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Introduction

Soil can contain a large number of potential toxic elements such as metal(loid)s, at low concentrations, provided by the natural geochemical background. However, the intensification of human activities such as mining, smelting, electroplating and the use of pesticides and fertilizers in agriculture has resulted in a drastic increase in soil metal(loid) concentrations, leading to soil contamination [START_REF] Hockmann | Antimony retention and release from drained and waterlogged shooting range soil under field conditions[END_REF]. In Europe, these metal(loid) polluted soils encompass several million hectares, accounting for about 37.3% of the total contaminated surface (EEA, 2014).

Metal(loid)s can be divided in two groups: essential elements (micronutrients) and nonessential elements. Indeed, some of them, like arsenic (As), have no known biological function [START_REF] Farooq | Arsenic toxicity in plants: Cellular and molecular mechanisms of its transport and metabolism[END_REF]. Arsenic is a highly toxic element and has been listed as a priority pollutant by the United States Environmental Protection Agency [START_REF] Gàl | Bioavailability of arsenic and antimony in soils from an abandoned mining area, Glendinning (SW Scotland)[END_REF]USEPA, 2015). Arsenic compounds have been recognized as group 1 carcinogens by the International Agency for Research on Cancer [START_REF] Jomova | Arsenic: toxicity, oxidative stress and human disease[END_REF]. The current standard for the maximum contaminant level of arsenic in drinking water recommended by the World Health Organization is 10 µg.L -1 and, according to the United States Environmental Protection Agency, the permissible limit of arsenic in soil is 24 mg.kg -1 [START_REF] Singh | Arsenic contamination, consequences and remediation techniques: A review[END_REF]. The toxicity, behaviour and bioavailability of arsenic in the environment strongly depends on its speciation and the environmental conditions. Indeed, arsenic can be strongly retained on the soil [START_REF] Flynn | Antimony bioavailability in mine soils[END_REF] but the extent of sorption is influenced by soil pH and redox potential, which then determines the mobile and bioavailable fractions, and the extent of any uptake in plants and systemic adsorption in bio-organisms and humans [START_REF] Wilson | Food crop accumulation and bioavailability assessment for antimony (Sb) compared with arsenic (As) in contaminated soils[END_REF]. Arsenic is a major issue for both the environment and the human health [START_REF] Ali | Arsenite removal from water by electroacoagulation on zinczinc and copper-copper electrodes[END_REF]. It can release into the aquatic environments by natural processes such as dissolution of minerals by weathering, microbial activity, and complexation with natural organic materials [START_REF] Fang | Development of an anion imprinted polymer for high and selective removal of arsenite from wastewater[END_REF]. In addition, anthropogenic activities, including industrial mining and metallurgical industries, combustion of fossil fuels, use of arsenic pesticides, herbicides, and crop desiccants, can result in arsenic contamination in soils and surface water [START_REF] Hering | Arsenic removal from drinking water: experiences with technologies and constraints in practice[END_REF]. Arsenic soil contamination presents multiple risks for the environment: it reduces soil fertility and ecosystemic functions as well as biodiversity. In addition, contaminated soils often lack of vegetation and therefore are subjected to wind erosion and water leaching, endangering the surrounding non-contaminated environments [START_REF] Puga | Leaching and fractionation of heavy metals in mining soils amended with biochar[END_REF]. Moreover, arsenic can pass into the food chain and cause harmful effects to human health. Indeed, it is classified as neurotoxic, carcinogen and mutagen [START_REF] Mandal | Arsenic round the world: a review[END_REF].

Consequently, the remediation of arsenic polluted sites has become an important societal objective. Physico-chemical strategies to remediate contaminated soils have been used for a long time, especially to minimize the production, emission, and dispersion of pollutants from mine sites. The physico-chemical remediation technologies in soil include soil washing, electrokinetic remediation, chemical oxidation, nanomaterials remediation, electro-dialysis, leaching, stabilization, and land-filling. All these methods may be efficient in the recovery of metal(loid) contaminated sites; nevertheless, they are generally expensive due to the cost of off-site residual disposal, and may lead to other environmental problems stemming from the chemical agents added in the processes [START_REF] Tabasi | Phytoextraction-based process of metal absorption from soil in mining areas (tailing dams) by Medicago sativa L. (Alfalfa) (Case study: Sarcheshmeh porphyry copper mine, SE of Iran)[END_REF][START_REF] Ye | Biological technologies for the remediation of co-contaminated soil[END_REF][START_REF] Xu | Remediation of heavy metal contaminated soil by asymmetrical alternating current electrochemistry[END_REF][START_REF] Zubair | Rhizobacteria and phytoremediation of heavy metals[END_REF]. So, these conventional methods have many limitations: they affect the native soil flora and fauna, often irreversibly damage the soil properties and induce secondary pollutions. An attractive alternative is phytoremediation, an environment-friendly green technology that gained its popularity over the years for its success and lower cost compared to conventional techniques. The specific definitions of phytoremediation are various; however the basic definition involves growing of plants on a contaminated matrix with the intentions of removing, transforming or stabilizing environmental contaminants [START_REF] Sigua | Phytoremediation: A green technology to remove environmental pollutants[END_REF]. Indeed, plants can accumulate metal(loid)s in their roots and/or aerial parts, depending on the strategy, i.e. phytostabilization or phytoextraction, respectively. When metal(loid) soil concentrations are very high, phytoextraction will take decades and poses the problem of metal(loid)s returning to the ground when leaves and branches are shed, or would require the harvest and proper treatment of the contaminated biomass. For this reason, phytostabilization, which strongly constrains pollutants in the soil and in the plant root system with limited translocation to the harvestable parts, is usually chosen over phytoextraction, especially when the pollutants have no economic interest for recovery (phytomining). To do so, plants must have an extended and abundant root system to explore a great soil volume, retain the contaminants in the roots or on the root surface and translocate very low amounts of metal(loid)s to the shoots [START_REF] Laghlimi | Phytoremediation mechanisms of heavy metal contaminated soils: a review[END_REF].

Among plants that can be used, Salicaceae (willows and poplars) are well known as phytostabilizers [START_REF] Evlard | Physiological and Proteomic Responses of Different Willow Clones (Salix fragilis X alba) Exposed to Dredged Sediment Contaminated by Heavy Metals[END_REF]. In particular, [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF] showed that both Salix purpurea L. and Salix viminalis L. were able to develop a root system and produce an aboveground biomass when growing on a multi-contaminated soil (As, Pb and Sb). Similarly, [START_REF] Lebrun | Eco-restoration of a mine technosol according to biochar particle size and dose application: study of soil physico-chemical properties and phytostabilization capacities of Salix viminalis[END_REF] found that S. viminalis had a good growth on a As and Pb highly contaminated mine site and showed a metal(loid) accumulation in roots. Many studies (Dos Santos [START_REF] Santos Utmazian | Cadmium and zinc accumulation in willow and poplar species grown on polluted soils[END_REF][START_REF] Guerra | Phytoremediation of heavy metals using poplars (Populus Spp.): A glimpse of the plant responses to Copper, Cadmium and Zinc stress[END_REF][START_REF] Hussain | Arsenic tolerance and phytoremediation potential of Conocarpus erectus L. and Populus deltoides L[END_REF][START_REF] Kacálková | Chromium, Nickel, Cadmium, and Lead Accumulation in Maize, Sunflower, Willow, and Poplar[END_REF][START_REF] Migeon | Hydroponic Screening of Poplar for Trace Element Tolerance and Accumulation[END_REF] found that various species and clones of poplar were highly tolerant to metal(loid)s (As, Cd, Cu, Ni, Pb, Zn). Indeed, it was found that Populus x euramericana clones have the potential to be used for plantations in Cu and Zn contaminated soils [START_REF] Borghi | Responses of Populus × euramericana (P. deltoides × P. nigra) clone Adda to increasing copper concentrations[END_REF][START_REF] Baccio | Responses of Populus deltoides × Populus nigra (Populus × euramericana) clone I-214 to high zinc concentrations[END_REF]. In detail, [START_REF] Borghi | Responses of Populus × euramericana (P. deltoides × P. nigra) clone Adda to increasing copper concentrations[END_REF] found that plants of a Populus x euramericana clone treated with 20 µM of Cu did not show any decrease in growth and had a relatively limited Cu translocation to the aerial part, most of Cu being retained in the roots. Furthermore, Di Baccio et al. (2007) showed that Populus x euramericana clone I-214 had fast growth rates and high biomass productions when grown on contaminated soils harbouring from 100 to 1000 µM extractable Zn. Thus, they concluded that this clone had the potential to be used for the phytoremediation of Zn polluted soils.

However, the poor soil physico-chemical properties (low nutrient content, extreme pH) associated to high soil metal(loid) concentrations prevent soil vegetation. For these reasons, assisted phytoremediation, which consists in applying soil amendments to ameliorate soil conditions and thus plant growth, is often required. Inorganic or organic amendments can be used in order to allow plant growth. One of these organic amendments, which has received attention over the last few years, is biochar.

Biochar is obtained from the pyrolysis (e.g., 400-700 °C) of various biomasses such as manure, agricultural residues, bamboos, tree wastes and biosolids [START_REF] Sun | Impact of Biochar on the Bioremediation and Phytoremediation of Heavy Metal(loid)s in Soil[END_REF] under minimal oxygen supply [START_REF] Anawar | Biochar: An Emerging Panacea for Remediation of Soil Contaminants from Mining, Industry and Sewage Wastes[END_REF]. Although the physiochemical properties of biochar vary significantly with feedstock and pyrolysis conditions, biochar is a porous and carboneous product generally characterized by a large surface area, a low density, a high cation exchange capacity and an alkaline pH [START_REF] Paz-Ferreiro | Use of phytoremediation and biochar to remediate heavy metal polluted soils: a review[END_REF]. It has been previously used to improve soil physical, chemical and biological properties, ameliorating plant production [START_REF] Prendergast-Miller | Biochar-root interactions are mediated by biochar nutrient content and impacts on soil nutrient availability[END_REF]. Additionally, recent studies demonstrated the ability of biochar to reduce the negative effects of metal(loid)s present in soils due to its sorption capacity and its effects on soil properties [START_REF] Houben | Mobility, bioavailability and pH-dependent leaching of cadmium, zinc and lead in a contaminated soil amended with biochar[END_REF].

But, it should be noted that arsenic bioavailability in soils can increase to various extent upon the application of biochar, with higher arsenic concentrations in soil pore water, probably due to the rise in soil pH by biochar addition [START_REF] Hartley | Arsenic mobility in brownfield soils amended with green waste compost or biochar and planted with Miscanthus[END_REF][START_REF] Namgay | Influence of biochar application to soil on the availability of As, Cd, Cu, Pb, and Zn to maize (Zea mays L.)[END_REF]. [START_REF] Beesley | Effects of biochar and greenwaste compost amendments on mobility, bioavailability and toxicity of inorganic and organic contaminants in a multi-element polluted soil[END_REF] led a 60 day-field experiment on a multi-contaminated soil (As, Cd, Cu, Pb and Zn) sourced from a site located near a manufacturing industry. In this study, 200 mL of hardwood-derived biochar were added to 400 mL of contaminated soil, which induced a 30fold increase in the soil pore water As concentrations. This result highlighted the potential risk of arsenic mobilization upon biochar application to arsenic-containing soils. To effectively immobilize arsenic upon the application of biochar, iron sulphate can be employed considering its high affinity to arsenic [START_REF] Hartley | Remediation of arsenic contaminated soils by iron-oxide application, evaluated in terms of plant productivity, arsenic and phytotoxic metal uptake[END_REF]. Iron-based amendments, such as iron grit or iron sulphate, can decrease As mobility and bioavailability through adsorption or surface precipitation mechanisms [START_REF] Komárek | Chemical stabilization of metals and arsenic in contaminated soils using oxides-A review[END_REF][START_REF] Lebrun | Amending an As/Pb contaminated soil with biochar, compostand iron grit: effect on Salix viminalis growth, root proteome profiles and metal(loid) accumulation indexes[END_REF]. Indeed, iron sulphate is essential to mitigate arsenic toxicity and hence facilitate plant survival and development [START_REF] Hartley | Arsenic mobility in brownfield soils amended with green waste compost or biochar and planted with Miscanthus[END_REF][START_REF] Warren | Field trials to assess the uptake of arsenic by vegetables from contaminated soils and soil remediation with iron oxides[END_REF]. Therefore, the combination of biochar and iron sulphate can be a possible strategy to immobilize arsenic while improving soil fertility.

In order to study the above mentioned positive abilities of biochar, various experiments have been performed in laboratory and in field. Indeed, many phytoremediation studies have been conducted under laboratory conditions to evaluate biochar effects on the metal(loid) (im)mobilization in contaminated sites [START_REF] Beesley | Effects of biochar and greenwaste compost amendments on mobility, bioavailability and toxicity of inorganic and organic contaminants in a multi-element polluted soil[END_REF][START_REF] Beesley | Biochar addition to an arsenic contaminated soil increases arsenic concentrations in the pore water but reduces uptake to tomato plants (Solanum lycopersicum L.)[END_REF][START_REF] Houben | Mobility, bioavailability and pH-dependent leaching of cadmium, zinc and lead in a contaminated soil amended with biochar[END_REF][START_REF] Ibrahim | Biochar effects on metal bioaccumulation and arsenic speciation in alfalfa (Medicago sativa L.) grown in contaminated soil[END_REF][START_REF] Lebrun | Effect of biochar amendments on As and Pb mobility and phytoavailability in contaminated mine technosols phytoremediated by Salix[END_REF]. For all such studies, a homogeneous mixture of polluted soil and biochar has been used. On the other hand, research have been done in field to assess biochar effect on metal(loid) stabilization and accumulation by plants in contaminated sites [START_REF] Bian | Biochar soil amendment as a solution to prevent Cd-tainted rice from China: Results from a cross-site field experiment[END_REF][START_REF] Cui | Biochar amendment greatly reduces rice Cd uptake in a contaminated paddy soil: a two-year field experiment[END_REF][START_REF] Zhang | Change in net global warming potential of a rice-wheat cropping system with biochar soil amendment in a rice paddy from China[END_REF]. In these research, biochar has been applied only on the upper layer of polluted sites, which can lead to different outcomes. For instance, [START_REF] Rees | Root development of non-accumulating and hyperaccumulating plants in metal-contaminated soils amended with biochar[END_REF] conducted plant growth experiments in rhizoboxes in order to monitor the development of roots in two contaminated soils amended with biochar. In this study, biochar was introduced either homogeneously in the whole soil profile or heterogeneously and localized in specific zones to reveal a potential tropism of roots toward biochar. Indeed, a phenomenon of root proliferation towards biochar-amended zones on the heterogeneous profiles of the soil was seen. [START_REF] Edenborn | Influence of biochar application methods on the phytostabilization of a hydrophobic soil contaminated with lead and acid tar[END_REF] performed a pot experiment on the phytostabilization of a hydrophobic industrial soil contaminated with lead and acid tar. In detail, they studied the potential of adding 10% and 20% (vol/vol) biochar using three different application methods: incorporation into the soil, top-dressing on the surface, and layering within the soil. In this research, plant growth was improved in all cases where biochar was incorporated by mixing or adding as a top-dressing to the contaminated soil; while it was depressed in pots in which biochar was placed in alternating layers. However, these two studies were mainly reported under controlled conditions; thus studies should be conducted under field environmental conditions in order to assess the potential of different biochar application methods.

In order to remediate a former mine soil, highly contaminated by As, an open-top mesocosm experiment under field condition of assisted phytoremediation was set-up. The goals of this study were to investigate the effect of two different modalities of biochar amendment application (biochar added on all the soil surface and biochar addition on the soil upper layer) combined with iron sulphate addition on: i) the physico-chemical properties of the contaminated soil and ii) the growth and metal(loid) uptake of three Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis).

Materials and methods

Site description

The study focused on a technosol derived from a former tin mine extraction site located in Abbaretz (Loire-Atlantique, Pays de la Loire, France). It has been disused since 1950s and, due to the mining activities, the site is highly contaminated by arsenic. The main physicochemical properties of the Abbaretz technosol are reported in Table 1. pH, electrical conductivity (EC) and water holding capacity (WHC) were measured according to the protocols described in [START_REF] Lebrun | Eco-restoration of a mine technosol according to biochar particle size and dose application: study of soil physico-chemical properties and phytostabilization capacities of Salix viminalis[END_REF]. Total arsenic concentration was determined by an acid microwave-assisted digestion (Moor et al., 2001) combined with Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) (ULTIMA 2, HORIBA, Labcompare, San Francisco, USA). Phytoavailable phosphorus, potassium, arsenic and iron concentrations of the Abbaretz technosol were determined by a method of NH4NO3 extraction described in [START_REF] Qasim | Potentially toxic element phytoavailability assessment in Technosols from former smelting and mining areas[END_REF].

Biochar and iron sulphate origin and characterization

The biochar was provided by La Carbonerie (Crissey, France). It was obtained from hardwood biomass (oak, beech and charm wafers and chips) slow pyrolyzed at a temperature of 500 °C with a heating rate of 2.5 °C.min -1 and a 3 hour residence time. Its granulometry, after sieving, was between 0.5 and 1 mm. The main physico-chemical properties of the biochar were determined in previous studies [START_REF] Lebrun | Eco-restoration of a mine technosol according to biochar particle size and dose application: study of soil physico-chemical properties and phytostabilization capacities of Salix viminalis[END_REF][START_REF] Nandillon | Contrasted tolerance of Agrostis capillaris metallicolous and non-metallicolous ecotypes in the context of a mining technosol amended by biochar, compost and iron sulphate[END_REF] and are presented in Table 1. The iron sulphate used was a commercial product (START®), which contained 17% of iron, of which 15% were soluble, based on the manufacturer information.

The main physico-chemical properties of the iron sulphate are reported in Table 1.

Phytoavailable [P], [K],

[As] and [Fe] of the biochar and the iron sulphate were determined in a previous study [START_REF] Nandillon | Contrasted tolerance of Agrostis capillaris metallicolous and non-metallicolous ecotypes in the context of a mining technosol amended by biochar, compost and iron sulphate[END_REF] using the same protocol as the one used for the Abbaretz soil.

Experimental design

An open-top mesocosm field experiment was set up near the studied site, in the zone located, in Lambert coordinates at X: 282045.92 and Y: 2300526.91, and at 39 m altitude. The experiment was initiated in April 2017 and performed in PVC tubes (height: 100 cm, diameter: 30 cm) using the contaminated soil and biochar applied at the rate of 2% (w/w).

Three treatments were realized: (i) Abbaretz contaminated soil alone (AB), (ii) Abbaretz amended with 2% biochar added only in the upper 33 cm (AB + 1/3 BC) and (iii) Abbaretz amended with 2% biochar added in the all height of the tube (AB + BC). Non-rooted cuttings (P. euramericana clone I45/51, S. purpurea and S. viminalis) were planted in 10 tubes per species and per treatment (one cutting per tube); six tubes per treatment were left unvegetated.

In March 2018, iron sulphate was added in the amount of 25 g in all tubes, as a solution applied at the surface. The complete experimental design and analysis schedule are shown in Figure S1. The plants received rainwater and tap water when necessary.

Soil pore water (SPW) sampling and analysis

Soil pore waters were sampled at two times over the course of the experiment: six months after the cutting introduction -in October 2017 (T6) -and after a year and a half of Salicaceae growth -in October 2018 (T18) -, in both vegetated and non-vegetated tubes and at two levels in the tubes (top and bottom), as shown in Figure S1. Sampling was done at these two levels to assess the differences between the two biochar application types and evaluate if, with time, the difference between the upper and bottom parts, especially in the case of the "upper biochar application", was reduced, maybe due to the leaching of biochar particles to lower levels. Sampling was performed using Rhizon® (Rhizosphere Research Product, Wageningen, The Netherlands) according to [START_REF] Lebrun | Eco-restoration of a mine technosol according to biochar particle size and dose application: study of soil physico-chemical properties and phytostabilization capacities of Salix viminalis[END_REF]: the moisture samplers were placed horizontally and allowed to equilibrate 4 h under vacuum before sampling (Figure S1). Soil pore water samples were used directly to measure pH (pHmeter, FE20/EL20, Mettler-Toledo AG 2007) and electrical conductivity (EC) (multimeter, WTW Multi 1970i, GEOTECH, Denver, Colorado). Arsenic (As) and iron (Fe) concentrations were determined using ICP-AES after acidification, according to [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF]. Iron concentration in soil pore waters was determined only in October 2018 (T18) after the iron sulphate addition in March 2018.

Plant analysis

Non-rooted cuttings of three Salicaceae species, Populus euramericana clone I45/51, Salix purpurea and Salix viminalis, were individually planted in the tubes and grown for one year and a half (from April 2017 to October 2018). Leaves were sampled two times: in October 2017 (T6) and in October 2018 (T18). Roots and stems were harvested separately at the end of the growth period -in October 2018 (T18) (Figure S1). Dry weight was determined after 72 h oven drying at 60 °C. Dry weight was not determined for leaves because, at the sampling time -October 2018 (T18) -, it was observed that many leaves had fallen and only few remained on the plants, those were used to determine metal(loid) concentrations. Dry samples were finely ground (propeller mill, IKA, Staufen, Germany) before mineralization, and metal(loid) concentrations were measured in roots, stems and leaves, by ICP-AES, according to the protocol described in [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF]. Leaf Fe concentration was determined only in October 2018 (T18) after the iron sulphate addition in March 2018.

Statistical analysis

All statistical analyses were performed with the R software version 3.4.3 (R Development Core Team, 2017). Normality and homoscedasticity of the data were assessed with the Shapiro and Bartlett tests, respectively. The mean values were compared using the parametric Anova test for normal data, or the non-parametric Kruskal test for the non-normal data.

Following, a post-hoc test (Tukey HSD or pairwise Wilcox tests, respectively) was performed. For all the analyses, first the species, treatment, level and time effects were evaluated. Following, a more detail comparison was done for the species and treatment effects. Specifically, the difference between the three different Salicaceae species as well as the unvegetated condition was evaluated in order to evidence the different properties of phytostabilization between the species. Such comparison was performed for each treatment in the case of SPW pH and EC and regardless of the treatment for SPW metal(loid) concentrations and plant parameters. Then for each condition (unvegetated tubes and plant species -P. euramericana clone I45/51, S. purpurea and S. viminalis -), the three different treatments were compared in order to point out the differences between the use or no-use of biochar and between the two biochar application methods. Moreover, for SPW data, the difference between the top and the bottom samples was assessed in each species-treatment combination and, in plus, the differences between the different times of sampling were evaluated in each species-treatment-level combination.

Results

SPW physico-chemical properties

Plant species did not have a significant effect on SPW pH, at both sampling times (T6 and T18). On the contrary, biochar treatments (AB + 1/3 BC and AB + BC) had a highly significant effect (p < 0.001) (Table S1) on SPW pH, at both sampling times.

At time T6, at the top and the bottom of the tubes, for the unvegetated and the three Salicaceae species conditions, and at the bottom of tubes, for P. euramericana and S. viminalis conditions, the addition of biochar significantly increased SPW pH (around 1 unit) with respect to the non amended contaminated soil (AB). No difference between the two biochar treatments was observed. At the same sampling time, at the bottom of the tubes, for the unvegetated and S. purpurea cases, biochar treatments had a higher SPW pH compared to AB, with the biochar application on all soil surface (AB + BC) inducing the highest increase in both cases (7.8, for both unvegetated tubes and S.purpurea, in AB + BC compared to 7.6 and 7.5 in AB + 1/3 BC and to 6.8 and 6.4 in AB for unvegetated tubes and S. purpurea, respectively) (Table 2a).

At time T18, in the tube upper part, for the unvegetated and S. viminalis vegetated conditions, the SPW pH was higher in the two biochar treatments in respect to the untreated soil (4.9 and 4.8 for unvegetated and S. viminalis conditions, respectively), without significant differences between the biochar application on soil upper part (6.7 and 6.8 for unvegetated and S. viminalis conditions, respectively) and the biochar application in the whole tube (6.8 for both unvegetated and S. viminalis vegetated conditions), whereas no biochar effect was observed for the tubes vegetated with P. euramericana and S. purpurea. In the tube lower part, for the non-vegetated tubes, the application of biochar on all soil surface led to a SPW pH increase (7.3) with respect to the non amended soil (6.5) and soil amended with biochar on the upper layer (6.6). For the tubes vegetated with P. euramericana and S. viminalis, the homogeneous mixture soil-biochar (AB + BC) led to a SPW pH increase (6.9 and 7.2 respectively) with respect to the soil without biochar (6.2 and 6.4 for P. euramericana and S. viminalis, respectively). Finally, in the case of S. purpurea, SPW pH increased in the biochar treatments compared to the non amended soil (6.3) and the highest pH value was found in the treatment in which biochar was applied on the all soil profile (7.0) (Table 2a).

Level effect was significant on SPW pH (p < 0.05) (Table S1). In detail, at time T6, SPW had a higher pH when sampled at the top compared to the bottom of the tubes but only in all conditions (unvegetated, P. euramericana, S. viminalis and S. purpurea) of the AB + 1/3 BC treatment (biochar applied on the soil upper part) while no level effect was observed in the other conditions. At time T18, the reverse was observed. Indeed, SPW pH was higher at the bottom than at the top of the tubes in 4 cases: on AB substrates (non amended soil) unvegetated and vegetated with S. viminalis and on the treatment with homogeneous mixture soil-biochar (AB + BC) unvegetated and vegetated with S. purpurea (Table 2b).

Similarly, time effect was significant (p < 0.001) (Table S2a). Indeed, SPW pH tended to be lower in 2018 than in 2017 in all cases, except at the bottom for all conditions of the non amended tubes (AB), where no SPW pH variation was observed (data Table S2b).

The species had a significant effect (p < 0.01) on SPW electrical conductivity (EC) only at time T18 (Table S1). In detail, at time T6, just at the top of the AB + BC tubes (biochar on the all soil profile), SPW EC was higher for P. euramericana (626 µS.cm -1 ) than for the nonvegetated tubes (412 µS.cm -1 ) and S. viminalis (478 µS.cm -1 ). At time T18, in AB + BC, in the tube upper part, SPW EC was higher for P. euramericana (559 µS.cm -1 ) than for the unvegetated condition (277 µS.cm -1 ) whereas in the tube lower part, EC was higher for P. euramericana (1124 µS.cm -1 ) than for the non-vegetated tubes (596 µS.cm -1 ) and the ones vegetated with S. purpurea (781 µS.cm -1 ) (Table 2a). Both at T6 and T18, there was a highly significant treatment effect (p < 0.001) on SPW EC (Table S1). At time T6, at the top of the tubes, for the unvegetated and vegetated tubes, the biochar application led to a threefoldincrease in SPW EC with respect to the non amended soil (AB), without significant difference between the two biochar treatments. At the same time of sampling, at the bottom of tubes, for the unvegetated and the vegetated conditions, SPW EC increased with biochar compared to AB, with the highest EC value observed for the biochar application in the whole tube. At time T18, biochar treatment had no effect on SPW EC at the top of the tubes, while it tended to increase it at the bottom. In detail, for the unvegetated condition, SPW EC increased at similar levels in the tubes in which biochar was added on the upper part (AB + 1/3 BC) and on the all soil length (AB + BC) (470 µS.cm -1 and 596 µS.cm -1 , respectively) with respect to the non amended tubes (274 µS.cm -1 ). For the three vegetated conditions, SPW EC increased by two times only when biochar was applied on the all tube height (AB + BC) (Table 2a).

Both at T6 and T18, there was also a highly significant level effect (p < 0.001) on SPW EC (Table S1). At time T6, the SPW EC was on average 1.6-times higher at the bottom than at the top of tubes in all the non amended soil conditions; it was 1.3-times higher on average at the bottom of the tubes compared to the top in AB + 1/3 BC (biochar application on soil upper layer) only for S. viminalis and in AB + BC (biochar addition on the all tube height) for the all conditions, except the one vegetated with P. euramericana. Similarly, at time T18, SPW EC values were higher in the lower part of the tube than the upper part in AB + 1/3 BC only for the non-vegetated tubes (p < 0.01) and in AB + BC for all conditions (p < 0.01) (Table 2b).

There was no time effect on SPW EC (Table S2a) even if, as shown in detail in Table S2b, from 2017 to 2018 there was some EC increases in the different species and treatments combinations: at the top, in all conditions of the non amended soil (AB) and at the bottom, for the vegetated conditions of the tubes with homogeneous mixture soil-biochar (AB + BC). But, SPW EC was also higher in 2017 compared to 2018 in several cases: at the top, for nonvegetated condition in the treatment with biochar application on the soil upper part (AB + 1/3 BC) (413 µS.cm -1 compared to 274 µS.cm -1 ) and AB + BC (412 µS.cm -1 compared to 277 µS.cm -1 ) (Table 2a).

SPW metal(loid)s concentrations

SPW arsenic concentrations

Only in October 2017 (T6), a very significant species effect was observed (p < 0.01) on SPW As concentration (Table S1). Indeed, as shown in detail in Figure 1a, the lowest As concentration in SPW was registered for S. purpurea (15.7 mg.L -1 on average) with respect to the unvegetated condition (37 mg.L -1 on average) but only at the bottom of the tubes.

On the contrary, treatment effect was significant (p < 0.001) was reported both at time T6 and at time T18 (Table S1). In detail, at time T6, at the top of the tubes, for the unvegetated and P. euramericana tubes, the highest SPW As concentration was observed when biochar was applied on the soil upper layer (2.0 and 1.4 mg.L -1 , respectively) compared to non amended soil (0.3 and 0.4 mg.L -1 , respectively). For the two Salix species, SPW As concentration was four times higher in the biochar treatments with respect to the untreated soil (0.2 and 0.3 mg.L -1 for S. purpurea and S. viminalis, respectively), without significant differences between the two treatments (Figure 1a). At the bottom of the tubes, for the unvegetated condition, the lowest SPW As concentration was found in the tubes with the homogeneous mixture soilbiochar (8 mg.L -1 ) compared to the non amended soil (57 mg.L -1 ) and the soil amended with biochar on the upper part (46 mg.L -1 ). For P. euramericana clone I45/51 condition, the highest As concentration was found in the treatment in which biochar was applied on the soil upper layer (43 mg.L -1 ) and the lowest one in the non amended soil (0.05 mg.L -1 ). For S. purpurea, AB + 1/3 BC (biochar application on the soil upper part) presented the highest value (46 mg.L -1 ) compared to the other treatments (0.05 and 0.8 mg.L -1 for the non amended soil and the homogeneous biochar application, respectively). In the case of S. viminalis, the highest SPW As concentration was observed when biochar was added on the soil upper layer (41 mg.L -1 ) and the lowest one when biochar was applied on the all soil profile (0.8 mg.L -1 ) (Figure 1a). At time T18, at the top of the vegetated tubes, SPW As concentrations were higher in biochar-amended condition (Figure 1b), with no difference between the two application methods. At the bottom of the tubes, SPW As concentrations increased in the tubes with biochar on the soil upper part (7 mg.L -1 ) compared to the untreated soil (2 mg.L -1 ) and soil homogeneously mixed with biochar (2 mg.L -1 ) in the unvegetated tubes; it decreased in the treatment with the homogeneous soil-biochar mixture in the case of P. euramericana and S. viminalis (with a threefold and a fourfold decreases, respectively); while, for S. purpurea, it decreased in the two biochar treatments with respect to the non amended soil (15 mg.L -1 ) with the highest drop observed with the biochar application on the all soil length (1 mg.L -1 ) compared to the addition of biochar on the soil upper layer (4 mg.L -1 ) (Figure 1b).

Both at time T6 and T18, there was a highly significant level effect (p < 0.001) on SPW As concentrations (Table S1). Indeed, in October 2017 (T6), SPW As concentrations were higher at the bottom (where the highest value was 57 mg•L -1 for the unvegetated condition in the untreated soil) than at the top of the tubes (where the highest concentration was 2 mg•L -1 for the non-vegetated tubes with biochar application on the soil upper part) (Figure 1a) in all cases except in the tubes vegetated with P. euramericana and S. purpurea in the non-amended soil (AB) and the tubes vegetated with S. purpurea and S. viminalis in the homogeneous mixture soil-biochar (AB + BC). Also at time T18, SPW As concentration was higher at the bottom than at the top of tubes in all conditions except in AB and AB + BC for the unvegetated condition and P. euramericana and in AB + BC for the two Salix species (Figure 1b). There was a highly significant time effect (p < 0.001) on SPW As concentration (Table S2a).

From October 2017 (T6) to October 2018 (T18) there was a significant SPW As concentration decrease (Figure 1a,b). Indeed, SPW As concentration was lower in 2018 than in 2017 in all conditions except for the few cases in which no variation was observed: at the top, in all AB (untreated soil) conditions and in AB + 1/3 BC (biochar added on the soil upper layer) S. viminalis; at the bottom, for AB P. euramericana and S. viminalis and for AB + BC (biochar added on the all soil length) in the non-vegetated tubes and in the tubes vegetated with the two Salix species (Table S2b).

SPW iron concentrations

In October 2018 (T18), treatment and level had a significant effect (p < 0.001 and p < 0.05 respectively) on SPW Fe concentrations, while species had no effect (Table S1).

Regarding treatment effect, at the top of the tubes, for P. euramericana clone I45/51, the highest SPW Fe concentration was observed in the non-amended soil (0.23 mg•L -1 ) and the lowest one in the treatment with biochar applied on the soil upper part (0.01 mg• L -1 ). For S.

viminalis, the tubes with biochar addition on the all soil profile (AB + BC) had higher SPW Fe concentrations (0.02 mg•L -1 ) compared to the other two treatments (AB and AB + 1/3 BC) (Figure 2). At the bottom of the tubes, in all conditions (unvegetated and vegetated) the highest SPW Fe concentrations were found in the untreated soil (0.78, 1.64, 0.44 and 1.94 mg•L -1 for unvegetated tubes, P. euramericana, S. purpurea and S. viminalis, respectively).

Moreover, in the non-vegetated tubes, the lowest SPW Fe concentration was observed when biochar was added on the soil upper layer (AB + 1/3 BC) while for P. euramericana clone and S. viminalis, no difference was detected between the two biochar treatments and for S. purpurea, the tubes with biochar on the all soil length had similar SPW Fe concentration (0.13 mg•L -1 ) than the non amended soil (0.44 mg•L -1 ), which was higher than in the tubes with biochar on the soil upper part (Figure 2).

For the level effect, as seen Figure 2, SPW Fe concentration was significantly higher at the bottom than at the top of the tubes, but only in the soil non-amended with biochar (AB).

Plant organ dry weight

At time T18, species and treatment had a highly significant effect (p < 0.001) both on stem and root dry weight (DW) (Table S1). In more details, whatever the treatment, S. purpurea was the species presenting the highest stem DW (74 g on average) while S. viminalis the lowest (10 g). Root DW decreased in the order P. euramericana ˃ S. purpurea ˃ S. viminalis (27, 18 and 3 g respectively) (Figure 3). Moreover, P. euramericana and S. purpurea produced lower stem and root DW when grown on the two biochar treatments compared to the untreated soil, especially when biochar was added on the soil upper layer. Oppositely, S. viminalis responded differently to the biochar treatment: it produced a higher stem and root DW in the tubes with biochar application on the all soil length (22 and 7 g for stems and roots, respectively) and a lower one in the tubes with biochar added on the soil upper part (2 and 0.3 g for stems and roots, respectively), compared to the non-amended soil (6 and 3 g for stems and roots, respectively) (Figure 3).

Plant organ metal(loid) concentrations

Plant organ arsenic concentrations

Regarding leaf As concentrations, as shown in Table S1, both at times T6 and T18, there was a significant species effect (p < 0.01 and p < 0.05, respectively), with the highest As concentration in S. viminalis leaves with respect to the other two species (Figure 4a and4b).

In addition, a significant treatment effect (p < 0.05) was observed at T6 and T18 (Table S1).

At T6, for P. euramericana clone I45/51 and S. purpurea, leaf As concentration was higher in the two treatments with biochar than the treatment without biochar, at similar levels. For S. viminalis, leaf As concentration was higher in the tubes with biochar application on the soil upper layer (58 mg•kg -1 ) compared to the non-amended soil (24 mg•kg -1 ) (Figure 4a). At T18, only leaf As concentration of P. euramericana was affected, with lower concentrations in the 20 biochar treatments (9 and 8 mg•kg -1 in AB + 1/3 BC and AB + BC, respectively) compared to the untreated soil (17 mg•kg -1 ) (Figure 4b).

As shown in Figure 4b, there was a significant time effect on leaf As concentration. Indeed, from T6 to T18, for P. euramericana clone I45/51 and S. purpurea, there was a twofold decrease in leaf As concentration in the two biochar treatments whereas for S. viminalis, this decrease occurred in all conditions (AB, AB + 1/3 BC and AB + BC).

The three different Salicaceae species (P. euramericana clone I45/51, S. purpurea and S. viminalis) had a highly significant effect (p < 0.001) on stem As concentration, at time T18 (Table S1). The highest As concentration was observed in S. viminalis stems (16 mg.kg -1 ) with respect to the other two species (4 and under detection limit in P. euramericana and S. purpurea, respectively) (Figure 4b). S1, the two different biochar treatments (AB + 1/3 BC and AB + BC) had a highly significant effect (p < 0.001) on stem As concentration compared to the nonamended soil (AB), at time T18. For P. euramericana clone I45/51 and S. viminalis, stem As concentration was below the detection limit in the two biochar treatments compared to the 4 mg.kg -1 and 16 mg.kg -1 measured, respectively, in the soil without biochar (Figure 4b).

As shown in Table

At time T18, species did not affect root As concentration (Table S1). On the contrary, the three different treatments highly affected (p < 0.001) As concentration in roots (Table S1). In detail, for P. euramericana, root As concentration was higher in the two biochar treatments (320 and 218 mg.kg -1 in AB + 1/3 BC and AB + BC, respectively) with respect to the untreated soil (29 mg.kg -1 ). For S. purpurea, the highest root As concentration was measured in the tubes in which biochar was added on the soil upper part (414 mg.kg -1 ) and the lowest one in the tubes with biochar on the all soil profile (13 mg.kg -1 ). For S. viminalis, the plants grown on the non-amended soil accumulated higher As concentration in their roots (892 mg.kg -1 ) with respect to the other two treatments (124 and 123 mg.kg -1 in AB + 1/3 BC and AB + BC, respectively) (Figure 4b).

Plant organ iron concentrations

At time T18, the species effect was significant (p < 0.05) on leaf Fe concentration (Table S1).

Indeed, the highest leaf Fe concentration was in S. viminalis (144 mg.kg -1 on average) with respect to the other two Salicaceae species (107 and 109 mg.kg -1 on average in P. euramericana and S. purpurea, respectively) (Figure 5). At time T18, there was also a treatment effect (p < 0.05) on leaf Fe concentration (Table S1).

Both for P. euramericana clone I45/51 and S. viminalis, leaf Fe concentration was lower in the biochar treatments with respect to the non-amended soil. Furthermore, P. euramericana accumulated the lowest Fe concentration when grown on the soil amended with biochar on the all length (88 mg.kg -1 ) while S. viminalis had similar leaf Fe concentrations in the tubes with biochar applied on the soil upper layer (116 mg.kg -1 ) and in the ones with biochar added on the entire soil profile (126 mg.kg -1 ), both lower than the one determined in the plants grown on the soil without biochar (190 mg.kg -1 ) (Figure 5). Regarding stem Fe concentration at time T18, as shown in Table S1, there was a significant species effect (p < 0.01), with S. viminalis presenting the highest Fe stem concentration (137 mg.kg -1 on average) compared to the other two Salicaceae species (94 and 80 mg.kg -1 on average in P. euramericana and S. purpurea, respectively) (Figure 5). In addition, even if, at time T18, the three different treatments had no effect on stem Fe concentration (Table S1), when analysed in detail, Fe concentration was higher in plants grown on the non-amended soil (164 mg.kg -1 ) with respect to the ones grown on the soil amended with biochar on the all profile (120 mg.kg -1 ) in the case of S. viminalis (Figure 5).

At time T18, species had a highly significant effect (p < 0.001) on root Fe concentration (Table S1) and similarly to the stems, the highest root Fe concentration was found in S. viminalis (17766 mg.kg -1 on average) with respect to the other two Salicaceae species (756 and 2645 mg.kg -1 on average in P. euramericana and S. purpurea, respectively) (Figure 5). Also the treatments had a significant effect (p < 0.05) on root Fe concentration (Table S1).

For P. euramericana, Fe concentrations were similar in the two biochar treatments (897 and 998 mg.kg -1 in AB + 1/3 BC and AB + BC, respectively) but higher compared to the untreated soil (374 mg.kg -1 ) while S. viminalis plants had the lowest root Fe concentration when grown on the soil amended with biochar on the all length (11622 mg.kg -1 ) with respect to the other two treatments (22299 and 19377 mg.kg -1 in AB and AB + 1/3 BC, respectively) (Figure 5).

Discussion

SPW physico-chemical properties

When incorporating 2% biochar to the contaminated soil (AB, Abbaretz technosol) either on the first 33 cm (AB + 1/3 BC) or on the all tube height (AB + BC), a significant increase in pH was observed. This SPW pH increase was consistent with other studies [START_REF] Forjàn | Contribution of waste and biochar amendment to the sorption of metals in a copper mine tailing[END_REF][START_REF] Molnàr | Acidic sandy soil improvement with biochar -a microcosm study[END_REF][START_REF] Lomaglio | Effect of biochar amendments on the mobility and (bio) availability of As, Sb and Pb in a contaminated mine technosol[END_REF] and can be explained by different mechanisms: (i) the biochar alkaline pH (8.46 in our study) induces a liming effect that increases the soil pH [START_REF] Bian | A three year experiment confirms continuous immobilization of cadmium and lead in contaminated paddy field with biochar amendment[END_REF]; (ii) biochar incorporation to soil induces ash accretion and releases cations and soil solution acidity is thus reduced by proton consumption reactions in the soil [START_REF] Lucchini | Increased bioavailability of metals in two contrasting agricultural soils treated with waste wood-derived biochar and ash[END_REF]. Moreover, some differences were observed between the two biochar treatments. Such differences could be due to the amendment absence at the bottom of the tubes. However, the disappearance of such difference between the two levels at T18 could indicate that biochar particles and/or released cations leached with time to the bottom of the tubes. From the first sampling time (T6) to the second one (T18), SPW pH decreased in all conditions. This pH decrease can be attributed to the iron sulphate addition made in March 2018, because iron sulphate acidifies soil [START_REF] Warren | Field trials to assess the uptake of arsenic by vegetables from contaminated soils and soil remediation with iron oxides[END_REF]. In our study, the iron sulphate pH was 2.6 and its addition can explain the SPW pH decrease from 2017 to 2018.

Similarly, biochar addition induced a significant increase of SPW electrical conductivity. [START_REF] Hossain | Agronomic properties of wastewater sludge biochar and bioavailability of metals in production of cherry tomato (Lycopersicon esculentum)[END_REF] likewise observed that EC of a multi-contaminated flat paddock soil increased after the application of wastewater sludge biochar. Similarly, [START_REF] Kloss | Trace element concentrations in leachates and mustard plant tissue (Sinapis alba L.) after biochar application to temperate soils[END_REF] studied a planosol, which presented a low EC (0.04 dS.m -1 ), that was increased until 0.19 dS.cm -1 when straw biochar was applied. In our study, biochar effect on SPW EC could be due to the biochar EC itself (302 µS.cm -1 ) and also to the biochar ash accretion and biochar delivery of cations to the soil solution which increase soil ionic strength [START_REF] Chintala | Nitrate sorption and desorption in biochars from fast pyrolysis[END_REF][START_REF] Liu | Impacts of biochar concentration and particle size on hydraulic conductivity and DOC leaching of biochar-sand mixtures[END_REF]. As shown for SPW pH, differences between the two biochar application modalities were observed. At the first sampling time (T6), at the bottom of the tubes, SPW EC was higher in the tubes in which biochar was added on all soil profile (AB + BC) than the ones in which the amendment was applied on soil upper part (AB + 1/3 BC). As well as for SPW pH, such differences were due to the absence of biochar at the bottom of the AB + 1/3 BC tubes.

Fundamentally, the different Salicaceae species used and the time duration of the present study (from T6 to T18) had no significant effect on SPW EC. Whereas, as observed for SPW pH, there were differences between the upper and lower part of the tubes on SPW EC. As reported in the results section, SPW metal(loid) concentrations were higher at the bottom with respect to at the top of the tubes. This higher SPW EC could be due to metal(loid) leaching phenomena that could also explain the differences between the levels of the tubes on SPW EC. Indeed, metal(loid)s have a high electrical conductivity and, in our study, their high concentration at the bottom of the tubes could have led to the SPW EC increase in the lower part of the tubes with respect to the upper part.

SPW metal(loid) concentrations

Biochar addition increased SPW As concentration in 2017, particularly at the top of the tubes. [START_REF] Sun | Impact of Biochar on the Bioremediation and Phytoremediation of Heavy Metal(loid)s in Soil[END_REF] reported that such increase can be attributed to the pH rise induced by biochar addition. In the same way, [START_REF] Hartley | Arsenic mobility in brownfield soils amended with green waste compost or biochar and planted with Miscanthus[END_REF] showed, in brownfield soils amended with biochar, an increase in SPW As concentration. Similarly, several studies showed that As concentration in soil pore water increased with the increase in soil pH, induced by the presence of biochar derived from hardwood [START_REF] Beesley | Biochar addition to an arsenic contaminated soil increases arsenic concentrations in the pore water but reduces uptake to tomato plants (Solanum lycopersicum L.)[END_REF][START_REF] Ibrahim | Biochar effects on metal bioaccumulation and arsenic speciation in alfalfa (Medicago sativa L.) grown in contaminated soil[END_REF]. Indeed, the mobility of As is pH-dependent, therefore when alkaline biochar is added to soils, soil pH increases, which contributes to the increase of negative charges on the soil surface, promoting the release of adsorbed As into soil solution through charge repulsion.

However, SPW As concentration decreased in 2018 compared to 2017. Such decrease was undoubtedly due to the iron sulphate addition in March 2018 which could have affected As mobility directly (e.g., sorption on iron oxides) and indirectly (e.g., pH decrease). Indeed, in addition to soil pH, the mobility of As is also greatly influenced by the biogeochemical interactions with soil minerals such as iron oxides, as the negatively charged As ions (As(III) and As(V)) are strongly adsorbed on iron oxides in acidic soils (Madejòn and Lepp, 2007). [START_REF] Jiang | Chemical immobilization of lead, cadmium, and arsenic in a smeltercontaminated soil using 2,4,6-trimercaptotriazine, trisodium salt, nonahydrate and ferric sulfate[END_REF] used iron sulphate as amendment to reduce the As bioavailability and to improve the As immobilization in a smelter-contaminated soil. In their study, the immobilization efficiencies of As increased by 55% via the addition of iron sulphate compared to the non amended soil. They also showed the pH-dependence of As immobilization: As immobilization efficiency reached 67.7% at soil pH of 5.71 and then decreased to levels lower than 11.5% with increasing soil pH. Indeed, As (III) and As (V) are preferentially sorbed on Fe hydroxides between pH 4 and 7 [START_REF] Wang | Natural attenuation processes for remediation of arsenic contaminated soils and groundwater[END_REF]. In our study, the iron sulphate amendment decreased SPW pH in this range; this could have contributed to the sorption of As (III) and As (V) on Fe hydroxides, immobilizing As and thus decreased SPW As concentrations. This is consistent with the investigations of [START_REF] Fresno | Assessing the combination of iron sulfate and organic materials as amendment for an arsenic and copper contaminated soil. A chemical and ecotoxicological approach[END_REF] which showed that the combination of iron sulphate and organic amendments efficiently reduced As solubility and availability through the formation of amorphous iron oxides.

Fundamentally, in October 2018, the previous biochar incorporation to the contaminated soil led to a decrease in SPW Fe concentration, especially at the bottom of the tubes. Probably, in AB + 1/3 BC and AB + BC treatment, the biochar presence chelated Fe cations, reducing SPW Fe concentration with respect to the AB treatment, owning to the biochar high sorption capacity for metal cations [START_REF] Wingate | Development Of Novel Charcoals For The Sorption And Transformation Of Heavy Metals In Contaminated Land[END_REF]. This was consistent with a previous work [START_REF] Sneath | Assessment of biochar and iron filing amendments for the remediation of a metal, arsenic and phenanthrene co-contaminated spoil[END_REF] studying a mine spoil contaminated with heavy metals and treated with either 1% biochar, 5% iron or their combination. The authors observed that the biochar and the combined treatment reduced Fe leaching by more than 75%, since biochar has a high sorption capacity for iron cations. Indeed, different mechanisms are involved in biochar sorption capacity for metal cations (complexation, cation exchange, precipitation, electrostatic interactions, and chemical reduction) but this is mainly due to negatively charged functional groups (e.g., -COO -, -COH, and -OH) on biochar that strongly bind metal cations [START_REF] Li | Mechanisms of metal sorption by biochars: Biochar characteristics and modifications[END_REF].

For both arsenic and iron, SPW concentration was higher at the bottom compared to the top of the tubes because of As and Fe leaching. [START_REF] Sneath | Assessment of biochar and iron filing amendments for the remediation of a metal, arsenic and phenanthrene co-contaminated spoil[END_REF] reported that treating soil with iron filings increased Fe leaching most likely due to the low pH of the soil. In our study, the low soil pH after the iron sulphate introduction could have resulted in an increase of Fe leaching with the subsequent formation of iron oxides and hydroxides on which arsenic was absorbed. Therefore, both As and Fe were leached and this led to their higher concentration at the bottom of the tubes.

Plant organ dry weight

The data showed that biomass production of P. euramericana clone and S. purpurea dropped on both biochar treatments, whereas, for S. viminalis, the growth was higher in the AB + BC treatment. These results reflected the data of SPW arsenic concentration, demonstrating the influence of As mobility on plant growth. Indeed, the decrease of plant biomass was probably due to the high content of metalloid in SPW as similar studies showed a reduction in growth and biomass of plants treated with increasing As concentrations in the growth medium [START_REF] Ansari | Screening Indian Mustard Genotypes for Phytoremediating Arsenic-Contaminated Soils[END_REF][START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF][START_REF] Gomes | Phosphorus improves arsenic phytoremediation by Anadenanthera peregrina by alleviating induced oxidative stress[END_REF]. [START_REF] Tsakou | Growth Parameters and Heavy Metal Accumulation in Poplar Tree Cultures (Populus euramericana) Utilizing Water and Sludge from a Sewage Treatment Plant[END_REF] also reported that growth and biomass of P. euramericana was reduced by metal treatment under field conditions. Our data also indicated that biochar addition had affected As mobility and bioavailability in soil and therefore it had influenced As uptake and growth of plants. Due to the chemical similarity between phosphate and arsenate [START_REF] Talukder | Arsenic detoxification by phytoremediation[END_REF][START_REF] Ye | The effects of activated biochar addition on remediation efficiency of co-composting with contaminated wetland soil[END_REF], As is toxic to plants because it interferes with plant P metabolism. Phosphate and arsenate share the same transport pathway in higher plants, with the transporters having a higher affinity for phosphate than arsenate. But, at high concentrations arsenic competes with phosphorus for plant uptake and entering the root cell As-induced toxicity causes stunted and retarded plant growth. Although biochar is a source of nutrients (e.g., phosphorus), in our study its application to contaminated soil led to negative effect on plant growth because of SPW As concentration increase. This high As concentration caused a poor plant growth because As could have affected it directly (e.g., arsenic toxicity) and indirectly (e.g., decreased phosphorous uptake).

Although the two biochar treatments had negative effects on plant growth (P. euramericana and S. purpurea) compared to the AB treatment, root development was better when biochar was present on the all tube height. Several hypotheses could explain this better root development, e.g. (i) a higher water availability in biochar amended zones, (ii) a decrease of soil resistance to root penetration, (iii) an increase or decrease of nutrient availability, (iv) a decrease of soil phytotoxicity, or (v) indirect interactions between plant and biochar organic labile compounds, via hormesis processes or root-growth promoting microorganisms [START_REF] Graber | Biochar impact on development and productivity of pepper and tomato grown in fertigated soilless media[END_REF][START_REF] Spokas | Ethylene: potential key for biochar amendment impacts[END_REF][START_REF] Spokas | Biochar: a synthesis of its agronomic impact beyond carbon sequestration[END_REF][START_REF] Lehmann | Biochar effects on soil biota -a review[END_REF][START_REF] Prendergast-Miller | Biochar-root interactions are mediated by biochar nutrient content and impacts on soil nutrient availability[END_REF][START_REF] Brennan | Effects of biochar amendment on root traits and contaminant availability of maize plants in a copper and arsenic impacted soil[END_REF]. These observations were consistent with the study of [START_REF] Rees | Root development of non-accumulating and hyperaccumulating plants in metal-contaminated soils amended with biochar[END_REF] in which plant growth experiments were conducted in rhizoboxes in two contaminated soils amended with biochar and where biochar was introduced either homogeneously in the soil profile or heterogeneously to reveal a potential tropism of roots toward biochar. These authors observed a phenomenon of root proliferation specific to biochar-amended zones on the heterogeneous profiles of the soil. In plus, at the bottom of the tubes in which biochar was applied on all soil profile, SPW As concentration was lower than in the tubes with biochar addition on soil upper part. So, in the latter tubes the higher As concentration and the absence of biochar (e.g., less source of phosphorus) led to a high As toxicity and a lower nutrient uptake which stopped plant growth because root system is the primary site of damages when As levels are high. This could explain the best root development and plant growth that we have seen in the treatment in which biochar was added on all the soil surface with respect to the treatment with biochar addition only on the soil upper layer.

In addition, S. viminalis was the species with the lowest root and stem biomass. Indeed, P. euramericana and S. purpurea presented an accumulation of As without a large loss of biomass compared to S. viminalis. Conversely, a drop in the biomass production and a higher accumulation of As were noted for S. viminalis. These contrasting observations on the biomass production for the two species of Salix are consistent with the results obtained by [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF] and are mainly in relation with the fact that S. viminalis is recommended for planting on rich soil whereas S. purpurea is more adapted to poor soil [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF].

Indeed, this study showed that S. purpurea was better at growing up even with a high SPW metal(loid) concentration. In contrast, for S. viminalis, a decrease in biomass production was observed.

Plant organ metal(loid) concentrations

In October 2017, the addition of biochar to the soil increased leaf As concentration. This was in agreement with studies that investigated changes in metal(loid) mobility in plants after amending contaminated soils with biochar [START_REF] Lebrun | Effect of biochar amendments on As and Pb mobility and phytoavailability in contaminated mine technosols phytoremediated by Salix[END_REF][START_REF] Zheng | The effects of biochars from rice residue on the formation of iron plaque and the accumulation of Cd, Zn, Pb, As in rice (Oryza sativa L.) seedlings[END_REF]. [START_REF] Lebrun | Effect of biochar amendments on As and Pb mobility and phytoavailability in contaminated mine technosols phytoremediated by Salix[END_REF] showed that biochar addition to a metal(loid)-contaminated soil rose As concentration by up to 41 fold in Salix alba leaves. The main cause of these results was likely biochar increasing the SPW As concentration [START_REF] Zheng | The effects of biochars from rice residue on the formation of iron plaque and the accumulation of Cd, Zn, Pb, As in rice (Oryza sativa L.) seedlings[END_REF] as shown in the previous section in this study.

However, leaf As concentration decreased in 2018 compared to 2017. Such decrease was probably due to the iron sulphate addition in March 2018 which induced a drop in SPW As concentration. [START_REF] Moreno-Jiménez | Efficiency of organic and mineral based amendments to reduce metal[loid] mobility and uptake (Lolium perenne) from a pyrite-waste contaminated soil[END_REF] observed that iron based materials are commonly effective in decreasing soluble/mobile fractions of ions in soil, especially in the case of As, Cd and Cu, with significant decreases in their concentrations in pore water. The formation of Fe oxides after iron sulphate addition to the soil reduced As solubility and uptake by Salicaceae plants which was most likely due to co-precipitation of the metalloid within the newly-formed iron oxides [START_REF] Waychunas | Surface chemistry of ferrihydrite: Part 1. EXAFS studies of the geometry of coprecipitated and adsorbed arsenate[END_REF]Martinez and Mc Bride, 1998). The sorption of metal(loid)s onto these Fe oxides or precipitation of insoluble hydroxides of metal(loid)s [START_REF] Kumpiene | Stabilization of As, Cr, Cu, Pb and Zn in soil using amendments-A review[END_REF] also resulted in the reduced As plant uptake observed.

All three Salicaceae species accumulated significant amounts of As and Fe in roots and this was in agreement with data from previous literature [START_REF] Meers | Potential of five willow species (Salix spp.) for phytoextraction of heavy metals[END_REF][START_REF] Otones | Arsenic distribution in soils and plants of an arsenic impacted former mining area[END_REF].

As well known, willows and poplars are phytostabilizers [START_REF] Borghi | Responses of Populus × euramericana (P. deltoides × P. nigra) clone Adda to increasing copper concentrations[END_REF][START_REF] Evlard | Physiological and Proteomic Responses of Different Willow Clones (Salix fragilis X alba) Exposed to Dredged Sediment Contaminated by Heavy Metals[END_REF][START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF] and in this study, the higher As and Fe concentrations, whatever the treatment or the species, were found in the root system. [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF], in a study on a multi-contaminated technosol (As, Pb and Sb) with high As concentration (1593 mg.kg -1 ), have found S. purpurea had a greater accumulation of As without loss of biomass and a drop in the biomass production and a lower accumulation of arsenic were noted for S. viminalis. So, contrary to [START_REF] Bart | Phytostabilization of As, Sb and Pb by two willow species (S. viminalis and S. purpurea) on former mine technosols[END_REF], we have found that S. viminalis accumulated a greater amount of As in the plant's upper parts than P. euramericana and S. purpurea and for the Fe, the highest accumulations were found in all the organs for S. viminalis. In plus, we observed that P. euramericana and S. purpurea accumulated the highest amounts of As in their roots when grown on the soil amended with biochar only on the upper layer. This observation reflected the data of SPW As concentration and plant organ dry weight. Indeed, in the tubes with biochar addition on soil upper layer there was a higher SPW As concentration thus, plants grown on this soil accumulated a higher amount of As in their root and, consequently, because of the As toxicity, their development was negatively affected with respect to the plants grown on the homogeneous soil-biochar mixture.

As mentioned above, in plants, metal(loid) accumulation was associated with uptake of metals by roots from the soil pore water. Thus, unlike what was observed for arsenic, in October 2018, the biochar incorporation to the contaminated soil led to a decrease in Salicaceae organ Fe concentration in some cases. The reason of this result was likely biochar decreasing the SPW Fe concentration [START_REF] Sneath | Assessment of biochar and iron filing amendments for the remediation of a metal, arsenic and phenanthrene co-contaminated spoil[END_REF].

Conclusion

An open-top mesocosm experiment of assisted phytoremediation was performed under field condition in order to evaluate the effect of two different modalities of biochar amendment application (biochar added on all the soil surface and biochar addition on the soil upper layer) combined with iron sulphate addition on: i) the physico-chemical properties of a former mine soil, highly contaminated by arsenic and ii) the growth and metal(loid) uptake of three Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis).

Soil physico-chemical characteristics were improved (acidity decrease, electrical conductivity increase) following biochar addition whereas arsenic mobility in the soil was raised. Even if no diversity was observed between the different biochar application methods at the top of the tubes, differences were shown at the bottom. Indeed, soil pore water pH and electrical conductivity were higher and arsenic concentration was lower when the homogeneous soilbiochar mixture was used with respect to the use of biochar on the soil upper layer. Moreover, considering only the two biochar treatments, a better Salicaceae growth was shown with the homogeneous application of biochar.

However, the three Salicaceae species did not grow well on the amended Abbaretz contaminated soil while the non-amended soil allowed their growth. Indeed, the mobility of arsenic in soils increased with the application of biochar and, consequently, this could have led to an increased arsenic uptake to the disadvantage of absorption of nutrient (e.g. phosphorus). Despite high concentrations in metal(loid)s in soil, arsenic tended to be stabilized onto the root system and among the three Salicaceae species tested, and in nonamended soil, S. purpurea also produced an important aboveground biomass. So, this species can be used as a successful phytostabilization plant to reclaim an As contaminated soil (a soil with the characteristics of the polluted Abbaretz soil), without introducing biochar and/or iron sulphate into the matrix.

Our results showed that the effects of biochar, combined with iron sulphate, on soil properties, plant metal(loid) uptake and plant growth depended on the level at which amendment is incorporated to soil, soil and amendment characteristics and plant species. These results have to be considered in regards to the field application. In more details, biochar could be applied only at the upper 30 cm of the soil when plants with a shallow root systems whereas a deeper biochar application (around 1 m) would be needed for plants with a more extended root systems, such as trees. Therefore, further studies are needed to assess: i) the difference between the different ways of applying biochar in field; ii) the combination of biochar and iron sulphate in phytoremediation processes and iii) the mechanisms of interaction involved in plant-bacteria-amendment association in soils contaminated by arsenic. The "species effect" (regardless of treatment) is represented by the capital letters and the "treatment effect" inside one (un)vegetated condition is represented by the lower case letters (p < 0.05) (n = 6 ± SE). Level effect for each treatment/species combination is shown between the top and the bottom of the histograms by: * (p < 0.05), **(p < 0.01), ***(p < 0.001), ns (non significant).

Figure 2

Soil pore water (SPW) iron concentration ([Fe] mg.L -1 ) determined in Abbaretz (AB) technosol non amended or amended with 2% biochar added either on the top 33 cm of the tube (AB + 1/3 BC) or on the all tube height (AB + BC) in the unvegetated tubes and in the tubes vegetated with three different Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis). SPWs were sampled both at the top (dark gray box) and at the bottom (light gray box) of the tubes, in October 2018. The "species effect" (regardless of treatment) is represented by the capital letters and the "treatment effect" inside one (un)vegetated condition is represented by the lower case letters (p < 0.05) (n = 6 ± SE). Level effect for each treatment/species combination is shown between the top and the bottom of the histograms by: *(p < 0.05), ** (p < 0.01), *** (p < 0.001), ns (non significant). nd = under detection limit.

Figure 3

Dry weight (g) of the different organs (white box, stems; light gray box, roots) of the three Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis) grown on Abbaretz (AB) technosol non amended or amended with 2% biochar added either on the top 33 cm of the tube (AB + 1/3 BC) or on the all tube height (AB + BC). Stems and roots were harvested separately at the end of the growth period -in October 2018.

The "species effect" (regardless of treatment) is represented by the capital letters and the "treatment effect" inside one Salicaceae species is represented by the lower case letters (p < 0.05) (n = 6 ± SE). The "species effect" (regardless of treatment) is represented by the capital letters (letters are the same for the leaves and the stems) and the "treatment effect" inside one Salicaceae species is represented by the lower case letters (p < 0.05) (n = 6 ± SE). Time effect for leaf arsenic concentration in each treatment/species combination is represented by: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) on the bottom histograms.

Figure 5

Iron concentration ([Fe] mg.kg -1 ) in the different organs (dark gray box, leaves; white box, stems; light gray box, roots) of the three Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis) grown on Abbaretz (AB) technosol non amended or amended with 2% biochar added either on the top 33 cm of the tube (AB + 1/3 BC) or on the all tube height (AB + BC). Plant organs were sampled in October 2018. The "species effect" (regardless of treatment) is represented by the capital letters (letters are the same for the leaves and the stems) and the "treatment effect" inside one Salicaceae species is represented by the lower case letters (p < 0.05) (n = 6 ± SE). 3.3 ± 0.7 0.9 ± 0.1 16.5 ± 0.5 Phytoavailable [Fe] (mg.kg -1 ) 9.3 ± 0.9 18 ± 5 23265 ± 299 Phytoavailable [P] (mg.kg -1 ) 9.7 ± 1.7 8 ± 1 25.4 ± 1.2 Phytoavailable [K] (mg.kg -1 ) nd 752 ± 30 7.9 ± 0.7 

Abbaretz technosol

  Figure 1Soil pore water (SPW) arsenic concentration([As] mg.L -1 ) determined in Abbaretz (AB) technosol non amended or amended with 2% biochar added either on the top 33 cm of the tube (AB + 1/3 BC) or on the all tube height (AB + BC) in the unvegetated tubes and in the tubes vegetated with three different Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis). SPWs were sampled both at the top (dark gray box) and at the bottom (light gray box) of the tubes, in October 2017 (a) and in October 2018 (b).The "species effect" (regardless of treatment) is represented by the capital letters and the "treatment effect" inside one (un)vegetated condition is represented by the lower case letters (p < 0.05) (n = 6 ± SE). Level effect for each treatment/species combination is shown between the top and the bottom of the histograms by: * (p < 0.05), **(p < 0.01), ***(p < 0.001), ns (non significant).

Figure 4

 4 Figure 4 Arsenic concentration ([As] mg.kg -1 ) in the different organs (dark gray box, leaves; white box, stems; light gray box, roots) of the three Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis) grown on Abbaretz (AB) technosol non amended or amended with 2% biochar added either on the top 33 cm of the tube (AB + 1/3 BC) or on the all tube height (AB + BC). Plant organs were sampled in October 2017 (a) and in October 2018 (b).The "species effect" (regardless of treatment) is represented by the capital letters (letters are the same for the leaves and the stems) and the "treatment effect" inside one Salicaceae species is represented by the lower case letters (p < 0.05) (n = 6 ± SE). Time effect for leaf arsenic concentration in each treatment/species combination is represented by: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) on the bottom histograms.

  EC = electrical conductivity (µS.cm -1 ); WHC = water holding capacity (%); CEC = cation exchange capacity (cmol(+).kg -1 ); C = percentage of carbon (%); H = percentage of hidrogen (%); N = percentage of nitrogen (%). (n = 3) nd = non determined * data from[START_REF] Lebrun | Eco-restoration of a mine technosol according to biochar particle size and dose application: study of soil physico-chemical properties and phytostabilization capacities of Salix viminalis[END_REF] and[START_REF] Nandillon | Contrasted tolerance of Agrostis capillaris metallicolous and non-metallicolous ecotypes in the context of a mining technosol amended by biochar, compost and iron sulphate[END_REF] Table2Soil pore water (SPW) pH and electrical conductivity (EC) (µS.cm -1 ) determined in Abbaretz (AB) technosol non amended or amended with 2% biochar added either on the top 33 cm of the tube (AB + 1/3 BC) or on the all tube height (AB + BC) in the unvegetated tubes and in the tubes vegetated with three different Salicaceae species (Populus euramericana clone I45/51, Salix purpurea and Salix viminalis). SPWs were sampled both at the top and at the bottom of the tubes, in October 2017 (T6) and in October 2018 (T18). (a) SPW pH and EC values (n = 6 ± SE) with the "species effect" inside one treatment represented by the capital letters and the "treatment effect" inside one (un)vegetated condition represented by the lower case letters (p < 0.05). (b) Level effect for each treatment/species combination; level of significance: *p < 0.05, **p < 0.01, ***p < 0.001, ns = non significant.

  

  

  

  

  

Table 1

 1 Main physico-chemical properties of Abbaretz technosol, biochar and iron sulphate.
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