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Introduction

Conservation agricultural techniques have gained much attention in recent decades because of their role in conserving water and soil resources. Mulches made of crop residues from harvest or cover crops provide many beneficial services such as soil moisture retention, high biological activity at the soil surface and carbon storage [START_REF] Rabary | Effects of living mulches or residue amendments on soil microbial properties in direct seeded cropping systems of Madagascar[END_REF]. In addition, these organic residues intercept, retain, and strongly modify the fate of pesticides [START_REF] Locke | Herbicide-soil interactions in reduced tillage and plant residue management systems[END_REF].

Dissipation processes of pesticides, such as degradation, sorption and transport, are greatly influenced at the soil surface because of the presence of mulch residues [START_REF] Alletto | Tillage management effects on pesticide fate in soils. A review[END_REF].

Mulch characteristics, including its quality and degree of decomposition, and the timing of the first rainfall after pesticide application greatly influence pesticide retention and wash-off [START_REF] Dao | Field decay of wheat straw and its effects on metribuzin and s-ethyl metribuzin sorption and elution from crop residues[END_REF]Granovsky et al., 1994;Gaston et al., 2001). [START_REF] Aslam | Adsorption and desorption behavior of selected pesticides as influenced by decomposition of maize mulch[END_REF] suggested that the adsorption of pesticides was associated with the chemical composition of crop residues. The characteristics of the origin and decomposition degree of crop residues have also been reported to influence pesticide degradation [START_REF] Rampoldi | Glyphosate mineralization: Effect of temperature and soybean and corn crop residues[END_REF][START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF].

Many pesticide models have been developed and tested to predict pesticide fate in soils considering biotic and abiotic processes (FOCUS, 2006). However, little attention has been given to the development of models for pesticide fate that could simultaneously account for the presence of mulch. Geng et al. (2015) and [START_REF] Brimo | Modelling the fate of PAH added with composts in amended soil according to the origin of the exogenous organic matter[END_REF] recently developed a model that simultaneously accounts for the transformation of organic matter that is added to soil as compost and organic pollutant dynamics. [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF] simulated glyphosate dynamics in mulch composed of maize during its decomposition by using 14 C-labeled pesticide molecules. The model did not consider pesticide transfer that occurred from wash-off from mulch into the soil.

On the other hand, other models (TEC mulch , SiSPAT) were developed to predict the impact of surface mulch residues on physical processes such as the soil thermal regime, water run-off and erosion (Enrique et al., 1999;Findeling et al., 2003). [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] and [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] have combined water dynamic with the biotransformation of C and N in soil to predict the decomposition of mulch residues at the soil surface. They showed that rain intensity impacts water retention in mulch and, consequently, its decomposition. Additionally, Iqbal et al. (2013) showed that the water retention in mulch residues depends partially on their physical and chemical characteristics (e.g., origin and decomposition degree). Previously, [START_REF] Ma | Predicting pesticide transport in mulch-amended soils: A twocompartment model[END_REF] proposed a two-site-equilibrium-kinetic model for predicting the retention and transport
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A N U S C R I P T of reactive solutes in soil. After estimating the sorption parameters, they successfully simulated the movement of atrazine in soil columns mixed with mulch residues. However, their model was unable to account for the biological processes of dissipation, and moreover, they used a uniform mixture in their modelling approach rather than considering a mulch/soil layered system, as is characteristic in conservation agriculture. Lammoglia et al. (2016) coupled the pesticide model MACRO with the crop model STICS to simulate the transport of pesticides in various crop management practices. They showed that the presence of mulch has a strong impact on pesticide leaching. However, the mulch module was not calibrated and tested with experimental data.

The objective of this study was to develop a new model that was able to simultaneously simulate the presence of mulch, its decomposition, and its impact on the leaching of pesticides when applied at the soil surface. We tested the model with published data from soil column experiments using two widely used herbicides, glyphosate and S-metolachlor. We analysed the sensitivity of the model output to different input parameters and initial conditions.

Materials and methods

Description of PASTIS Model

The PASTIS (Prediction of Agricultural Solute Transformations In Soils) model simulates the movement of water and the transformation of solutes in soil and was further described by Garnier et al. (2003) to simulate decomposition in straw-amended soils. The model consists of a 1-D transport module (using Richards' equation for water flow and the convection-dispersion equation for solute movement) and a transformation C/N module, CANTIS (Carbon and Nitrogen Transformations In Soil). The model simulated the mulch decomposition [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] and pesticide transport (Saffih-Hadadi, 2003), independently. In this study we linked the mulch module and the pesticide module in order to simulate the pesticide dynamic in mulch.

Description of Mulch dynamic in PASTIS

Pastis simulates the impact of mulch on rain interception and on the reduction of water evaporation (Findeling et al., 2003). Mulch intercept rain water and stores it as a porous medium according to its physical properties like maximal and residual volumetric water content, mulch propensity to water recharge as described in details in Findeling et al. (2003). The amount of water that is not intercepted by the mulch is transmitted to the soil. For evaporation, the mulch acts as a physical barrier to convective and diffusive vapour fluxes between the soil and the Comment citer ce document : Aslam, S., IQBAL, A., Lafolie, F., Recous, S., Benoit, P., Garnier, P. ( 2018). Mulch of plant residues at the soil surface impact the leaching and persistence of pesticides: A modelling study from soil columns. Journal of Contaminant Hydrology, 214, 54-64. , DOI : 10.1016/j.jconhyd.2018.05.008
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atmosphere. As a consequence, the total potential evaporation rate is split into the potential evaporation rate of the mulch and the soil using the coefficient of water evaporation. Potential evaporation rate of the mulch is applied to the mulch to evaporate its water storage. [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] extended the model to consider mulch residues decomposition at the soil surface. Mulch is divided in two layers as described in APSIM-Residue (Thorburn et al., 2001): i) only the mulch layer that is directly in contact with the soil can be degraded by soil microorganisms (we found a height of few mm in [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF]; and ii) the mulch layer that is just above the first layer is not subjected to decomposition and is supposedly inaccessible to soil micro-organisms. The upper part of the mulch can become closer to the soil either because of the decomposition of the lower part or because of external factors like management, rain, wind… In our column study, the upper mulch layer is assumed to feed the bottom layer because of the bottom layer degradation. [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] defined these two mulch compartments as:

𝐷𝑀 𝑚 (𝑡) = 𝐷𝑀 𝑚,𝑐 (𝑡) + 𝐷𝑀 𝑚,𝑛𝑐 (𝑡) (1)
where the 𝐷𝑀 𝑚,𝑐 and 𝐷𝑀 𝑚,𝑛𝑐 terms represent the mulch dry mass (kg m -2 ) that is in contact and not in contact with soil, respectively. The mulch residue mass that is decomposed in 𝐷𝑀 𝑚,𝑐 is replaced by a superficial layer, and this replenishment is regulated by an empirical factor.

𝐷𝑀 𝑚,𝑛𝑐 is set to an initial value that decreases exponentially with time and corresponds to an equivalent increase in 𝐷𝑀 𝑚,𝑐 as:

∆𝐷𝑀 𝑚,𝑐 (𝑡) = 𝛼 𝑓𝑒𝑒𝑑 𝐷𝑀 𝑚,𝑛𝑐 (𝑡)∆𝑡 (2)
where 𝛼 𝑓𝑒𝑒𝑑 (d -1 ) is the extinction coefficient of 𝐷𝑀 𝑚,𝑛𝑐 and describes the feeding rate of the decomposable mulch compartment by the non-decomposable mulch compartment.

Decomposition of the contact mulch compartment 𝐷𝑀 𝑚,𝑐 is simulated by the CANTIS submodel (Garnier et al., 2003) that divides 𝐷𝑀 𝑚,𝑐 organic matter into four pools, including readily decomposable material (RDM), hemicellulose (HEM), cellulose (CEL) and lignin (LIG).

CANTIS also considers two microbial compartments: one that decomposes the humified organic matter and the other that decomposes the fresh organic matter; in this case, the mulch is in contact with the soil. In order to decompose the organic matter of mulch generally poor in nitrogen like in most crop residues, nitrogen should be provided by the soil. We found in our previous study [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] that the depth of soil that provided the mineral nitrogen for microbial degradation was between 1 and 5 cm depending on the C:N of the residues.
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The CANTIS module was slightly modified to account for changes in mass and composition due to soluble carbon that leaches during rains. When feeding occurs, the composition of the new decomposable layer was calculated according to its own previous composition and the composition of the added organic matter coming from the non-decomposable layer. In the CANTIS module, decomposition rates obey first-order equations, with rates depending on water potential and temperature. Hence, water potential and temperature of the mulch contact layer (Mc) must be simulated. -Hdadi et al. (2003) implemented a pesticide module in PASTIS. This module considers pools of pesticide and its metabolites such as water soluble (P w , M w ), weakly or reversibly adsorbed (P ads , M ads ), and irreversible adsorbed or non-extractable residues, NER in the following (P NER , M NER ). Pesticide distribution between these compartments is described as a kinetic process (Shelton et al., 1997;Saffih-Hdadi et al., 2003). Pesticide degradation assumes co-metabolism. Pesticide of the soluble phase is degraded through a first-order kinetic equation and depends on the pesticide concentration in the soluble pool (P w ), the degradation coefficient (D rp ) and the microbial biomass (X) as:

Description of pesticide dynamic in PASTIS

Saffih

( 𝑑𝑃 w 𝑑𝑡 ) = -𝐷 rp 𝑋𝑃 w (3)
Biodegradation of pesticide is considered to be either complete or partial, resulting in the production of major metabolites. Pesticide degradation used the same limiting functions of temperature and humidity as those used for organic matter (Garnier et al., 2003). Metabolites are produced into a soluble phase, and their degradation and distribution between three pools are described similarly as for the parent pesticide (Table S1: Supplementary Material). The equations for the pesticide dynamics are presented in Table S1: Supplementary Material.

Description of the interactions between mulch and pesticide in PASTIS

In this study, a new version of the model was developed to simulate the impact of mulch on pesticide fate, by coupling the pesticide sub-model (Saffih-Hdadi et al., 2003) to the mulch submodel PASTIS [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF]. All pesticide pools (soluble, adsorbed, etc.) of mulch residues were distributed in the mulch layer that was in contact with soil and the upper mulch
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A N U S C R I P T layer (Figure 1). Pesticide degradation is assumed only in the first mulch layer, in contact with the soil. Pesticides in the upper layer can only be adsorbed but are not degraded because we assumed they are unreachable for the soil microorganisms. Other types of degradation may occur in the upper layer like photo degradation, but we assumed it was neglectable and it was not considered in the model. The same microbial biomass, as the one calculated by CANTIS for decomposing mulch, was also considered for pesticide degradation by co-metabolism (using measurement at initial time). When the decomposition of organic matter occurs, the microbial biomass increases and, therefore, the rate of pesticides degradation also. Indeed, some authors have shown that glyphosate biodegradation was performed co-metabolically and that the decomposition rate depends on the general activity of soil microorganisms (Gimsing et al., 2004). The results of [START_REF] Alletto | Sorption and mineralisation of S-metolachlor in soils from fields cultivated with different conservation tillage systems[END_REF] from incubation experiments of SMOC indicated also a probable degradation by unspecialized populations. In addition, the microbial biomass can also contribute to NER formation as described in [START_REF] Lashermes | Simulation of Organic Matter and Pollutant Evolution during Composting: The COP-Compost Model[END_REF].

Pesticide from the soluble pool of mulch (the contact and non-contact mulch layers) diffuses into rain water that transfers through the mulch. The process is described by the following equation:

𝑑𝐶 𝑑𝑡 = -𝐷 𝑝 𝐶 (4)
where C (g L -1 ) is the pesticide concentration and D p (day -1 ) is the diffusion coefficient of pesticide between the water of mulch and the rain water. This equation of diffusion is valid after the mulch reaches a certain level of humidity (i.e., S i (cm 3 cm -3 )), which is the saturation index of mulch from which diffusion of pesticides can occur. Pesticides emitted from mulch enter into the soil through the process of wash-off at each rainfall.
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Experimental set up

The detailed protocol of column experiments that were conducted to calibrate and test the model was previously reported in [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF]. A summary of the experimental protocol is presented here.

Soil and mulch sampling

The soil used in this study was sampled from the experimental site of INRA, near Versailles, France. Soil sampling was performed from 0-5 cm and 5-25 cm layers, and the soil was sieved (< 4 mm) in order to have better replicates between columns. Crop residues that were used as mulch were mature residues (consisting of leaves, stalks, and branches) of maize (Zea mays) and dolichos (Lablab dolichos) that were chopped into 2-3 cm-long pieces. Mulch from these residues was prepared with a calculated proportion of 63% maize (60% stems and 40% leaves) and 37% dolichos (87% stems and 13% leaves), which was observed in the field. 

M (w) M (ads) k 1m D rp k 2m k 2p F rbp Biodegradation P (NER) M (NER) k 1p F rcp F rbm F rcm D rm CO 2
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Experimental protocol (Aslam et al., 2015)

PVC cylinders (i.d. of 15.4 cm and height of 35 cm), with a small drainage outlet at their base, were filled with 25 cm of the soil that was sampled from two depths (0-5 and 5-25 cm).

The humidity of the soils was adjusted to pF 2.5 before their insertion into the columns. Mulch residues (14.1 g equivalent dry mass corresponding to a biomass of 7.6 t/ha) were pre-humected and placed homogenously on the soil surface. After mulch placement, the pesticide solution (10 mL) containing both S-metolachlor (0.193 gL -1 ) and glyphosate (0.240 gL -1 ) (corresponding to active ingredient doses of 1.29 kg glyphosate ha -1 and 1.04 kg S-metolachlor ha -1 ) was manually applied homogeneously at day 1. Columns were moved to the incubation room, where they were incubated at 20 °C in the dark for 84 days. To monitor pesticide dynamics, artificial rain (distilled water) was applied using rain simulators throughout the experiment. Two rainfall regimes were established on the basis of weather patterns of temperate and tropical climates. "Light and frequent rain" (LF-R) was applied two times per week at 6 mm hr -1 for 20 minutes (2 mm of water at each rainfall event), thus delivering a total of 16 mm of water per month. "Heavy and infrequent rain" (HI-R) was applied every two weeks at 20 mm hr -1 for 24 minutes (8 mm of water at each rainfall event), also delivering a total of 16 mm of water per month. The total amount of rain water applied in the two treatments was the same at the end of the experiment.

Soil columns were weighed before and after each rainfall event to calculate the amount of water lost through evaporation. A total of 24 rain events for frequent (LF-R) and only 6 rain events for infrequent (HI-R) treatment occurred with corresponding numbers of wetting and drying periods.

The first rain was applied at day 1, two hours after the application of pesticides. The applications of rain allowed us to obtain soil solutions and to determine the pesticide concentrations at the three depths of the columns. No leachate was observed at the bottoms of the columns because rain application at each rain event replaced the amount of water lost by evaporation without the addition of excess water. A total of 25 columns were incubated for destructive sampling and continuous sampling.

Three additional columns were also prepared for destructive sampling at day 1, just after the pesticide application. These columns did not receive any rainfall and were prepared to measure the amounts of pesticides that were initially intercepted by mulch residues and the amounts that reached the soil beneath. Columns in triplets were sacrificed for destructive sampling at 14, 42 and 84 days after the start of the experiment. At each sampling date, mulch
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residues were collected from the soil surface, and a sub-sample was analysed for pesticide molecules while the remaining mulch was oven-dried at 45 °C. The soil in the columns was sliced into three layers: top 0-5 cm, and bottom 5-15 cm, and 15-25 cm. Pesticide analyses were performed on soil sub-samples from each layer. The gravimetric water content of mulch residues and soil in each layer was also determined at the time of sampling. The total C and N contents of the soil and the recovered mulch residues were measured. Collected mulch residues were also characterized with biochemical fractionation (soluble, hemicelluloses, cellulose and lignin fractions). At 3 and 15 cm depths in the column, water potentials were measured with tensiometers, and volumetric water contents were measured with soil moisture sensors in order to monitor the water transport dynamics. Pesticides and their metabolites in the soil and mulch extracts were analysed. Experimental conditions for this modelling study are summarized in Table 1. 0.104 0.104

Modelling procedure

The modelling procedure consists of 3 steps (Figure 2): i) the determination of the input parameters for the biological and chemical transformation and for the transport module, ii) the
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Input parameters obtained from published laboratory experiments

Pastis modules were linked to inverse methods based on Levenberg-Marquadt algorithm. All the fittings of this section were carried out using this method.

a) Mulch decomposition parameters

Biological parameters for the decomposition of mulch and soil organic matter (Table S2) were taken from [START_REF] Iqbal | A new equation to simulate the contact between soil and maize residues of different sizes during their decomposition[END_REF]. The CANTIS sub-model was used after fitting the model to experimental data that were obtained and described in detail by [START_REF] Iqbal | A new equation to simulate the contact between soil and maize residues of different sizes during their decomposition[END_REF].

Decomposition of maize residues that were incorporated in the soil was monitored in the These data were fitted with the CANTIS model (Garnier et al., 2003) to calibrate six parameters using Levenberg-Marquadt algorithm.

b) Pesticide transformation parameters

Parameters of glyphosate were taken from [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF], who performed incubation experiments for mulch that was amended with 14 C-labelled glyphosate. Experimental data corresponding to the mineralized, soluble fractions and extractable and non-extractable residues were calibrated by coupling the mulch decomposition and pesticide degradation modules (see § 2.1.3). Dissipation parameters of the parent molecule and metabolites were obtained from the mulch compartment. In the soil, only the parent molecule parameters were estimated because of the low amounts of metabolites in the soil layer. Therefore, a total of 10 parameters for the mulch layer and 5 parameters for the soil layer were obtained using 16 experimental curves [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF].

Parameters for the S-metolachlor degradation and sorption were estimated from incubation experiments (Hatier, 2012) following the same protocol as used for glyphosate that is reported by [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF]. Briefly, PVC cylinders (5.6 cm i.d. and 6 cm h) containing soil and maize residues were incubated in the laboratory. After sampling, the soil was sieved at 5 mm and was stored in plastic bags at 4 °C before the incubation experiment. Maize residues were cut into small pieces with 1 cm dimensions. In each cylinder, soil was first placed at the bottom at 1.2 g cm -3 and at pF 2.5 and was covered by maize residues (2 g dry-equivalent). Samples were preincubated for 6 days before the application of S-metolachlor in order to allow for the adaptation of microorganisms to the incubation conditions. A solution 14 C-labelled S-metolachlor (2 mL) corresponding to an agronomic dose of 0.98 kg ha -1 was homogenously applied to the maize residues in each sample using a micropipette. Incubation was carried out in the dark at 28 °C for 84 days. Total carbon mineralization was quantified by analysing C-CO 2 colorimetrically using a continuous flow analyser (Skalar, Breda, The Netherlands). Samples, in triplets, were sacrificed at five days for destructive sampling (i.e., 0 d, 7 d, 22 d, 49 d and 84 d). For each sampling date, maize residues and soil at the immediate contact (0-1 cm) were sampled and stored separately for Comment citer ce document : Aslam, S., IQBAL, A., Lafolie, F., Recous, S., Benoit, P., Garnier, P. ( 2018). Mulch of plant residues at the soil surface impact the leaching and persistence of pesticides: A modelling study from soil columns. Journal of Contaminant Hydrology, 214, 54-64. , DOI : 10.1016/j.jconhyd.2018.05.008
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determining the S-metolachlor extractable and non-extractable residues. From each cylinder, 1 g of maize residue and 25 g of soil were sampled for sequential (single water and three methanol) extractions. After successive extractions, the radioactivity content in each soil and mulch sample corresponding to non-extractable 14 C residues was measured by combustion in a Sample Oxidizer 307 (Packard, Meriden, CT, USA), and the 14 CO 2 that evolved after combustion was measured by liquid scintillation counting. Moreover, mulch and soil extracts that had a sufficient radioactivity level were analysed by high-performance liquid chromatography (HPLC). Smetolachlor and its metabolites were identified in the maize mulch only (Hatier, 2012). Pesticide degradation in the mulch and soil layers was simulated according to [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF] for glyphosate dynamics. Figure S1: Supplementary Material shows simulations of S-metolachlor degradation and metabolite formation in the mulch layer. Estimated parameters of S-metolachlor sorption and the degradation kinetics in mulch and soil are also presented in Table 2. 

a. Initial and boundary conditions
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The PASTIS model was used for the 25-cm soil columns covered by mulch residues that were described in section 2.2.2. The depth was set to 0 at the soil-mulch interface and was designated the upper boundary. A flux-type boundary condition (Neuman-type) was used, and rainfall intensity and surface evaporation were set as the upper boundary conditions for water. At 25 cm depth, zero water flux without imposing any pressure head was set as the lower boundary condition. Temperature was fixed to 20 °C in the entire column. The equations of PASTIS were solved using the finite difference method with a node spacing of 0.5 cm and a time step between 0.001 and 360 s. Wash-off from mulch and transport down to 25 cm deep soil was simulated, and the 25 cm deep soil was divided into two layers because of soil sampling at different depths.

Simulation in the soil profile was made in two layers: 0-5 and 5-25 cm, which had bulk densities of 1.3 and 1.5 g/cm 3 , respectively. Mulch residues were 3 cm thick on the soil surface. Initial model inputs were derived from measurements that were made at the beginning of the experiment (i.e., at the day 1 sampling). The initial water condition was fixed to a constant volumetric water content θ = 0.355 m 3 m -3 for the two soil layers. S-metolachlor and glyphosate were applied in solution of 10 ml at 0.193 g L -1 and 0.24 g L -1 , respectively. The biochemical composition of mulch that was determined at d0 was used as the initial condition of the organic pool (RDM, HEM, CEL and LIG). The mulch contained 26.5%, 35.3%, 11.9% and 26.3% of RDM, HEM, CEL and LIG, respectively. The initial amount of zymogenous biomass C was estimated to be 25% of the total microbial biomass C as proposed (22%) by Garnier et al. (2003).

b. Calibration of hydraulic parameters of soil and mulch

We estimated the hydraulic parameters of mulch and soil from HI-R treatment using the experimental data for matric potentials and volumetric water contents registered at 3 and 15 cm depths and the gravimetric water content of the mulch. Data from the LF-R treatment were used to test the model with the estimated parameters. The estimated parameters of the hydraulic properties of soil that were described by Van Genuchten's model (van Genuchten, 1980) and were presented in Table S3 of Supplementary Material. Maximum water content, minimum water content and the density of mulch particles were adopted from Iqbal et al. (2013).
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c. Calibration of pesticide leaching parameters

Parameters related to pesticide wash-off were estimated in order to simulate the remaining pesticide in mulch after each rainfall event. These parameters, namely, the diffusion coefficient (D p ) and the saturation index (S i ), were first calibrated for the HI-R regime and for Smetolachlor. Optimization was done using the amount of available pesticide (in solution and weakly adsorbed) that was measured from mulch residues after each rain. These data were compared to the simulated fractions P w and P ads that were calculated by the model on the same days. After obtaining the parameter values, we tested them for the LF-R regime. Similarly, parameters were tested for the glyphosate molecule for the two rain regimes.

Model evaluation

The PASTIS model was tested with the HI-R treatment by using the estimated parameters of water flow (Table S3: Supplementary Material), mulch decomposition (Table 2) and pesticide dynamics (Table 3). We simulated pesticide dynamics in mulch and soil, and we tested the model in the LF-R regime conditions using the same estimated parameters. In addition, the Nash efficiency was used to assess the performance of the model as follows:

𝐸 𝑓 =                 n i i n i n i i i i o o s o o o 1 2 1 1 2 2 (5)
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where o i and s i are the observed and simulated values for a given variable, respectively, whereas o is the average of n observed values. For each pesticide molecule, efficiency coefficients were determined for the pesticide quantities that remained in the mulch and soil.

Sensitivity analysis

A one-at-a-time sensitivity analysis was conducted to test the model behaviour for the parameters and experimental conditions. The effect of individual changes of parameters related to pesticide wash-off (i.e., diffusion rate, D p , saturation index, S i and the time of the first rain after pesticide application), the mulch physical parameters (proportion of mulch in contact with soil, %Mc) and pesticide transformation in mulch (adsorption coefficient, k 1p , degradation coefficient, D rp , formation rate of NER, F rbp ) on simulated values of the output variables (NER, degraded and wash-off fractions) was performed for both pesticides (glyphosate and Smetolachlore) with an infrequent rainfall (HI-R) treatment. Each parameter was modified by a 20% increase and 20% decrease of its original value. Moreover, the effect of timing of the first rainfall was also tested on the same output variables by applying the first rain after 10 days instead of the first day. The sensitivity coefficient, σ, to each parameter was calculated as follows:

dt X X X t f t o o c f     0 % 20 1  (6)
where t f is the test duration (20 or 84 days), X c is the simulated value that is predicted by the model when the value of the parameter was changed from the default value by ± 20%, and X o is the simulated value that is predicted by the model with the default value of the parameter.

Results and Discussion

Modelling water flow in mulch and soil

The simulated water content of mulch residues (simulated using the parameters in Table 3) increased rapidly during rain applications and then decreased gradually during the evaporation Comment citer ce document : Aslam, S., IQBAL, A., Lafolie, F., Recous, S., Benoit, P., Garnier, P. ( 2018). Mulch of plant residues at the soil surface impact the leaching and persistence of pesticides: A modelling study from soil columns. Journal of Contaminant Hydrology, 214, 54-64. , DOI : 10.1016/j.jconhyd.2018.05.008
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A N U S C R I P T period. Mulch water contents were quite similar during all drying and wetting cycles for the frequent regime. [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF] reported an increase in the water retention of mulch during the experiment as decomposition proceeded, which they attributed to an increase in porosity due to cell wall degradation. In our study, the absence of an increase in water retention capacity of the mulch after rain application could be explained by a lower decomposition of residues at end of the experiment compared to the decomposition that was described by [START_REF] Coppens | Decomposition of mulched versus incorporated crop residues: Modelling with PASTIS clarifies interactions between residue quality and location[END_REF]. Mulch residues remained wetter in the case of the light and frequent rain regime (LF-R) when rains occurred every three days, and residues dried to a smaller extent because of the shorter evaporation period. In contrast, residues were always drier in the heavy and infrequent rain regime (HI-R). Because rains in this regime occurred every fourteen days, residues dried more during the longer period of evaporation. The model simulated the water dynamics of mulch well for the heavy and infrequent regime (Figure 3), with E f = 0.78. This is because the model was calibrated using the data from this treatment. However, the efficiency of model simulations was less satisfactory for the light and frequent regime (E f = 0.36). In soil, the simulated water contents were different for the two rain regimes (Fig. S2). In the infrequent regime (rains occurred every 14 day), we observed a greater dryness of soil during evaporation periods, especially in the top layer. In the frequent regime, columns were near saturation at all times, and there was no variation in water content and matric potential during the evaporation period. Frequent Rain

Modelling mulch decomposition

Simulated Observed
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Rainfall regime had a strong effect on mulch decomposition and on the subsequent quality of mulch organic matter [START_REF] Iqbal | Effects of rain regime and soil type on C and N dynamics in soil covered with mixed-species mulches[END_REF]. The organic carbon content of the mulch decreased during decomposition for the two rain treatments. However, it decreased more in the case of frequent rainfalls (LF-R) compared to infrequent rainfalls (HI-R) because of the more humid conditions at the soil-mulch interface due to smaller evaporation periods in the LF-R treatment compared to the HI-R treatment. PASTIS simulated the two different decomposition dynamics well, with efficiency coefficients of 0.16 and 0.85 (Table 5) for light and frequent and heavy and infrequent regimes, respectively. The evolution of mulch biochemical composition was also simulated with the Cantis model (the C/N module of PASTIS), which was calibrated using the parameters presented by [START_REF] Iqbal | A new equation to simulate the contact between soil and maize residues of different sizes during their decomposition[END_REF]. The model correctly simulated the global C massloss of mulch in the HI-R treatment but over-estimated the C loss in the LF-R treatment after 45 days (Figure 4). All pools (RDM, HEM, CEL and LIG) were better simulated for the HI-R treatment (with EF=0.85) compared to the LF-R treatment (with EF=0.16), especially the RDM and cellulosic pools of LF-R that were underestimated by the model for the last date (day 84).

Because the model was calibrated with HI-R and tested with LF-R, the quality of the prediction was better with HI-R. The soluble carbon that is contained in the RDM fraction may be submitted to a too high leaching by the model. 

Modelling pesticide dynamics in mulch

The pesticide concentrations in the mulch and soil layers were simulated. The model correctly simulated these dynamics while using the parameters of degradation and sorption that were estimated through independent incubations. Technical details were reported by [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF] for glyphosate and are presented in Figure S1 for s-metolachlor. Figure 5 shows the comparison of pesticide quantities (sum of soluble and adsorbed pools) that was measured experimentally at each destructive sampling phase with pesticide quantities simulated by the model. We simulated these dynamics by estimating parameters related to pesticide wash-off. The water diffusion (D p ) and saturation index (S i ) were calibrated using the heavy and infrequent rain regime (HI-R). The optimal value for the simulation was 1.2 for D p (day -1 ) and 0.58 cm 3 cm -3 for S i . After achieving good agreement between the simulated and observed values in the infrequent rain regime (HI-R), we evaluated the simulation for the frequent rain regime (LF-R). We found that the amount of pesticides mainly decreased after each rainfall event and remained stable between rains. We observed a higher decrease of pesticide amounts after the rains of the HI-R treatments compared to the LF_R treatments, where the decrease was more progressive. The difference between treatments was due to pesticide leaching by the rain. S-metolachlor in mulch, however, was better simulated than glyphosate in mulch with greater efficiency coefficients for S-metolachlor (E f = 96 and 0.7 for HI-R and LF-R, respectively) than for glyphosate (E f = 0.53 and for HI-R and LF-R, respectively) (Table 5). The amount of glyphosate remaining in the mulch was underestimated by the model at the end of the experiment. [START_REF] Aslam | Adsorption and desorption behavior of selected pesticides as influenced by decomposition of maize mulch[END_REF] found that desorption of glyphosate from fresh mulch residues was small and increased with the degree of decomposition. We may have overestimated the desorption rate and it is possible that some portion of the applied glyphosate was trapped by vegetal cell walls and could not be leached downward as suggested by [START_REF] Rampoldi | The Fate of Glyphosate in Crop Residues[END_REF].
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Modelling pesticide dynamics in soil columns

Pesticide quantities were also simulated in soils using the estimated parameters from independent incubations (Table 3). S-metolachlor was better simulated than glyphosate and the efficiency coefficients of S-metolachlor were satisfactory for two rain treatments (Table 4). Specifically, the model was able to simulate the S-metolachlor in the soil layer below the mulch well (Fig. 6).

For glyphosate, analytical difficulties for accurately measuring the glyphosate concentration values in soil and mulch appeared. Due to analytical difficulties, we suspect that glyphosate was not totally recovered from soil, as was previously assumed by [START_REF] Aslam | Effect of rainfall regimes and mulch decomposition on the dissipation and leaching of S-metolachlor and glyphosate: a soil column experiment[END_REF]. At d 1, almost half of the applied quantity (55%) was recovered from the mulch, and 45% entered the soil layer due to glyphosate wash-off (Table 5). However, we could only measure less than 6% of the applied glyphosate in the soil. The poor mass-balance of glyphosate resulted in bad simulations and a poor efficiency coefficient (Figure 6, Table 4). However, glyphosate was rapidly degraded
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in soil and smaller glyphosate quantities were recovered at 14 d sampling, and almost no glyphosate was measured in soil at 42 and 84 d of sampling because of its faster degradation rates that were estimated from incubation. With the model, we simulated greater amount of glyphosate in soil just after the rain with the infrequent regime compare to the frequent regime that was attributed to greater losses from the mulch by wash-off. The simulated concentrations of S-metolachlor and glyphosate were very different in terms of kinetics (Figure 6). Indeed the desorption rate of glyphosate (Table 2) was much higher than that of S-metolachlor, it was therefore more easily leached by water at each rain event.

S-metolachlore Glyphosate

Figure 6. Comparison between simulated and measured S-metolachlor and glyphosate quantities in 0-5 cm soil layers.

Modelling Pesticide wash off and mass balance

The model simulations suggested that the rain regime affected the pesticide losses through washoff (Figure 7). This amount would have been difficult to measure experimentally. As expected, wash-off under both rain regimes was greater after rain application in the early days of the experiment because the effect of rainfall intensity on pesticide wash-off is considered to be important after the first rain application (Granovsky et al., 1994). The cumulative loss of
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A N U S C R I P T pesticides through wash-off was greater for the infrequent rain regime (Figure 7) for both molecules. The frequent rain regime with a lighter rain intensity resulted in a smaller pesticide wash-off from the mulch. The model showed that the pesticides did not leach in the same way.

We observed more leaching of glyphosate than S-metolachlor. This difference can be related to the adsorption characteristics of the two molecules on the mulch residues, in which there is a greater desorption of glyphosate compared to S-metolachlor (Table 2). The model predicted pesticide partitioning between leaching (45-46%) and mulch interception (54-55%) on day 1 (Table 5) for both pesticides. Despite the difference in their adsorptiondesorption parameters (Table 2), the molecules were equally distributed at day 1 with the model after their application at the surface. The absence of differences could be explained i) by the fact that the pesticides concentration were calculated (and measured) just after their application resulting in similar diffusion into mulch and wash-off and ii) because they just had the time to adsorb with similar adsorption kinetic parameters (Table 2) (even if their desorption rates were different, they did not have the time to desorb).

The model also simulated the fate at day 84 of the remaining pesticide in mulch residues at d1 (leaching, adsorption, degradation and NER formation) (Table 5). The simulated distribution of the remaining pesticide at day 84 showed that glyphosate was more degraded than Smetolachlor, as estimated from incubation experiments. Faster glyphosate degradation has been reported by many studies (e.g., [START_REF] Accinelli | Effects of incorporated corn residues on glyphosate mineralization and sorption in soil[END_REF] 2) explained the greater amount that was retained in mulch compared to glyphosate, which was more easily desorbed. According to the assumption of our model, degradation occurs in the soluble pool, so greater glyphosate degradation was expected.

This simulated result agrees with previous results that were reported by [START_REF] Aslam | Adsorption and desorption behavior of selected pesticides as influenced by decomposition of maize mulch[END_REF], who demonstrated greater adsorption capacities of mulch residues for the non-ionic molecule Smetolachlor compared to glyphosate, which is a highly soluble molecule. The adsorption parameter for glyphosate that was estimated by [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF] was also smaller compared to S-metolachlor (Table 3). In the similar way, the formation of NER was slightly greater for smetolachlor than for glyphosate, as already observed during incubations compared to the results of [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF] and Figure S1. However, we observed that the dynamics of pesticide degradation and NER formation were different from those that were estimated in the incubation experiments. As a result, the model simulated comparatively less glyphosate degradation in the mulch than was measured in the static incubation experiment, as reported by [START_REF] Aslam | Modelling the impacts of maize decomposition on glyphosate dynamics in mulch[END_REF] for glyphosate and as shown in Figure S1 for S-metolachlor. We assume that pesticide wash-off by rainfall application could have impacted these dynamics. In addition, another parameter used in the model that could have greatly impacted degradation, and NER formation was the proportion of the mulch mass that was in contact with the soil. In our model, we assumed that microorganisms fed only on plant residues that were in immediate contact with the soil surface.

We optimized a proportion of 20% of mulch mass being in contact with soil surface while modelling mulch decomposition in our columns. That means that 20% of the pesticide amount that was retained by the mulch layer was available for biodegradation and NER formation in the mulch. This interpretation was also supported by results of the sensitivity analyses.
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Sensitivity analysis of the model to mulch parameters

The results of the sensitivity analysis of the model to input parameters and initial conditions are presented in Figure 8 for the following pesticide output: washed-off, NERs and degraded quantities present in mulch residues at two times (days 20 and 84). A sensitivity analysis was performed for both pesticide molecules with infrequent rain (HI-R) treatment. The parameters are linked to mulch characteristics, the rain application and to the pesticide transformation in mulch.

The most sensitive parameter for all output variables was the mulch saturation index (S i ) related to the starting point for pesticide diffusion from mulch to rain water (Eq. 4). This parameter affected not only wash-off but also the NER and degraded pools. The time of the first rainfall (R 1 ) was the second most sensitive parameter; it affected mainly wash-off and degradation and less NER formation. Timing of the first rain is widely reported to affect pesticide dynamics in soils (e.g., Granovsky et al., 1994 ;Lindhal et al., 2005). [START_REF] Dusek | Effect of plastic mulch on water flow and herbicide transport in soil cultivated with pineapple crop: A modeling study[END_REF] evaluated the impact of mulch on water dynamics and the bromacil concentration in the soil on a pineapple plantation using models. They also found that rainfall intensity played a major role in bromacil leaching in soil. The diffusion coefficient between the water of mulch and the rain water D p (Eq. 4) was the third most sensitive parameter, but only for pesticide wash-off. For the other two
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A N U S C R I P T outputs (NERs and degraded pools), the third most sensitive parameter was the proportion of mulch in contact with the soil (%Mc) that contained an amount of pesticide that was potentially available for microbial transformations.

In our study, the parameters that were directly linked to the transformation of pesticides in mulch (e.g., the parameters of degradation, adsorption and formation of NER) did not significantly impact the outputs of the model. The NER compartment was more sensitive to these parameters than the two other outputs. More recently, [START_REF] Queyrel | Pesticide fate modeling in soils with the crop model STICS: Feasibility for assessment of agricultural practices[END_REF] tested a crop model, STICS, after adding a pesticide module to study different agricultural management practices on pesticide dynamics in soil. Their STICS-Pest model simulated the dynamics of three pesticides. They found that pesticide flux in soil was more sensitive to degradation and adsorption parameters, but they did investigate the pesticides in mulch.

We tested the model sensitivity for two durations (i.e., short term (20 days) and long term (84 days, end of experiment)). Despite the fact that the pesticide concentrations in the different compartments were quite different, between 20 and 84 days (Fig 5,6,7), the sensitivity to the parameters was quite close between these two days except for the parameter R1 (Figure 8). The sensitivity of the model outputs to parameters was quite similar for both pesticide molecules as shown in figure 8.

Comment citer ce document : Aslam, S., IQBAL, A., Lafolie, F., Recous, S., Benoit, P., Garnier, P. ( 2018 ), S i : the saturation index of mulch from which diffusion of the pesticide can occur (cm 3 cm -3 ), R 1 : time between the pesticide application and the first rainfall (d -1 ), %MC: initial proportion of mulch dry mass in soil contact.
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Conclusions

To our knowledge, very few studies have been done to simulate pesticide dissipation in mulch residues and the underlying soil. We proposed a new model for predicting pesticide dissipation in mulch and soil that combined "pesticide" and "mulch" modules. The model accounted for both transport and biological processes involved in pesticide fate during mulch decomposition.

The study was conducted to test the model in soil columns under different rainfall regimes. The pesticide module in PASTIS was satisfactory for simulating the dynamics of two different types of herbicides. Parameters estimated from laboratory incubations under static conditions were useful for predicting pesticide transformation in soil columns. Satisfactory simulation results indicated that pesticide wash-off is dependent on pesticide characteristics (39-56% for smetolachlor and 45-57% for glyphosate). Simulations have also shown the effects of different rainfall patterns on pesticide wash-off from mulch residues, with higher leaching for high and infrequent intensity compare to light and frequent intensity for both pesticides (56% versus 39% for s-metolachlor and 57% versus 45% for glyphosate). From the parameter sensitivity analysis, the two parameters that were linked to diffusion between rain water and mulch water were among the most sensitive parameters and affected the model outputs. In addition, the time of the first rainfall after pesticide application greatly affected pesticide leaching and dissipation. Great attention should be paid to measure this variable in future studies in order to accurately evaluate the amount of pesticide that leaves the sub-surface and potentially contaminates the groundwater in conservation agriculture.
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Highlights  A new model of pesticide interception by mulch of crop residues is presented  The model simulates about 55% of pesticide retention in mulch after the first rain  Between 39% and 57% of remaining pesticides leach below the mulch afterwards  Pesticide wash-off is greater for high and infrequent rain than for light and frequent rain  Glyphosate is more degraded than s -metolachlor in mulch

AFigure 1 .

 1 Figure 1. Schematic diagram of the pesticide module in mulch. Pesticide compartments of soluble (w), adsorbed (ads) and non-extractable residues (NER) of the parent molecule (P) and metabolite (M) are represented. The soluble compartment diffuses in rain water and can leach into soil below the mulch.

  A C C E P T E D M A N U S C R I P Ttesting of the model for the dynamics of pesticides and iii) a sensitivity analysis of the model for the key parameters that describe the leaching of pesticides from mulch.

Figure 2 .

 2 Figure 2. Schematic diagram of the modelling procedure used in this study.
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 3 Figure 3. Simulations of water dynamics in mulch residues for the two rain regimes.

Figure 4 .

 4 Figure 4. Comparison between experimental data and simulations of the evolution of the biochemical composition of mulch for the two rain regimes (HI-R and LF-R).
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AFigure 5 .

 5 Figure 5. Remaining pesticide amounts in mulch residues. Solid lines show simulated values (sum of soluble and adsorbed fractions).

Figure 7 .

 7 Figure 7. Cumulative pesticide wash-off from mulch obtained from the model simulations. Symbols HI-R and LF-R represent heavy and infrequent and light and frequent rain regimes, respectively.
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 8 Figure 8. Sensitivity coefficients of the PASTIS to model parameters in the HI-R treatment. Histograms show means ± SD. k 1p : adsorption rate of the parent molecule (d -1 ), D rp : degradation rate of the parent molecule (d -1 ), F rbp : NER formation rate from the parent molecule by biological activity (d -1 ), D p : coefficient of diffusion from mulch to rain water(d -1), S i : the saturation index of mulch from which diffusion of the pesticide can occur (cm 3 cm -3 ), R 1 : time between the pesticide application and the first rainfall (d -1 ), %MC: initial proportion of mulch dry mass in soil contact.
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Table 1 .

 1 Experimental conditions for the two rainfall treatments.

		Light and	Heavy and
	Description of experimental conditions	Frequent	Infrequent
		Rainfall	Rainfall
	Temperature/°C	20	20
	Duration of incubation experiment/days	84	84
	Number of rainfall events	24	6
	Intensity of rain applied/mm hr -1	6	20
	Amount of rain water applied at each event/mm	2	8
	Total amount of rainwater applied/mm	48	48
	Interval between two rainfall events/days	3-4	14
	Time of the first rain after pesticide application/h	2	2
	Amount of soil/kg column -1	6.8	6.8
	Amount of mulch residues added/g m -2	758	758
	Mulch thickness/cm	3	3
	Amount of C added by residues/g column -1	6.2	6.2
	Amount of N added by residues/g column -1	0.104	0.104
	Glyphosate applied directly on mulch/g m -2	0.129	0.129
	S-metolachlor applied directly on mulch/g m -2		

Table 2 .

 2 Degradation and adsorption parameters for the parent pesticide and metabolites in mulch residues and soil.

	Layer		Parameters	Glyphosate † S-metolachlor
		k 1p (d -1 ) Adsorption rate of parent molecule	0.0630	0.0630
		k 2p (d -1 ) Desorption rate of parent molecule	0.2142	0.0790
		k 1m (d -1 ) Adsorption rate of metabolite	0.0011	0.0200
		k 2m (d -1 ) Desorption rate of metabolite	0.0018	0.0270
		D rp (d -1 ) Degradation rate of parent molecule	0.0300	0.0100
	Mulch	D m (d -1 ) Degradation rate of metabolites	0.0600	0.0020
		F rbp (d -1 )	NER formation rate from parent molecule (biological activity)	0.0200	0.0010
		F rcp (d -1 )	NER formation rate from parent molecule (chemical reactivity)	0.0000	0.0000
		F rbm (d -1 ) NER formation rate from metabolite (biological activity)	0.0035	0.0001
		F rcm (d -1 ) NER formation rate from metabolite (chemical reactivity) k 1 (d -1 ) Adsorption rate of pesticide	0.0000 0.0600	0.0000 0.0340
	Soil	k 2 (d -1 ) F rb (d -1 )	Desorption rate of pesticide Non-extractable residue formation rate	0.0040 0.0004	0.0350 0.0120
		F rc (d -1 ) D r (d -1 )	Non-extractable residue de-formation rate Degradation rate of parent molecule	0.0000 0.1200	0.0000 0.0015
	† Aslam et al. (2014)		
	2.3.				

2 Input parameters obtained from the calibration of the column experiments

  

Table 3 .

 3 Physical parameters of the Mulch module of the PASTIS Model.

	Symbols	Description of model parameters	Values	Units
	%MC	Initial proportion of mulch dry mass in soil contact	20 (1)	%
	α feed	Mulch feeding rate	0.01 (1)	d -1
	θ max	Maximal volumetric water content of mulch particles	0.42 (2)	cm 3 cm -3
	θ min	Residual volumetric water content of mulch particles	0.03 (2)	cm 3 cm -3
	α	Mulch propensity to water recharge	2 (1)	
	Z m,zyb	Depth for available N for mulch decomposition	5 (1)	cm
	𝜖	Coefficient of water evaporation	1.8 (1)	
	B nc			

Table 4 .

 4 Optimal value of statistical performance (efficiency coefficient) of the calibrated model.

		Heavy and Infrequent Rainfall	Light and Frequent Rainfall
	θ mulch	0.78		0.36	
	Mulch C	0.85		0.16	
		S-metolachlor	Glyphosate	S-metolachlor	Glyphosate
	Pesticide mulch	0.96	0.53	0.7	0.5
	Pesticide soil	0.57	-0.66	0.51	-0.66

Table 5 .

 5 Simulated mass-balance of pesticides (in %) in the soil column at day 1 and fate at day 84 of intercepted pesticides in mulch residues at day 1

		S-metolachlore		Glyphosate	
		HI-R	LF-R	HI-R	LF-R
		Percentage of pesticide in the soil column at time day 1
	Intercepted by Mulch*	54%		55%	
	Leached below mulch	46%		45%	
		Fate at day 84 of pesticide intercepted by the mulch at time day 1
	Leached	56%	39%	57%	45%
	Degraded	17%	37%	37%	45%
	NER	4%	13%	3%	4%
	soluble	2%	1%	4%	5%
	adsorbed	21%	10%	1%	1%

*Present in mulch as soluble, adsorbed or NER fractions
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