non-compacted(I') soil. After a first run for the entire simulation periocp
outflow was simulated in the lysimeter, i.e. independently measured soil hydratdimeters were
not able to describe field outflow measurements. The large value of saturated hydrauli¢ivdonduc
(82.3 cm day) of the E horizon (38-50 cm), in which the plates were located, caused the bypass of
water around the lysimeters toward the deeper layers. The calibration of saillieygroperties was
then performed based on water content, pressure head and lysimeter outflow data mea80&d in
The calibration was first tried using the inverse numerical procedure impkuienHYDRJS-2D
(Hopmans et al., 2002). The calibration was performed on a time period from 2yJami7
October 2008 (9 months) with maize grown from 06 May until the end of theataliib period. This
period was selected because of the large data set available and the fact that ¢er Igsitfftow was
collected the day before beginning the simulation. The initial pressure headuttr was set up
accordingto the tensiometer measurements (-61 cm at 20 cm ;ddfitlcm at 40; -36 cm at 60; -29
cm at 80; -25 cm at 100; -41 cm at 130; -40 cm at 160 cm depth). However, due to phexitpof
the two-dimensional simulation domain and the large number of soil parameters, the inverse numerical
procedure was not able to giaeealistic set of soil hydraulic parameters.

Manual calibration was then performed against the field TDR, tensiometbrsuanulative
lysimeter outflow measurements simultaneously as stated before. Atattheofsithe calibration
process, the number of soil layers was increased in order to match the numbasafement depths

i.e. 10 materials for 8 layers (Table. Epr the calibration, only one sailaterial (I" structure) was
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considered to compose the entire tilled layer since only one TDR probe and &tasiwere installed
in that layerThe I" structure was selected because it occupies the largest part of the tilled layer (835.4
cn?) compared tothe A (312.9 cm® and IF (258.8 cR) structures. After having significdnt
decreased the saturated hydraulic conductivity in each layer (Table 2)ptle¢ was able to fit the
cumulative lysimeter outflow data with good accuracy (E=0.79) (Fig. 3). The mod&tdeaell to
high intensity rainfalls and generated large amounts of outflow.

The volumetric water content (TDR) and pressure head (TEN) measuremenfgteeneasonably
well after adjustments of the saturated hydraulic conductivities andiii&enuchten’s o andn shape
parameters (Table 2, Fig. 4). Model efficiency coefficients varied from 0.50 to 0.920am@.05 to
0.87 for volumetric water content and pressured head measurements, respectively. Aosimakat
performed includig A and IF structures in the tilled layer for the calibration period. Introducing A and

IF structures did not affect the model efficiency (E=0.79) of the cumulatitflowuresults. There
were small changes in E values for TDR (nmd%=0.03) and TEN data (maXE=0.1) depending on
depth.

After calibration of the soil hydraulic propertiedYDRUS-2D was able to simulate cumulative
outflow with good accuracy (E=0.95) for multiple years (Q_sim, Fig. 5). Simulatamperformed
using the domain distribution presentedig. 1 includingthe A and IF structures located within the
tilled layer.The hydraulic properties of A and IF structures were taken directly from Table 1, without
any calibration, except for saturated hydraulic condugtafi the A clods which was decreased by one
order of magnitude (Table 2). This decrease was necessary for keeping phgsicafiiable ratio
between I and A structures, having in mind the morphological field description and results from
previous studies (Coquet et al. 2005a, 2005b; Schneider et al., 2009). The simulatednoatitioed
the measurement data quite well, except during the wheat and barley growing per2095/2006
and 2006/2007, respectively. Cumulative outflow was largely overestimated during/htres
cropping season, while cumulative outflow was underestimated during the barieg. p&s o
measurement of field crop parameters were available, the leaf area indexeatémhloylthe STICS

model) were modified in the two above mentioned periods. The LAl optimizgdoerated more
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transpiration during the 2005/06 wheat and less transpiration during the 2006y Abtir different
time distribution Initially, the simulated maximum evapotranspirati®h.., of the 2005/06 wheat and
2006/07 barley periods was 430 and 511 mm, respectively, which were separatgg,i(@45 and
195 mm), andl (185 and 316 mm). After LAl adjustments, maximum evapotranspir&figg of

the 2005/06 wheat and 2006/07 barley period was 457 and 340 mm, respectively, dividgg,into
(146 and 193 mm), and. (311 and 147 mm). Finally after calibration of the soil hydraulic
parameters and optimization of the LAI, the model gam®re realistic description of the cumulative
lysimeter outflow (E=0.99), with more accuracy in the amount and arrival timese odutflows
(Q_sim_opt, Fig. 5).

Volumetric water content was measured during the whole simulation periodcat, 8D c¢cm, 80 cm
and 100 cm depths (Fig. 6). Good agreement between the measured and simulated TDR data was
found at the 40 and 60 cm depths with model efficiency coefficients of 0.70 and 0.47, vebpecti
For the 80 and 100 cm depths, the volumetric water content was not as acdastgled as for the
upper layers, but still satisfactory model efficiency coefficients wereaetiE=0.24, E=023). The
model performed better in terms of fitting volumetric water content dumntfyafter the calibration
period (208/2010) compared to the first years (2004/2007). For instance, the modetnef§ici
coefficient for water content at 60 cm depth was E=0.64 for the period 200&R201=0.17 for the
period 2004/2007. During the whole multiannual simulation, one single set of hydraulic propasties w
used. In order to have better fit to the measured values of volumetriccwatent, a real temporal
dynamics of the topsoil hydraulic properties should be accounted for. Schwei(2éx14)) improved
near-surface soil water simulations by accounting for time-variable hydraolenies ina field
undergoing different tillage practices. These authors found that the use eofatiagle hydraulic
parameters significantly improved simulation performance for all treatmesgslting in average
relative errors below 13%. In complex 2D system resulting from large stbetariability in the
tilled layer, temporal effects could be expected to be even larger since the paditioaslifferent
structures in the tilled layer change after each ploughing (Roger-Estrale2€00). Although they

did not account for such time-dependent effects, the HYDRUS-2D simulatioosmpedf herein have
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shown good reliability during a multiple years using just one set of sgditablic parameters

calibrated on only one specific year.

3.2. | soproturon transport

After water dynamics in the soil profile was satisfactorily modeled, isopnotfate was
simulated using the pesticide fate parameters from Table 1, assuming degranlgtiordiquid phase.
The simulation showed a very large overestimation of the loss of isoproturendorasy the whole
period (data not shown). The arrival time of isoproturon in the outflow was gacurate, but the
final mass leached was more than three orders of magnitude higher in theeslroutiibw than in
the measured one (16Q% compared to 0.66 pg). This led to the assumption that the laboratory-
measured degradation rates were too low to describe IPU dynamics in the digldd&tion rates for
isoproturon (expressed as DT50 values) were taken from Vieublé-Gonod et al. (2009) and ranged from
10.3 to 19.2 days (for I', A, IF, and PP). Forexample, Walker et al. (2002) reported that the variation
of IPU degradation rate in the field (expressed as DT50 values) ranged froB0 @lays. Cheviron
and Cogquet (2009) performedensitivity analysis on the fate of isoproturon in three types o&sdil
found that the tested model (HYDRUS- 1Dashighly sensitive to pesticide degradation rdtkis
suggests that the laboratory-measured pesticide fate parameters may not beulliwaypsdsentative
of the degradation processes affecting isoproturon in the field and hence someatimuif of these
parameters are needed to better describe IPU concentration at the outletvikthesimeters.A
second simulation was performed assuming degradation to take place in both thandthe solid
phases (Guo et al., 2000). The degradation rate in solid phase was optianiegl in mind that
smaller microbiological activity should occur in the solid phase compared toigine phase.
Satisfactory simulation results were achieved when using a degradation rate in s@idgtlas/5%
of that in liquid phase, with a model efficiency coefficient of 0.7 (Fig. 7)in@pation focused on
degradation parameters since the arrival time of isoproturon in lysimeflemowas already correctly
simulated suggesting that IPU mobility was correctly parameterzaénsitivity analysis of the IPU

loss to degradation rate was performed. The optimized degradatis(licatel and solid phase) were
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increased or decreased by 50% for each structure/layer. The ratio abrgfRdV) was calculated in
order to quantify the sensitivity of IPU loss to the degradation rafeidliand solid phase) in each
structure/layer. The ROV for solid phase degradation rate varied from -4.50 tofei.B& T’
structure; from -2.13 td0-79 for A clods; from -1.99 to -0.80 for IF zones; from -0.58 to -0.36 for PP
layer; and from -0.12 to -0.10 for E horizon. The ROV for liquid phaseadatjon rate had smaller
variation with values from -0.31 t®.26 for the I" structure; from -0.11 to 0.10 for A clods; from -

0.11 to -0.10 for IF zones; from -0.09 to -0.08 for PP layer; and from -0.04 to -0.0shdwizBn. The
largest sensitivity was found in the ', A and IF, zones of the tilled layer, while PP and E horizons had
very small values ofROV|. The sensitivity of the cumulative isoproturon mass loss iwawder
I'>A>IF>PP>E, which revealed the fact that the spatial distribution of pesticide deigradate plays

a major role in its fate and dynamics (Walker et al., 2001).

Different snapshots of the IPU concentration in the soil solution during 2007esmenped in Fig. 8.
Isoproturon was applied on the"26f February 2007 (Fig.1) at the rate of 1000 g per ha. After 13
days,the concentration of isoproturon was very high in the first 15 cm (Fig.8a) and ttilbutiisn

was uniform along a longitudinal transect with a small exception at approximeate0 cm where
the concentration was lower. This was due to the presence of a compacted clasbitstiméace at
this particular location (Fig. 2a). The low permeability of the compastelbds redirected the flow
toward I soil zones, as found by Coquet et al. (2005b), and toward IF soil zones. The effect is mostly
seen after 137 and 186 days (Fig.8b, c) where low IPU concentrations are fthantbaation of the

A clods. The lowest concentration was found at the approximateli/10— 140 cm at both times due

to the placement of the A clod in the tilled layer at this location (Fig. 2a, b). Interfurrows had the
largest flow velocity values in the tilled layer, wih average maximum velocity of 2.5 cm day I
zones to 8.7 cm ddyin IF zone 137 days after application. However, due to the fast degradation rate
in the IF (DT50 of 10.3 in liquid phase and 7.7 days in solid phase compared to 19i2 [igyisl
phase and 14.4 in solid phasethe I' soil zones), the highest IPU concentration was located in the I'

soil zones.
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3.3. Sensitivity of water outflow and isoproturon lossto soil structur e heterogeneity and to

plough pan discontinuity in thetilled layer

In addition to the long term simulations described above, three hypothetical scevexrgos
simulated: i) a homogeneous tilled layer with the presence of the plough pan as used for calipration; ii
a homogeneous tilled layer without plough pan iii) a heterogeneous tilledwdlies discontinuous
plough pan. The discontinuity of the plough pan was located above the lysimetearateas
approximately 50 cm large (fror¥ 109 to 159 cm)[" structure was used instead of PP, to create this
discontinuity. This last simulation was performed having in mind that dprioiijje description some
discontinuities of the plough pan were indeed observed loaliyt not quantified. The main goal of
the simulations was to see how the presence of different structure arrangerfheense water flow
and pesticide transport. Simulations using a homogeneous tilled layer (Q_homog_ PP, Fig.9) showed
no major differences in water outflow pattern when compaoesimulations accounting for tilled
layer heterogeneity (Q_heterog). The cumulative amount of outflow was omhn383.6%) higher
when a homogeneous tilled layer was considered. The absence of heterogeneity in thaytdted |
caused uniform water velocity field down to the plough pan (Fig.10a). Removing the plough pan in
the homogeneous tilled layer scenario (Q_homog_noPP) caused smaller cumulditive Q065
mm compared to 1085 mm, i.e. 2%) than in the Q_homog_PP scenario. This effédiecoeiatedo
the change in saturated hydraulic conductivity of the layer situated jast bet tilled one (~28-38
cm), which was increased from 4.8 cm d4PP) to 19.6 cm day('). This change resulted in
increase in water flow velocity (Fig 10a) and caused more bypassing of thetbsiphate. In the
Q_heterog_discPP scenario, one can distinguish areas with high velocity just abowetzntorder
of the plate where the discontinuity was placed. Inserting a discontinuous plough pannutaios
domain increased the total cumulative outflow by 20% (from 1047 to 1252 mm,. Rigc@asesn
outflow occurred mostly during the high intensity rainfalls under wet soil conditiwhich caused

local saturation above the plough pan and lateral flow towards the surroundiegenoreable soil
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zones. A similar effect was observed by Coquet et al. (2005a) in a field experimerg the
difference in saturated hydraulic conductivity betwéeand A soil zones forces flow streamlines
around the A clods causing funneledflow. In the Q_heterog_discPP scenario, water flow paths of high
velocities are connecting the high-conductivity interfurrows to the edges lystheeter plate thereby
explaining the much higher cumulated outflow simulated for this scenario (Fig. 10a).

The different scenarios ended up with very different final IPU losshAdet scenarios showed
an increase of IPU concentration in lysimeter outflow compared to base case sdBhhrieterog,
Fig. 11). The largest increase was in the IPU_homog_PP scénagi@bo) which can be explained
with the fact that the entire tilled layer had the same degradation riu&t a$the I" structure, which
was lower than degradation rate of theand IF structures (Table 1). The other two scenarios
IPU_homog_noPP and IPU_heterog_discPP had an increase of 258 and 22.6%, respectively compared
to the base case scenario (IPU_heterog). In the case of the IPU_hoRBgcenario, increased
hydraulic conductivity below the tilled layer caused increase in IPU transfer to deeper layers
bypassing the wick lysimeters so that the increase in IPU loss was leghdhamne found for the
IPU_homodPP scenario. Isoproturon distribution in the tilled layer differed accortbnidpe various
scenarios (Fig. 10b). For the scenarimsth a homogenous tilled layer (IPU_homogPP and
IPU_homog_noPP), there was a uniform IPU distribution in the tilled laybrlavijest values located
between 10 and 20 cm depth, although in the Q_homog_PP scenario it can be notided |BHat t
distribution at ~40 cm depth follows the upper border of the plough pan layeng-Hadiscontinuity
in the plough pan caused larger isoproturon loss than in case when the plough pantimasus

(Fig. 11) due to higher velocities observed at the border of the plate (Fig.10b).

4. Conclusions
A long term (2004-2010) modeling study was performed on an agricultural fieldregpéto
evaluate how the presence of heterogeneities due to soil tillage and compost appfiestiovaser

flow and pesticide dynamics in soil. The study was done on a plot receiving anpostoof green
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wastes and sewage sludge (SGW) with winter wheat, barley and maize cultivitailed profile
description was used to locate different soil structures in the garafilich were then implemented in
the HYDRUS-2D model. Volumetric water content (TDR), pressure headidfesters), water
outflow and isoproturon concentration (wick lysimeters) were monitored ini¢he Lysimeter
outflow and water content dynamics in the soil profile were correctly tescfor the whole period
(model efficiency coefficient: 0.99) after optimization of the soil hydraulic properties on diwi|za
year and after some adaptation of LAl estimations for wheat (2005/06) and (2&08/07). Using
laboratory-measured degradation rates and assuming degradation to occur onlg phlcei caused
large overestimation of simulated isoproturon losses in lysimeter outfliar. @onsidering additional
degradation in solid phase, whose rate was estimated to be 75% dktireliguid phase, a proper
order of magnitude of isoproturon losses was simulated. Isoproturon concentratieriswaelrto be
highly sensitive to degradation rates. Different soil structures and aodestilled layer (T, IF, A)
had a large influence on the isoproturon distribution in the tilled layergwitd low permeability
plough pan caused uniform water and solute distribution beneath it. Neither the lgbordsured
isoproturon fate parameters nor the independently-derived soil hydraulic parameters could describe the
actual multiannual field dynamics of water and isoproturon without cabbratHHowever, once
calibrated on a limited period of time (9 months), HYDRUS-2D was able udatenthe whole 6-year

time series with good accuracy.
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Tables:

Table 1. Physical and chemical input parameters required by the HYDRUS 2D model.

Layer/Structure
r A IF PP E BT BTIC IC
Parameter
90-145 145-200
0-28 cm 2838cm 3850cm 5090 cm
cm cm
Initial soil
6 (cmP.cm’®) 0.000 0.000 0.000 0.110 0.086 0.000 0.176 0.176
Os(cmP.cm®) 0.375 0.410 0.461 0.415 0.399 0.410 0.414 0.414
a (cm?) 0.119 0.00733 0.024 0.056 0.008 0.032 0.004 0.004
n 1.367 1.2 1.18 1.392 1.52 1.09 1.72 1.72
Ks (cm day?) 254.6 28.9 353.1 12.83 82.3 1455 21.6 21.6
Solute
Kq (1 kg™ 1.49 1.69 2.28 1.05 0.42 0.35 0.25 0.25
u (day?) 0.0361 0.0513 0.0673 0.0361 0.0062 0.0065 0.0000 0.0000
b 0.38 0.38 0.38 0.38 0.38 0.38 0.38 0.38
E. (J mol?) 45000 45000 45000 45000 45000 45000 45000 45000
D, (cm) 4 4 4 11.9 11.9 11.9 11.9 11.9
Basic
b (g cm®) 1.32 1.4 1.26 1.495 15 15 1.38 1.38
Corg (9 kg 12.2 12.2 18.05 10.5 3.46 2.03 1.19 1.66

6, — residual water contentls — saturated water content,and n — van Genuchten-Mualem shape parametégs; saturated hydraulic

conductivity,Kq — sorption coefficienty — isoproturon degradation rate,- Walker’s exponent, E.— energy of activation for the degradatic

rate,D, — longitudinal dispersivityp, — bulk density Coq— Organic carbon content.

Table 2. van Genuchten soil hydraulic parameters after calibration.

Layer/Structure
r A IF PP E BTI BTII BTICI BTICII IC
Parameter
28-38 3850 50-70 70-90 90120 120- 145-
0-28 cm
cm cm cm cm cm 145cm 200 cm
6, (cm.cm’®) 0.0002 0.000 0.000 0.105 0.000 0.0006 0.0006  0.000 0.000 0.000
s (cm®.cm?®) 0.410 0.410 0.461 0.455 0.38 0.37 0.38 0.37 0.36 0.3
a (cm?) 0.0385 0.00733 0.024 0.042 0.015 0.024 0.028 0.02 0.029 0.032
n 1.14 1.2 1.18 1.1 1.17 1.12 1.12 1.09 1.12 1.1
Ks (cm day?) 19.6 2.8 353.1 4.8 14 5.8 7.9 3.8 3.7 8

28



List of Figures

| Sept. | Oct. | Nov. | Dec. | Jan. | Feb. | March | Aprii | May | June [ July | August | Sept. [ Oct. |
9. Sept. 2004 - Stubble  15. Nov. 2004 — 28. April 2005 — Seedbed 29. Oct. 2005 —
disking + compost Ploughing preparation + maize sowing Maize harvest
@
2004/05 | W | O | I I I I [ | I | I |
04. Nov. 2005 — Ploughing 23. March 2006 - 26. August 2006 —
+ wheat sowing Isoproturon Wheat harvest
2005/06 | | [=2 | I I I A | I | I | *|
13. Sept. 2006 — Stubble 16, Nov. 2006 — Ploughing 20. Feb. 2007 - 15. July 2007 —
disking + compost + barley sowing Isaproturon Barley harvest
2006/07 | ™ | 0P | e
12. Sept. 2007 — Stubble 22, Oct. 2007 — 28. April 2008 — 06.May 2008 — 27. Ocl. 2008 —
disking + compaost Ploughing Seedbed preparation  Maize sowing Maize harvest
2007/08 | ™ o o] o b
31. Oct, 2008 — Ploughing + 31. March 2009 - 01. August 2009 —
wheat sowing Isoproturon Wheat harvest
2008/09 | | = | I I I | I | I rd |
17. Sept. 2009 - Stubble  22. Oct. 2008 — 20. and 27. April 2010 - Seedbed 19. Oct. 2010 -
disking + compost Ploughing preparalion + maize sowing Maize harvest
Q| L]
2000110 | W | =l | I I I | 29 | I | I | |

Fig. 1. Crop calendar with the different agricultural operations (e.gnhgowiilage, harvest) including

isoproturon applications.
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Fig. 2. (a) Field soil profile description including the different soil cdtiees observed in the tilled
layer and (b) spatial distribution of the different soil structamed soil layers used in the HYDRUS-
2D model together with the location of the wick lysimeters. Horizons BT antCBAére split into

two layers for the sake of model optimization.
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Fig. 3. Observed (symbols) vs simulated (line) values of cumulative lysimeter outflovaieft)

precipitation distribution (right) during the calibration period.
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Fig. 4. Observed (symbols) vs simulated (line) values of volumetric water content (left) and pressure

head (right) at different depths (20, 40, 60, 80, 100, 130, 160 cm depth).
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Fig. 5. Observed (symbols) vs simulated (line) cumulative lysimeter outflow usiitgatedl soil

hydraulic parameters before (Q_sim) and after (Q_sim_opt) LAI optimization.

33



Bare Soil
Maize
Wheat
Barley
—5IM_40
o TDR_40
0.40
Bare Soil
0.35 4 Maize
T 030 | Wheat
% Barley
£ 025 Doy, ——SIM_60
G | o TDR_60
0.15 - — —
Bt Bare Soil
0.35 Maize
— Wheat
= 0:30 Barley
]
£ 025 - —SIM_80
o TDR_80
0.20
0.15 _
Bare Soil
Maize
Wheat
Barley
——Sim_100
E=0.23 o TDR_100
0.20
015 +— —

Fig. 6. Observed symbols) vs simulated (line) volumetric water content usingtailsoil hydraulic

parameters after LAl optimization from 2004 till 2010 at 40, 60, 80, and 100 cm depth.
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Fig. 7. Observed (symbols) vs simulated (line) values of isoproturon loss in lysionéflewv from

2004 till 2010 assuming degradation in solid phase.
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Fig. 8. Isoproturon concentration distribution in the soil solution in the topstiifertent times: a) 13,

b) 137, and c) 186 days after the second application (dated 20 February 2007).
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Fig. 9. Observed (symbols) vs simulated (lines) cumulative lysimeter outflow usibgatzdi soil
hydraulic parameters with different soil structure distributions in thesoib (Q_heterog—
heterogeneous tilled layer with plough pan; Q_homog-BRly I' structure in the tilled layer with
plough pan; Q_homog_noPPT structure without plough pan; Q heterog discPP —heterogeneous

tilled layer with a discontinuous plough pan).
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Fig. 10. Water velocity (a) and IPU distribution (b) in the topsoil for vargeenarios 186 days after
the second IPU application (25 August 2007): Q_hetehagerogeneous tilled layer with plough pan;
Q_homog_PP- only T structure in the tilled layer with plough pan; Q_homog_noPPI" structure

without plough pan; Q_heterog_discPieterogeneous tilled layer with a discontinuous plough pan.
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Fig. 11. Observed (symbols) vs simulated (lines) isoproturon loss in lysimeter outffg\cagibrated
soil hydraulic parameters with different soil structure distributions in dpeoil (IPU_heterog-
heterogeneous tilled layer with plough pan; IPU_homog- Bily T structure in the tilled layer with
plough pan; IPU_homog_noPP T structure without plough pan; IPU_heterog_discPP-

heterogeneous tilled layer with a discontinuous plough pan) during 2004 - 2010.
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