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Abstract
Gentle remediation options (GRO), i.e. in situ stabilization, (aided) phytoextraction and (aided) phytostabilisation, were implemented at ten European sites contaminated with trace elements (TE) from various anthropogenic sources: mining, atmospheric fallout, landfill leachates, wood preservatives, dredged-sediments, and dumped wastes. To assess the performance of the GRO options, topsoil was collected from each field trial, potted, and cultivated with lettuce (Lactuca sativa L.) for 48 days. Shoot dry weight (DW) yield, photosynthesis efficiency and major element and TE concentrations in the soil pore water and lettuce shoots were measured. 
GRO implementation had a limited effect on TE concentrations in the soil pore water, although use of multivariate Co-inertia Analysis revealed a clear amelioration effect in phytomanaged soils. Phytomanagement increased shoot DW yield at all industrial and mine sites, whereas in agricultural soils improvements were produced in one out of five sites. Photosynthesis efficiency was less sensitive than changes in shoot biomass and did not discriminate changes in soil conditions. 
Based on lettuce shoot DW yield, compost amendment followed by phytoextraction yielded better results than phytostabilisation; moreover shoot ionome data proved that, depending on initial soil conditions, recurrent compost application may be required to maintain crop production with common shoot nutrient concentrations. 
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1. Introduction
More than two centuries of large-scale industrial and urban development has produced a significant legacy of contaminated land in Europe: around 2.5 million sites are potentially polluted (EEA 2014) and around 342 000 contaminated sites have been identified (Panagos et al. 2013). Among soil contaminants, trace elements (TE) (37%), mineral oil (38%) and polycyclic aromatic hydrocarbons (PAH, 13%) are the most common contaminants of concern (Mench et al. 2010). The United States, Canada, Australia, Asian countries (notably China) and developing countries are also experiencing considerable topsoil contamination, posing risks both to the environment and human health (FAO and ITPS, 2015). The legacy of industrial, urban, and intensive agriculture activities may persist in ecosystems for many years after such activities have ceased (Kostaleros et al. 2015). In addition, soil contaminants may be transferred over time to other environmental compartments, e.g. aquatic ecosystems, or dispersed by wind, and so (if risks from the contamination are identified as having significant potential to cause harm to human health or the site or surrounding ecosystems) it is necessary to set up management programs or other interventions, which may include soil remediation. Conventional technologies for soil remediation are often expensive and destructive (e.g. solidification and stabilization, soil flushing, electrokinetics, chemical reduction/oxidation, soil washing, incineration, vitrification, excavation/ retrieval, landfill and disposal, etc.) (Meuser 2013, Yao et al. 2013). A new paradigm supported by various scientific networks (e.g., International Phytotechnology Society, Society of Environmental Toxicology and Chemistry, SETAC; Society for Ecological Restoration, SER) and based on sustainable and low-cost approaches with particular focus on phytotechnologies and ecological restoration tools is emerging however for contaminated site and wider brownfield (phyto)management (Cundy et al. 2013, Kidd et al. 2015, Kaputschka et al. 2015, Cundy et al. 2016). These approaches, termed Gentle soil Remediation Options (GRO), aim to disrupt contaminant linkages (Defra, 2012) either: by controlling the contaminant source (e.g. extracting contaminants from the root zone and subsurface); by managing contaminant pathway(s) (e.g. preventing migration of contaminants); by protecting the receptor(s) (e.g. planning or institutional controls to avoid sensitive land uses) or by some amalgamation of these components (Cundy et al. 2013). The main GRO benefits are that they are less invasive, more restorative to soil structure, ecological functions and related ecosystem services, and their ecological footprint is much lower than many conventional soil remediation techniques (Kumpiene et al. 2014). In addition, as well as providing effective risk management, their use can generate a range of wider environmental, economic and societal benefits (Cundy et al. 2016). Within the term GRO various techniques are included, from in situ contaminant stabilisation (“inactivation”) to phytomanagement (plant-based) options. Phytomanagement can be directed to different objectives, from TE removal from soil (phytoextraction) to their stabilisation in contaminated soils (phytostabilisation), and includes the use of amendments to modify TE mobility or the inclusion of soil microorganisms in the system (bioaugmentation) (Kidd et al. 2009, 2015; Mench et al. 2010).
One of the critical points of the implementation of GRO is to assess the initial and the residual risk after GRO application, notably using relevant standard ecotoxicological batteries as proxies of metal(loid) availability and soil ecotoxicity (Kumpiene et al. 2014). Here, the residual phytotoxicity of phytomanaged soils from ten established European field trials testing three GRO was assessed using lettuce (Lactuca sativa L.) as biomonitor. The sites were contaminated with trace elements (TE) from various anthropogenic sources and the effects of different implemented GRO were assessed on TE concentrations in the soil pore water (SPW) and the (1M NH4NO3)-extractable soil fraction (environmental TE availability), shoot TE concentrations (environmental bioavailability), and shoot DW yield and photosystem II activity (toxicological bioavailability). 

2. Material and Methods
2.1. Sites and soils
Contaminated soils were collected in ten field trials where GROs were implemented as part of the EU GREENLAND project (8 European countries). These sites are described in Kidd et al. (2015), Kumpiene et al. (2014) and Puschenreiter et al. (2014). Information on the sites and treatments are summarized in Table 1, and presented in more detail as supplementary materials S1, S2 and S7. Phytoextraction (i.e. soil TE removal by accumulating them in harvestable biomass of plants) was implemented in five sites, whereas in three sites phytostabilisation (i.e. the reduction in the bioavailability of pollutants by immobilisation in root systems and / or living or dead biomass in the rhizosphere soil) and phytoexclusion (i.e. the implementation of excluder plants not accumulating contaminants in the harvested biomass nor having significant influence on the labile pool of soil contaminants) were applied. In two sites (BIOGECO and Touro) both approaches were used. An uncontaminated soil (Eutric Gleysol, World Reference Base for soil resources) from a kitchen garden (Kolbas et al., 2011) was used as a control soil (CON, table S2).
At each site, a random sampling within a systematic rectangular grid area was applied (Kumpiene et al. 2014). Topsoils (0 - 20 cm) were collected using an unpainted spade in autumn 2013. Three independent composite samples (each made of three subsamples, total weight 2 kg DW) were taken from each site and soil treatment. Soil samples were homogenised and sieved to <4 mm prior to shipping and the setup of the pot experiments. Ammonium nitrate (NH4NO3)-extractable TE concentrations were determined by the standard procedure (DIN ISO, 19730:2008 (E)). Air-dried, sieved to < 2 mm, soil was extracted with 1M NH4NO3 solution at a liquid-to-solid ratio (L/S) of 2.5 L kg−1 for 120 min using an end-over-end shaker at room temperature and filtered. 

Table 1: Overview of sites. Sites are ordered according to the GRO applied. Country abbreviation is indicated within brackets next to site name. In the last column the nomenclature corresponding to each treatment are indicated.

	GRO/Site (country)
	Main
contaminant
	Treatments
	Labels

	(Aided) Phytoextraction
	
	
	

	Bettwiesen (CH)
	Cd, Zn, Pb
	Untreated agricultural soil on old landfill
	UNT

	
	
	TE removal using tobacco lines
	PE

	Freiberg-Halsbrücke (DE)
	As, Cd, Pb
	Untreated polluted agricultural soil
	UNT

	
	
	TE removal using Salix clone TORA
	PE

	Högbytorp (SE)
	(Cd), Cr, Zn
	Agricultural soil next to a landfill
	UNT

	
	
	Agricultural plots irrigated with landfill leachates and TE removal using Salix clone TORA
	PE

	Ineris (Creil, Phytoagglo) (FR)
	Cd, Zn
	Urban brownfield, TE removal using
Salix viminalis L.
	PE

	Lommel (BE)
	Cd, Zn, Pb
	Untreated agricultural soil contaminated by fallout
	UNT

	
	
	TE removal using Salix clone TORA
	PE

	Biogeco (St-Médard d’Eyrans) (FR)
	Cu
	Untreated soil at a wood preservation site
	UNT

	
	
	Compost (1 or 2 times) and dolomitic limestone and TE removal by crop rotation tobacco-sunflower
	PE1

	
	
	
	PE2

	Touro (ES)
	Cu
	Untreated soil on mine tailings
	UNT

	
	
	Compost amendment and no planting
	UNT+OM

	
	
	Compost added, TE removal using tobacco lines
	PE

	In situ immobilisation/ phytoexclusion and phytostabilisation
	
	
	

	Arnoldstein (AT)
	As, Cd, Zn, Pb
	Untreated polluted agricultural soil
	UNT

	
	
	Soil amendment and maize-barley cultivation
	PS

	Ineris (Fresnes-sur-Escaut, Phytosed Ec 1) (FR)
	Cd, Pb, Zn, Cu
	Soil amendment (basic slag: Optiscor) and planting of Deschampsia cespitosa L. with two willow clones (Inger, Tordis)
	PS

	Piekary (PL)
	Zn, Cd, Pb
	Untreated soil on smelter slags and dumped wastes
	UNT

	
	
	Biosolid (low conc.) and grass cultivation
	PS1

	
	
	Biosolid (high conc.) and grass cultivation
	PS2

	Biogeco (St-Médard d’Eyrans) (FR)
	Cu
	Untreated soil at wood preservative site
	UNT

	
	
	Compost + iron grit and cultivation of grassy and woody species*
	PS

	Touro (ES)
	Cu
	Untreated mine tailing soil
	UNT

	
	
	Compost amendment and no planting
	UNT+OM

	
	
	Compost added, planting of Salix caprea L. Mauerbach (BOKU 01 AT-004), S. viminalis L.** and Populus nigra L.§
	PS


*Populus nigra L., Cytisus striatus (Hill) Rothm., Agrostis capillaris L., A. gigantea Roth., ** native population from the Touro site, § native population from the Biogeco site

2.2. Plant test
The Plantox test using lettuce (Lactuca sativa L.) was performed following the standard procedure (adapted from ISO, 17126:2005, Kumpiene et al. 2014). Briefly, in January 2014 (week 2), soil samples (3 replicates by site and treatment, including the control soil) were sieved at 4 mm, potted in 0.65 L plastic pots (around 1 kg soil DW per pot) and placed in a greenhouse (INRA,Villenave d'Ornon, France). One rhizon MOM moisture sampler (Eijkelkamp, The Netherlands) was inserted with a 45º angle into each potted soil. Soils were fertilized with 100 mL of a modified Hoagland n°2 solution to avoid nutrient deficiencies, rehydrated up to their water holding capacity (WHC) by capillarity, and then maintained between 60% and 80% of WHC by daily manual irrigation with deionised water (no leaching). Soil conditions were left to stabilize for 3 weeks before the experiments began. 
The day prior to experimental commencement (week 5), 20 mL of soil pore water (SPW) were collected from each pot using the rhizon sampler. The pH (Hanna instruments, pH 210, combined electrode Ag/AgCl, USA) and electrical conductivity (EC) (WTW Multiline P4 meter, Germany) were measured in each SPW sample. Afterwards, SPW samples were acidified with a drop of HNO3 and kept at 4ºC prior to element analysis by either ICP-AES (Liberty 200, Varian Inc., Australia) or ICP-MS (X Series 200, Thermo Elemental, England) at USRAVE, INRA (Villenave-d'Ornon, France) using standard methods (Afnor ISO 11885, 2009). 
In February 2014 (week 6), one lettuce plantlet (cv. Novappia, 5–6th leaf stage) was transplanted into each pot in triplicates for all treatments. Pots were placed in a greenhouse under natural light conditions and day/night temperatures of 18 ± 6 /11 ± 2 ºC, positions being randomised each week. Pots were daily and manually irrigated with deionised water to keep soil humidity between 60% and 80% of WHC. Lettuce plants were harvested after a 48-d growth period and shoot fresh weight (FW) yields were determined. Shoots were then thoroughly washed in tap water followed by deionised water, put in paper bags and oven-dried at 50°C until constant weight (during 48h). Shoot dry weight (DW) yield was determined prior to grinding (<1 mm). For each shoot sample, a weighed aliquot (0.1 g DW) was digested in a 2:1 concentrated HNO3:HCl mixture (3 mL) on a hot plate at 130°C and the volume was made up to 10 mL. The ionome in digested samples was measured by inductively coupled plasma optical emission spectrometry (ICP-OES) (Vista Pro; Varian Inc., Australia) at the IIAG-CSIC laboratory (Santiago de Compostela, Spain) and expressed in mg kg-1 DW plant material.
Photosynthesis efficiency, as estimated by chlorophyll fluorescence, was measured in vivo on three fully expanded leaves of each plant the day prior to harvesting, using a pulse-amplitude modulated fluorometer (Mini-Pam, Walz, Effeltrich, Germany). The maximum quantum yield of photosystem II (PSII) was assessed from the ratio Fv ⁄Fm = (Fm - F0) ⁄Fm (Bolhàr-Nordenkampf et al. 1989), where F0 and Fm are defined as minimal and maximal fluorescence yields of a dark-adapted sample, with all PSII reaction centers fully open. This parameter was measured with dark-adapted plants to ensure that all their PSII reaction centers were open. The maximum quantum yield estimates the efficiency of excitation energy capture by open PSII reaction centers (Butler and Kitajima 1975).

2.3. Data analysis
According to results of SPW analyses (see below) contaminated sites were split in two groups: soil Cu contamination and Cu exposure were obviously mainly involved for the Touro and Biogeco sites, whereas labile pools of Zn and Cd (and Pb in a lesser extent) were pivotal for the other sites. This was an outcome of Kumpiene et al (2014) (the whole dataset was tested but data were better discriminated and explained by considering two groups based on dominant TE exposure). Statistical analyses were applied separately to each group of sites. 
Effects of GRO treatments on soluble TE concentrations, shoot parameters (biomass -FW and DW-, maximum efficiency of PSII and shoot ionome) and shoot TE removals (computed as the product of shoot DW biomass by shoot element concentration) were assessed for each site. For this, Student T-test and one-way ANOVAs were respectively used when two or more treatments were applied per site. One way ANOVAs were completed with Tukey post-hoc tests to assess multi-comparison of means between treatments. Data were log-transformed when necessary to meet ANOVA requirements of normality and variance homogeneity. Correlations between TE concentrations in the soil pore water and the (1M NH4NO3) extractable fraction were assessed by a non-parametric Spearman correlation index. ANOVA, student T tests, Tukey post hoc tests, and Spearman index analyses were performed using the SPSS package (v. 15, SPSS Inc., Chicago, IL, USA).
Chemical analyses of SPW and shoots resulted in two multivariate data sets (for both site groups), one consisting of pH and soluble TE concentrations and the other consisting of shoot ionome data. A Co-inertia Analysis (CoIA, Doledec and Chessel 1994) was performed to check for co-structure between the two data sets. In brief, CoIA is a two-table ordination method that finds a common space onto which the samples and the variables of the data sets can be projected and compared (Legendre and Legendre 2012). In this common space, the covariance (and also the correlation and standard deviation) between the two new sets of projected scores is maximal. Prior to CoIA, each data set was processed by Principal Component Analysis (PCA). Moreover, the coefficient of correlation between the two datasets (RV coefficient) was computed, and its significance evaluated by a permutation test. The Ineris field trials were excluded from the CoIA analysis due to the lack of untreated soil samples for comparison. The PCA and CoIA analyses were performed with different functionalities of the ade4 package (Chessel et al. 2004; Dray et al. 2007) using R software (version 2.12.0, R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Shoot DW yield and chlorophyll fluorescence
Lettuce plants growing on untreated soils had, in general, lower shoot DW yields than those grown in the control soil, except in the case of Bettwiesen (the UNT plants had a higher shoot biomass than the controls) (Fig. 1, Table S3). In four out of the ten sites, shoot DW yield differed between plants growing on untreated and phytomanaged soils. Lettuces growing on the Lommel phytomanaged soil had an intermediate shoot biomass between the untreated and control soils, whereas the Piekary phytomanaged soils yielded higher shoot biomasses than the untreated soil (Fig. 1). At both Cu-contaminated sites (Biogeco and Touro), phytoextraction had a slightly better effect on shoot biomass than phytostabilisation: lettuces grown on soils managed by the PE2 (Biogeco) and PE (Touro) treatments had similar biomass values as plants grown on the control soil, whereas lettuces from PS treatments had intermediate values (Touro) or lower biomass (Biogeco) than controls (Fig. 1). For the other sites, plants grown on phytomanaged soils had lower shoot biomass than controls. Similar results were observed with shoot FW yield (data not shown).
The Fv/Fm values, which represent the maximum potential quantum efficiency of PSII, were less sensitive to treatments than shoot DW yields. There were generally no differences between control plants (growing on the control soil) and lettuces growing on phytomanaged and untreated soils, except for Touro (plants on the UNT soil died before the end of the experiment, so it was not possible to measure Fv/Fm) and Piekary (the UNT plants - but not the PS1 and PS2 plants - had a Fv/Fm value lower than controls) (Fig. 2).



Figure 1: Shoot dry weight yield (g DW plant-1) of lettuces grown on soils from the 10 GRO field trials. The results for ANOVA analysis, with F ratios and p-values, are presented in each plot. Different letters in each barplot indicate significant differences between treatments. No letter indicates lack of significant differences. Treatment abbreviations are presented in Table 1. Note the different scale of the y-axis in the barplots for the UNT, Bettwiesen and Touro samples.

[image: ]

Figure 2: PSII efficiency (expressed as Fv/Fm ratio) of lettuces grown on soils from the 10 GRO field trials. The results for ANOVA analysis, with F ratios and P-values, are presented in each plot. Different lower case letters indicate significant differences between treatments for each site. No letter indicates lack of significant differences. Treatment abbreviations are presented in Table 1. 
[image: ]



3.2. Elemental composition of soil pore water (SPW) and lettuce shoots 
In general, GRO had no significant effect on soluble TE concentrations (Table 2). The only exceptions were for As at the Piekary site, which decreased (µg L-1) from 38 to 6.4 with a high addition rate of biosolids (PS2), and Cu at the Touro site, which decreased (mg L-1) from 21.4 to 0.04 after compost application. At this site, tobacco (PE) or Salix-Populus (PS) planting after compost amendment produced no additional reduction on SPW Cu concentration. In contrast, at the Bettwiesen and Högbytorp sites, phytoextraction using tobacco or the Salix clone TORA slightly increased SPW Cd and Cr concentrations, respectively. Soluble TE concentrations in soils from the ten contaminated sites were usually higher than in the control soil, with the exception of As in the soils from Arnoldstein and Högbytorp (Table 2).
To better assess the environmental TE availability at each field site, Spearman correlations between soluble and (NH4NO3)-extractable concentrations were performed for the following elements: Cd, Cr, Cu, Ni, Pb and Zn. Significant correlations were found for Cu (rs = 0.72) and Zn (rs = 0.68), two of the most relevant pollutants across this field trial series (supplementary material, Table S6).
Shoot TE concentrations (mg kg-1 DW) varied between treatments for three sites (Table 3): (1) at Touro, the compost amendment strongly reduced shoot Cu concentration (from 278 to less than 10), in line with decreased SPW Cu concentrations, with no additional effect of either phytostabilisation or phytoextraction (a similar situation occurred for shoot Cd, Pb, and Zn concentrations at this site) (2) at Freiberg-Halsbrücke, where lettuces growing on phytomanaged soils displayed higher shoot Pb concentrations than those grown on untreated soils (3.63 vs. 1.87); and (3) at Piekary, where only the highest addition rate of biosolids (PS2) lowered shoot Cd concentrations (2.30 vs. 7.78) as compared to the untreated soil. Irrespective of the treatment applied, mean shoot Cd and Pb concentrations for the Arnoldstein, Freiberg and Piekary lettuces exceeded the EU maximum permitted concentrations (MPC) for edible leafy vegetables, while the MPC for Cd was exceeded also in the Lommel lettuces (Table 3). Regarding Zn, lettuces cultured in the Arnoldstein and Lommel soils had shoot Zn concentrations above the Chinese standards (Zheng et al, 2007). Lettuces grown on the untreated Touro soil (but not on the phytomanaged soils) exceeded MPC values for Cd, Cu, Pb and Zn (Table 3). Nickel soluble concentrations were usually below 20 μg L-1, whereas shoot Ni concentrations were below detection limit for all the samples except those from the Touro UNT soil (supplementary material, Tables S3 and S5).
Concerning shoot TE removal (which integrated potential interaction between shoot DW yield and TE concentrations), phytomanagement treatments (compared with untreated soils) had significant effects at two sites (Table 4). In Arnoldstein, Pb removal was doubled in the PS treatment due to slight (albeit non-significant) increases in shoot biomass and shoot Pb concentrations in phytomanaged soils. In Piekary, there were variations in Cd (increased only in PS1 treatment) and Zn removals (both phytostabilisation treatments produced higher Zn removal than no treatment): these changes were mainly due to a significant effect of phytomanagement on shoot biomass (Fig. 1).

Table 2: Effect of GRO on the TE concentrations in soil pore water. ANOVA analyses have been applied to the relevant contaminants for each site (grey-shaded cells, and see Table 1). Data presented are average values for each site and treatment. Different superscript letters next to values indicate significant differences between treatments for the site (i.e. P-value <0.05). No superscript means no differences between treatments. n.d.: not determined, <d.l.: below detection limit.

	Site
	Treatment
	Soluble TE concentration (μg L-1)

	
	
	As
	Cd
	Cr
	Cu
	Pb
	Zn

	Arnoldstein
	UNT
	0.55
	32.47
	0.11
	10.02
	18.64
	3613

	
	PS
	0.91
	14.84
	0.29
	12.91
	9.07
	1493

	Bettwiesen
	UNT
	2.72
	0.15B
	2.16
	11.50
	<d.l.
	104

	
	PE
	4.57
	0.22A
	4.66
	17.33
	<d.l.
	144

	Freiberg-Halsbrücke
	UNT
	15.30
	4.66
	0.55
	11.90
	2.62
	216

	
	PE
	14.83
	2.75
	0.50
	10.97
	1.78
	63

	Högbytorp
	UNT
	0.96
	<d.l.
	0.23B
	<d.l.
	<d.l.
	<d.l.

	
	PE
	1.74
	0.06
	3.21A
	26.43
	0.28
	4.6

	INERIS Phytoagglo
	PE
	5.42
	<d.l.
	1.36
	24.53
	0.59
	11.4

	INERIS Phytosed
	PS
	1.59
	0.29
	0.27
	8.61
	<d.l.
	111

	Lommel
	UNT
	30.60
	22.17
	1.14
	26.73
	16.12
	3016

	
	PE
	31.77
	17.20
	1.25
	18.63
	13.43
	2146

	Piekary
	UNT
	37.97A
	1.64
	0.33
	3.26
	8.02
	42.0

	
	PS1
	17.57A
	4.73
	0.44
	11.33
	12.21
	202

	
	PS2
	6.37B
	0.32
	0.30
	3.60
	2.49
	63.7

	Biogeco
	UNT
	n.d.
	n.d.
	n.d.
	193.00
	n.d.
	3.9

	
	PE2
	n.d.
	n.d.
	n.d.
	488.00
	n.d.
	8.0

	
	PE1
	n.d.
	n.d.
	n.d.
	344.23
	n.d.
	40.6

	
	PS
	n.d.
	n.d.
	n.d.
	275.00
	n.d.
	<d.l.

	Touro
	UNT
	n.d.
	n.d.
	n.d.
	21400.00A
	n.d.
	40800

	
	UNT+OM
	n.d.
	n.d.
	n.d.
	38.50B
	n.d.
	728

	
	PE
	n.d.
	n.d.
	n.d.
	158.93B
	n.d.
	134

	
	PS
	n.d.
	n.d.
	n.d.
	43.27B
	n.d.
	26.7

	Control soil
	CON
	4.70
	<d.l.
	0.37
	24.00
	<d.l.
	13.1




Table 3: Effect of GRO on shoot TE concentrations of lettuces. ANOVA analyses have been applied to the relevant contaminants for each site only (grey-shaded cells, and see Table 1). Data presented are average values for each site and treatment. Different superscript letters next to values indicate significant differences between treatments for the site (i.e. P-value <0.05). No superscript indicates lack of differences between treatments. 

	Sites
	Treatments
	
	Shoot TE concentrations (mg kg-1 DW)

	
	
	
	Cd 
	Cu 
	Pb 
	Zn 

	Arnoldstein
	UNT
	
	16.82
	9.07
	3.95
	295.6

	
	PS
	
	17.66
	10.69
	5.53
	210.4

	Bettwiesen
	UNT
	
	0.47
	3.92
	0.74
	50.6

	
	PE
	
	0.53
	4.68
	0.85
	60.4

	Freiberg-Halsbrücke
	UNT
	
	12.94
	6.72
	1.87B
	71.6

	
	PE
	
	13.62
	6.22
	3.63A
	49.0

	Högbytorp
	UNT
	
	0.47
	5.50
	0.94
	18.5

	
	PE
	
	0.50
	5.39
	0.76
	18.3

	INERIS Phytoagglo
	PE
	
	0.22
	8.52
	1.58
	27.2

	INERIS Phytosed
	PS
	
	0.57
	4.46
	0.95
	62.3

	Lommel
	UNT
	
	19.76
	6.15
	0.75
	523.0

	
	PE
	
	18.05
	5.20
	1.43
	312.4

	Piekary
	UNT
	
	7.78A
	13.94
	13.26
	92.8

	
	PS1
	
	9.50A
	8.43
	10.95
	124.8

	
	PS2
	
	2.30B
	7.88
	6.35
	148.9

	Biogeco
	UNT
	
	0.27
	11.13
	0.41
	18.5

	
	PE2
	
	0.19
	8.01
	0.61
	23.4

	
	PE1
	
	0.08
	9.85
	0.60
	17.4

	
	PS
	
	0.08
	9.13
	0.64
	25.7

	Touro
	UNT
	
	2.65
	278.82A
	4.28
	642.8

	
	UNT+OM
	
	0.58
	8.31B
	0.65
	79.8

	
	PE
	
	0.39
	8.93B
	0.97
	62.9

	
	PS
	
	0.14
	9.30B
	0.17
	37.9

	Control soil
	CON
	
	0.08
	4.71
	0.91
	20.3

	Maximum permitted concentrations in leafy vegetables (mg kg-1, DW)
	2*
	100**
	3*
	200**

	Upper critical threshold concentrations
(mg kg-1, DW)***
	5-10
	15-30
	10-20
	100-300


* (EC) No 1881/2006; ** Chinese standards, taken from Zheng et al. (2007)
*** White and Brown (2010)




Table 4: Shoot TE removals by lettuces grown on soils from the ten European GRO field trials. Shaded cells mark the relevant contaminants for each site. Data are average values for each site and treatment. Different superscript letters indicate significant differences between treatments for the site (i.e. P value < 0.05).

	Sites
	Treatments
	Shoot TE removals (μg plant-1)

	
	
	Cd
	Cu
	Pb
	Zn

	Arnoldstein
	UNT
	26.44
	13.74
	5.92B
	441.4

	
	PS
	44.27
	26.63
	13.87A
	527.1

	Bettwiesen
	UNT
	2.97
	24.74
	4.74
	320.6

	
	PE
	3.38
	30.00
	5.21
	394.8

	Freiberg-Halsbrücke
	UNT
	42.83
	23.10
	6.23
	243.3

	
	PE
	42.92
	19.75
	11.84
	154.3

	Högbytorp
	UNT
	1.65
	19.05
	3.33
	65.0

	
	PE
	1.83
	19.95
	2.79
	66.8

	INERIS Phytoagglo
	PE
	0.70
	26.26
	4.87
	83.4

	INERIS Phytosed
	PS
	1.90
	15.43
	3.23
	211.8

	Lommel
	UNT
	53.45
	15.32
	1.82
	1255.5

	
	PE
	63.86
	18.48
	4.82
	1092.0

	Piekary
	UNT
	8.66B
	15.20
	14.07
	103.0C

	
	PS1
	20.03A
	17.94
	22.91
	261.2B

	
	PS2
	6.30B
	21.45
	17.40
	395.3A

	Biogeco
	UNT
	0.56
	24.65
	0.87
	41.8

	
	PE1
	0.32
	38.17
	2.26
	66.8

	
	PE2
	0.84
	37.23
	2.68
	109.5

	
	PS
	0.24
	26.22
	1.52
	73.9

	Touro
	UNT
	0.79
	87.38
	1.84
	177.1

	
	UNT+OM
	2.03
	30.05
	2.23
	284.4

	
	PE
	2.18
	47.76
	5.41
	345.4

	
	PS
	0.64
	42.82
	0.77
	174.2

	Control soil
	CON
	0.39
	22.33
	4.21
	96.3



Co-inertia Analyses using SPW pH and soluble and shoot concentrations of trace elements (supplementary material, tables S3 to S5) were carried out on multi-element and on Cu-contaminated sites, respectively. For multi-element contaminated sites, a significant but low relationship was found between SPW and shoot ionome data (RV = 0.28, Fig 3b). For the SPW, the As, Cd, Pb, and Zn concentrations had negative weights on the horizontal axis, whereas on the vertical axis Cu and P concentrations had positive weights, and Mo concentration and pH values had negative weights (Fig 3c, left). Cadmium, Mn and Zn plotted on the same axis and opposite to pH and Mo. This was logical considering the solubility of these four elements is pH dependent, Mo being present as oxyanions, and Cd, Mn and Zn in cationic form. Lead, Cu and Fe also showed a strongly opposing relationship to pH. Phosphorus and As plotted in opposing positions, which may reflect the competitive sorption of phosphates and arsenates in the soils.
Some shoot ionome variables showed similar behaviour to the SPW variables: e.g. Cd and Zn with negative weights on the horizontal axis, whereas P had positive weighting on the vertical axis. Other influencing shoot variables were Cu, Fe and Pb concentrations, all with negative weights on the vertical axis (Fig 3c, right). Interestingly, some trace elements show opposing weightings to macronutrients (Cd, Mn and Zn vs K; Cu, Fe and Pb vs P; Fig 3c, right). This fact may indicate a negative effect of some metal excess (with labile pools in the SPW highly dependent on soil pH) on macronutrient uptake and root-to-shoot transfer in lettuce plants.
There are important differences between sites as the individual samples (i.e. a potted soil and its corresponding lettuce sample) from each site project in different graph sectors (Fig 3d), with two major trends. First, individuals from GRO treatments (i.e. blue and green arrows) are plotted nearer (i.e. more similar) to control individuals (black arrows) than individuals from untreated soils (i.e. red arrows), which may indicate a site-amelioration effect of GRO treatments. Second, shoot ionome values (arrow tips) from different treatments for each site are generally plotted in closer positions (i.e. more similar) than arrow tails (i.e. SPW data). This is especially clear for the Arnoldstein, Bettwiesen and Högbytorp sites (Fig 3d), although there are two exceptions: (1) at Lommel, the arrow tip for one of the three untreated samples (red arrows) is displaced to negative values on the coinertia horizontal axis (i.e. higher shoot Cd and Zn concentrations) and (2) at Piekary, the arrow tips for two untreated samples are displaced to negative values on the coinertia vertical axis (i.e. lower shoot P concentration and higher shoot Cu, Fe and Pb concentrations) (Figs 3c and 3d).


Figure 3: Overview of CoInertia Analysis (CoIA) performed on the SPW and lettuce shoot data for multi-contaminated sites. (A) Correlation circles showing the projections of the PCA axes from SPW data (left) and shoot data (right) onto the axes of the coinertia analysis. (B) Histogram of Permutation test showing the random distribution of RV values and the actual RV coefficient (grey diamond). (C) Representation of the combinations of SPW (left) or shoot (right) variables to defined coinertia axes. (D) CoIA results (separated for each site, all graphs derived from the same analysis). Each arrow corresponds to one individual, i.e. a potted soil and its corresponding lettuce sample. The arrow tail is individual position of the sample described by SPW variables; the arrow tip corresponds to the individual position described by shoot variables. Arrow length informs about the differences between SPW and shoot ionome values for each individual: the shorter the arrow, the stronger the relationship between both datasets. Treatments are indicated by arrow colours: red-untreated, green-phytoextraction, blue-phytostabilisation. Different blue colours in Piekary indicate different phytostabilisation treatments (light blue: PS1; dark blue: PS2). The position of uncontaminated samples in the CoIA is indicated by black arrows in each graph. Colours refer to the online version only.
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Figure 4: Overview of CoInertia Analysis (CoIA) performed on the SPW and lettuce shoot data from Cu-contaminated sites. (A) Correlation circles showing the projections of the PCA axes from SPW data (top) and shoot data (bottom) onto the axes of the coinertia analysis. (B) Histogram of Permutation test showing the random distribution of RV values and the actual RV coefficient (grey diamond). (C) Representation of the combinations of SPW (left) or shoot (right) variables to defined coinertia axes. (D) CoIA results (separated for each site, all graphs derived from the same analysis). Each arrow corresponds to one individual, i.e. a potted soil and its corresponding lettuce sample. The arrow tail is individual position of the sample described by SPW variables; the arrow tip corresponds to the individual position described by shoot variables. Arrow length informs about the differences between SPW and shoot ionome values for each individual: the shorter the arrow, the stronger the relationship between both datasets. Treatments are indicated by arrow colours: red-untreated, orange- amended and unplanted, green-phytoextraction, blue-phytostabilisation. Different green colours in Biogeco indicate different phytoextraction treatments (light green: PE1; dark green: PE2). The position of uncontaminated samples in the CoIA is indicated by black arrows in each graph. Colours refer to the online version only.
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For Cu-polluted sites (Fig 4), there was a clear relationship between the SPW and shoot ionome data (RV = 0.77, Fig 4b). Moreover, SPW and shoot ionome variables had similar weights on the CoIA axes: TE concentrations (and pH for the SPW) plot largely on the horizontal axes, whereas K and P, being nutrients for plant development, plot on the vertical axis (Fig 4c). Accordingly, the Touro UNT samples, with extreme TE (mainly Cu) concentrations both in SPW and in shoots, show strongly negative values on the horizontal axis, plotting a significant distance away from the other samples, which show positive values on the horizontal axis (Fig 4d). There is a similar pattern in both Cu-contaminated sites: samples from GRO treatments (blue, green and yellow arrows) are plotted closer to control samples (black arrows) than UNT samples (red arrows). However, the GRO effect differs at each site: at Touro, the transition occurs along the horizontal axis (i.e. reduction in concentrations of TE), whereas at Biogeco it occurs along the vertical axis (i.e. increase in nutrient concentrations in the SPW and shoots) (Fig 4d). Moreover, for Touro, the phytostabilisation and phytoextraction individuals occupy almost the same position (well away from the UNT individuals) in the co-inertia space (i.e. they have similar values both in SPW and shoot ionomes). For Biogeco, the phytostabilisation individuals are placed next to the UNT ones and the phytoextraction treatments with two compost dressings occupy a similar position as individuals for the control soil (i.e. phytostabilisation samples are nutrient-depleted, whereas compost application and fertilisation of the crop rotation improved progressively the nutrient status in phytoextraction samples) (Fig 4d). 

4. Discussion
The potential of GRO to ameliorate TE-contaminated soils is being investigated in a European network of phytomanaged field trials (i.e. Greenland project, Kidd et al. 2015). Three years after the first inter-laboratory risk assessment testing (reported in Kumpiene et al. 2014), soils were collected again for a second testing. We have used TE concentrations in the SPW and lettuce shoots, as well as lettuce shoot DW yield and PSII activity, as proxies for the improvement of some soil functions (e.g. provisioning, regulation of metal(loid) exposure). 
If we consider the changes in soluble and shoot TE concentrations, the GRO effects are quite modest, with a significant effect only in the most contaminated soils (i.e. Touro and Piekary). Although the use of SPW TE concentrations may not reflect the environmental TE bioavailability in soils (Marchand et al. 2016), SPW sampling and analysis was a relevant method to predict this parameter in multi-element contaminated soils (Qasim et al. 2016). Kumpiene et al. (2014), using soils from some of the sites analysed in this study, showed that H2O-extracted TE concentrations had more similar patterns of variation between treatments than other extractable TE concentrations (e.g. NH4NO3 or EDTA) despite the H2O extractable TE concentrations being lower than the chemical-based extractions. Correlation analyses of our SPW data with NH4NO3 datasets from the field trials revealed significant correlations for two relevant contaminants (Cu and Zn, Table S6).
Multivariate Co-Inertia Analysis has shown a significant correlation between SPW and shoot ionomes, although for each site shoot ionomes are less variable (i.e. they are less dispersed in the co-inertia space) than soluble ionomes. Whereas soil factors affect labile TE pools, plant physiological processes (mainly related to the transcriptional control of membrane transporters) regulate metal(loid) uptake into the symplast and subsequent translocation to plant shoots (Pilon et al. 2009, Mench et al. 2010). These mechanisms allow plants to keep stable ionomes in spite of varying soil conditions, and in some plant species tolerance strategies have evolved to keep ion homeostasis even under excessive TE concentrations in soils (Baker 1981, Małachowska-Jutsz & Gnida 2015). To our knowledge, lettuce has not been described as a metal tolerant species, but it can accumulate elevated Cd concentrations on shoots without toxicity symptons such as chlorosis or necrosis (Zorrig et al. 2013) and between-cultivar differences in Cd and Zn accumulation have been found (Crews & Davies 1985, Costa & Morel 1994, Fontes et al. 2014). The lower variability of shoot ionomes (Table 3) indicates that lettuce has efficient mechanisms of ion homeostasis to deal with some of the contaminated soils used. Previous research reported a certain tolerance to salinity in lettuce (Zapata et al. 2003, Nasri et al. 2011) which may indicate a capacity for response to trace elements. Conversely, in those phytotoxic contaminated soils where exposure to some metal(loid)s surpasses metabolic limits, the response of shoot ionomes is erratic. This was the case for two out of three untreated samples from the Lommel site and from the Piekary sites, or the more extreme case of the untreated Touro soils.
Multivariate CoIA plots (considering all the elements of SPW and shoot ionomes) showed a gradient of soil amelioration from untreated to GRO-managed soils (i.e. in the co-inertia space the GRO samples are placed nearer to the control samples than the untreated samples). This gradient is especially pronounced in the brownfield and mine tailing sites (i.e. Biogeco, Piekary and Touro). 
Soil TE contamination at a certain site usually involves several chemical elements, usually in interaction with other soil factors such as nutrients, pH, organic matter, clays, etc., making interpretation of soil contamination and its potential impacts complex. Here, the application of multivariate techniques (routinely used in plant sciences and community ecology, e.g. Horáčková et al. 2016) to standard SPW and Plantox test data has allowed much clearer assessment of TE processes and impacts, and discrimination of GRO effectiveness, in these soil/plant systems. Our findings indicate that application of similar methods may improve assessment of soil/plant processes and GRO (and wider remediation / site management technology) risk management effectiveness at other contaminated sites. 
PSII activity (measured as Fv/Fm ratio) has been indicated as a relevant endpoint for plant stress (Maxwell & Johnson, 2000). However, differences in this plant parameter between soil treatments were only observed in one out of the ten sites. This may be because Fv/Fm measures the state of the PSII only, and changes in Fv/Fm may not be detected if the stress occurs in other plant parts such as the roots (Murchie & Lawson 2013). Based on shoot ionome, lettuce plants have a certain capacity to regulate TE uptake and concentrations in shoots so the stress effects on PSII may have been reduced. Interestingly, the Piekary UNT samples, where soil conditions have surpassed plant limits (i.e. two out of three samples had diverging shoot ionomes), showed a Fv/Fm value lower than phytomanaged and control samples. However, for other sites where upper critical threshold concentrations in shoots were exceeded (i.e. Cd for the Arnoldstein, Freiberg, and Lommel lettuces, Zn for the Arnoldstein, Lommel and –untreated- Touro lettuces, and Cu for the –untreated- Touro lettuces (Table 3)) no response in Fv/Fm was observed (except in the dead untreated Touro plants). Thus, the Fv/Fm endpoint showed in our study a lack of sensitivity to detect physiological effects of excessive metal(loid) exposure at the TE-contaminated sites. Similarly, Marchand et al. (2016) did not find any differences in Fv/Fm in Ranunculus acris L. cultivated in a gradient of soil pollution. Moreover, Vaillant et al. (2005) found a species-dependent reduction in Fv/Fm in four Datura species grown under hydroponics with increasing Zn concentrations. These findings suggest that the usefulness of Fv/Fm photosyntethic parameter on ecotoxicological studies is highly dependent on the model plant species chosen; i.e. the use of more tolerant species or cultivars would reduce the sensitivity of this parameter to soil toxicity. 
In the case of lettuce, Zorrig et al. (2013) found no symptoms of chlorosis or necrosis in plants exposed to Cd treatments in hydroponics, even in the case of biomass reduction. Thus, Fv/Fm may not be useful in studies with lettuce. Moreover, and considering the differences in Cd or Zn accumulation between lettuce cultivars (Crews & Davies 1985, Costa & Morel 1994, Fontes et al. 2014), we suggest a screening of lettuce cultivars should be done to select a sensitive one to be used as a standard in soil toxicity assessments. Its use would improve the usefulness of lettuce as bioindicator and a proper comparison of results obtained on different studies. However availability of commercial cultivars is changing to maintain resistance to pathogens.
GRO implementation had a positive impact on shoot DW yield (Fig. 1). In four out of the ten sites, the plants growing on phytomanaged soils showed higher biomasses than those on untreated soils, and at four sites the GRO yielded a similar (or higher – Bettwiesen –) shoot biomass as the controls. The PSII performances indicate that these changes in shoot biomass are not caused by changes in the photosynthesis capacities of the plants. Instead, soil amelioration driven by GRO implies that plants need to allocate less resources to mechanisms of TE detoxification (such as active efflux into apoplasts, vacuolar compartimentalization, chelation in cytosol by various ligands or repair and protection of plasma membranes, among others; Yadav 2010, Singh et al. 2015, Luo et al. 2016, Sharma et al. 2016), leaving more resources to be dedicated to growth.
We found a relationship between soluble and shoot TE concentrations (assessed with CoIA) and shoot biomass: the closer individual samples (i.e. a potted soil and its corresponding lettuce sample) are to the controls in the co-inertia space, the higher the shoot biomass (Fig. 3 and 4). The most extreme examples are given by the samples from Bettwiesen (UNT and PE), Biogeco (PE2) and Touro (PE and PS), which overlap control samples in the co-inertia space and have similar shoot biomass as the controls (or higher biomass in the case of Bettwiesen –UNT and PE- and Touro PE). 
The ten analysed sites are either TE-contaminated agricultural soils (five sites) or brownfields/mine tailings (five sites). The UNT soils from three out of the latter five sites are usually the worst performing in term of lettuce growth and plant performances at field trials (Table S7). However, in these brownfield/mine sites, GRO had a more ameliorating effect and in two cases (Biogeco and Touro) similar shoot biomasses were found in phytomanaged soils as controls. 
For the Biogeco and Touro Cu-contaminated soils, both phytostabilisation and phytoextraction options were implemented thus allowing their comparison. The best results (assessed as shoot DW yield) were achieved by compost amendment followed by phytoextraction. The addition of compost added both organic matter and nutrients to the soil, and at Touro it also reduced metal availability (i.e. Cu, Table 2), thus improving soil quality and favouring lettuce growth.
Phytoextraction on TE-contaminated soils involves the cultivation of plants accumulating metal(loid)s in the harvested plant parts, usually leaves or shoots. Each crop also implies that nutrients contained in harvested plant parts are also removed from the phytomanaged plot. Depending on initial status of soils at contaminated sites, repeated harvest for phytoextraction (or for phytostabilisation combined with SRC) may reduce the soil fertility (i.e. crop production) in the mid-long term. This effect would be clearer for contaminated soils with a poor nutrient stock. Our study included two contrasting sites where phytoextraction with tobacco or tobacco/sunflower rotation was applied: Bettwiesen (nutrient rich, high CEC) and Biogeco (nutrient poor, low CEC). Considering Biogeco, lettuce shoot DW yield and K and P concentrations in shoots and SPW were similar for the PE1 (one compost dressing in 2008) and the UNT soils, and lower than the PE2 soil (two compost dressings in 2008 and 2013). In contrast at Bettwiesen, these parameters were similar for the UNT and PE soils, but higher than Control soil. Thus, depending on the initial soil fertility, the implementation of long-term phytoextraction (and also phytostabilisation with SRC) options should include recurrent fertilisation in the maintenance procedure to ensure GRO performance (i.e. to maintain crop production with common shoot nutrient concentrations).  
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SUPPLEMENTARY MATERIAL
Table S.1: Sites and treatments.
	Management strategy / Sites
	Country
	Main contaminants
	Description
	References

	(Aided) Phytoextraction
	
	
	
	

	Bettwiesen
	Switzerland
	Cd, Zn, Pb
	Plots are established on an agricultural field on old landfill. Somaclonal variants and mother lines of tobacco are used for biomass production and TE removal from soil.
	Herzig et al (2014)

	Freiberg-Halsbrücke 
	Germany 
	As, Cd, Pb 
	Agricultural polluted soil. Long term field trial; a short rotation coppice (SRC) of Salix clone Tora is used for biomass production and removal of TE from soil
	Dietzsch (2011)

	Högbytorp 
	Sweden
	(Cd), Cr, Zn 
	Long term field trial on agricultural field next to a landfill; SRC of Salix clone Tora is watered using landfill leachate. Plants are intended for biomass production and removal of TE from soil
	Aronsson et al. (2010)

	Ineris Creil-Phytoagglo 
	France
	Cd, Zn, Pb
	Polluted brownfield soil planted with local cultivar of Salix viminalis and hyperaccumulator Arabidopsis halleri.
	Bert and Cadière (2015)

	Lommel
	Belgium
	Cd, Zn, Pb
	Polluted agricultural soil. Long term field trial; SRC of Salix schwerinii × Salix viminalis clone Tora is used for biomass production and removal of TE from soil.
	Ruttens et al. (2011)

	Biogeco 
	France 
	Cu
	Polluted industrial soil (wood preservation). Long term field trial (since 2008); aided Phytoextraction by amendment with compost (5% w/w) and dolomitic limestone (0.2% w/w) (OMDL = PE1) and crop rotation with tobacco and sunflower. A second compost dressing was applied in 2013 on half of the field trial (OM2DL = PE2)
	Kolbas et al. (2011);
Kolbas (2012)

	Touro
	Spain
	Cu
	Copper mine tailings amended with compost and cultivated with somaclonal variants and mother lines of tobacco are used for biomass production and TE removal from soil.
	Kidd et al (2015)


	In situ stabilization/
phytoexclusion
	
	
	
	

	Arnoldstein 
	Austria 
	As, Cd, Zn, Pb
	Polluted agricultural soil. Field plots; gravel sludge (GS) and siderite-bearing materials (SI) were combined to immobilize TE in contaminated soil. The site was cultivated with maize and barley cultivars with contrasting phenotype regarding metal uptake
	Friesl et al. (2006);
Friesl-Hanl et al. (2009)

	Ineris Fresnes-sur-Escaut Phytosed
	France
	Cd, Zn, Pb, Cu
	Technosol developed on dredged-sediment and amended with basic slags (Optiscor). Grass cover with Deschampsia cespitosa, combined with Short rotation coppice (as energy crops) with Salix cv Tordis ((Salix viminalis x Salix Schwerinii) x Salix viminalis = breeding Tora x Z. Ulv)
Salix cv Inger (Salix triandra x Salix viminalis = breeding Jorr x siberian Klon)
	Kidd et al (2015)


	Piekary 
	Poland 
	Zn, Cd, Pb
	Highly polluted post-industrial site. Long term in situ stabilization/phytoexclusion experiments established in 1995 and 1997; combinations of two amendments, by-product limestone (L) and municipal biosolids (B), at two rates (low — L and high — H) were tested for their efficiency to immobilize TE (Zn, Cd, Pb). The site was vegetated with a mixture of grasses
	Stuczynski et al. (2007)

	Aided phytostabilization
	
	
	
	

	Biogeco 
	France 
	Cu
	Polluted industrial site (wood preservation). One plot (3 m × 6 m) amended in 2006 with 2% of zerovalent iron grit and 5% of compost (OMZ) and cultivated with various plants (i.e. Cytisus striatus, Populus nigra, Rumex acetosella, Agrostis capillaris, Agrostis gigantea, etc.)

	Bes (2008)

	Touro
	Spain
	Cu
	Copper mine tailings amended with compost, seeded with Agrostis capillaries and cultivated with different tree species (Populus nigra, Salix viminalis and S. caprea) for biomass production.
	Kidd et al (2015);
Touceda et al (2017)





Table S2: Overview of properties of control garden soil and of untreated soils in each field trial. Trace elements refer to total concentrations and are expressed in mg kg-1

	Site/Country
	Control soil 
France
	Arnoldstein
Austria
	Bettwiesen
Switzerland
	Biogeco
France
	Freiberg
Germany
	Högbytorp
Sweden
	Ineris Fresne sur Escaut Phytosed
France
	Ineris CAC
Phytoagglo
France
	Lommel
Belgium
	Piekary
Poland
	Touro
Spain

	pH
	7.9
	5.0
	6.8
	7.35±0.09
	4.9
	6.8
	7.5
	8.12 ± 0.04
	5.8
	8.1±0.0
	3.34 ± 0.02

	OM (%)
	4.0
	2.6
	3.6
	1.34±0.04
	2.5
	
	31.0
	4
	32.8
	7.8±2.7
	2.49 ± 0.03

	CEC (cmol(+)kg-1)
	16.1
	5.0
	32.8
	2.53±0.24
	8.4
	
	23.5
	12.42
	6.2
	50.4±2.2
	9.38 ± 0.91

	As
	3.6
	36.5±2.7
	11.0±0.8
	7.39±0.37
	128±18
	9.8
	42.9±3.5
	13±0.9
	7.4±0.8
	1040
	11.34 ± 0.98

	Cd
	0.27
	6.1±0.3
	1.2±0.3
	0.08±0.01
	3.4±0.4
	0.30
	9.39±0.9
	2.9±3.7
	10.9±0.9
	227.1
	0.29 ± 0.13

	Cr
	18
	30.9±3.9
	168±38
	21.1±0.7
	29.7±2.11
	45.2
	99.7±4.2
	39.7± 4.4
	4.8±1.0
	21.2
	84.1 ± 0.3

	Cu
	21
	58.6±4.8
	40.7±2.4
	964±19
	28.3±4.5
	56.8
	110±7.2
	99.8 ± 24
	26.7±1.5
	2059
	433.0 ± 8.3

	Pb
	24
	791±70
	59.5±10.2
	25.9±3.9
	302±53
	20.7
	956±88.6
	262±19
	238±20
	10511.1
	13.1 ± 1.8

	Zn
	51
	712±58
	1698±411
	37±1.6
	255±38
	123.7
	6089±825
	1117±823
	682±64
	25364.3
	120.2 ± 1.1



Table S3: Values of shoot parameters. For each site and treatment the values of FW, DW (expressed in g plant-1), the PSII efficiency (expressed as Fv/Fm) and the concentration of trace elements and nutrients (expressed in mg kg-1) are presented. For each column the maximum values are indicated in bold type. Empty cells indicate values not measured. <d.l.: below detection limit.
	Site
	Treatment
	Fv/Fm
	FW (g)
	DW (g)
	Ca
	K
	Mg
	P
	Cd
	Co
	Cu
	Fe
	Mn
	Ni
	Pb
	Zn

	Arnoldstein
	UNT
	0.828
	11.7
	1.50
	8472
	26772
	2539
	1104
	16.82
	0.08
	9.07
	108.2
	64.9
	<d.l.
	3.94
	295.65

	
	PS
	0.832
	20.9
	2.51
	8610
	30630
	3006
	1828
	17.66
	0.08
	10.69
	83.2
	84.4
	<d.l.
	5.52
	210.40

	Bettwiesen
	UNT
	0.801
	53.0
	6.37
	9098
	42791
	1743
	2694
	0.47
	0.28
	3.92
	57.3
	12.8
	<d.l.
	0.74
	50.57

	
	PE
	0.823
	60.6
	6.54
	8962
	47759
	2038
	3102
	0.53
	0.38
	4.68
	81.2
	17.7
	<d.l.
	0.84
	60.39

	Freiberg-Halsbrücke
	UNT
	0.829
	32.5
	3.38
	8336
	42088
	2043
	2148
	12.94
	0.16
	6.72
	58.3
	95.6
	<d.l.
	1.87
	71.60

	
	PE
	0.821
	26.6
	3.23
	9167
	44153
	2471
	2311
	13.62
	0.14
	6.22
	82.4
	153.3
	<d.l.
	3.63
	49.03

	Högbytorp
	UNT
	0.808
	24.1
	3.48
	7843
	27500
	1822
	1632
	0.47
	0.15
	5.50
	86.8
	14.8
	<d.l.
	0.94
	18.48

	
	PE
	0.807
	29.1
	3.67
	4899
	29722
	1452
	1679
	0.50
	0.16
	5.39
	58.7
	10.6
	<d.l.
	0.76
	18.27

	INERIS Phytoagglo
	PE
	0.793
	19.5
	3.11
	7598
	31176
	1429
	1513
	0.22
	0.15
	8.52
	96.8
	13.6
	<d.l.
	1.57
	27.17

	INERIS Phytosed
	PS
	0.802
	24.6
	3.48
	9547
	35837
	1436
	1582
	0.57
	0.11
	4.46
	146.4
	12.3
	<d.l.
	0.95
	62.27

	Lommel
	UNT
	0.793
	21.9
	2.68
	16763
	17784
	3693
	2284
	19.76
	0.21
	6.15
	58.7
	41.0
	<d.l.
	0.75
	523.04

	
	PE
	0.793
	23.7
	3.54
	12970
	18082
	2362
	2269
	18.05
	0.24
	5.20
	79.1
	32.6
	<d.l.
	1.43
	312.43

	Piekary
	UNT
	0.780
	7.0
	1.13
	11149
	34534
	3201
	662
	7.78
	0.08
	13.94
	169.5
	33.3
	<d.l.
	13.26
	92.81

	
	PS1
	0.830
	17.6
	2.14
	10909
	33212
	3889
	1286
	9.50
	0.14
	8.43
	79.7
	24.6
	<d.l.
	10.95
	124.85

	
	PS2
	0.818
	23.4
	2.73
	9381
	19677
	6984
	1673
	2.30
	0.22
	7.88
	89.7
	18.5
	<d.l.
	6.35
	148.86

	Biogeco
	UNT
	0.804
	13.1
	2.26
	12469
	13896
	3063
	738
	0.27
	0.13
	11.13
	61.4
	28.2
	<d.l.
	0.41
	18.47

	
	PE1
	0.811
	24.8
	3.85
	8047
	13728
	3506
	1612
	0.08
	0.15
	9.85
	75.2
	24.3
	<d.l.
	0.60
	17.38

	
	PE2
	0.808
	33.7
	4.71
	10527
	25866
	2759
	2611
	0.19
	0.92
	8.01
	57.2
	22.2
	<d.l.
	0.61
	23.40

	
	PS
	0.820
	18.0
	2.88
	9313
	14274
	3319
	992
	0.08
	0.08
	9.13
	59.7
	40.1
	<d.l.
	0.64
	25.67

	Touro
	UNT
	
	
	0.28
	7713
	42820
	10164
	3541
	2.65
	60.52
	278.82
	21438.8
	1655.4
	74.48
	4.28
	642.81

	
	UNT+OM
	0.828
	25.9
	3.66
	8797
	41229
	2769
	2520
	0.58
	0.58
	8.31
	208.3
	478.3
	<d.l.
	0.65
	79.84

	
	PE
	0.835
	52.4
	5.40
	12631
	52514
	2997
	3694
	0.39
	0.08
	8.93
	105.0
	70.7
	<d.l.
	0.97
	62.92

	
	PS
	0.818
	40.9
	4.60
	11086
	48680
	2716
	3525
	0.14
	0.15
	9.30
	107.5
	52.3
	<d.l.
	0.17
	37.89

	Control
soil
	CONT
	0.818
	37.8
	4.75
	10384
	36526
	2112
	3002
	0.08
	0.22
	4.71
	71.7
	19.3
	<d.l.
	0.90
	20.29



Table S4: pH, electrical conductivity (EC, expressed in mS/cm2) and the soluble concentrations of macronutrients (mg L-1) in the soil pore water (SPW) samples from a pot experiment using soils from the 10 European GRO field trials. For each column the maximum (for pH, minimum) values are indicated in bold type. 
	Site
	Treatment
	pH
	EC
	Macronutrients (mg L-1)

	
	
	
	
	Ca
	K
	Mg
	Na
	P

	Arnoldstein
	UNT
	5.81
	0.705
	88.87
	10.18
	20.10
	2.64
	0.00

	
	PS
	6.34
	0.993
	121.00
	13.40
	35.03
	3.21
	0.00

	Bettwiesen
	UNT
	7.53
	0.781
	99.87
	44.90
	17.77
	0.71
	1.18

	
	PE
	7.53
	0.758
	88.27
	58.27
	19.27
	1.63
	2.13

	Freiberg-Halsbrücke
	UNT
	5.97
	0.841
	122.97
	20.60
	16.80
	3.43
	0.00

	
	PE
	6.19
	0.696
	99.97
	19.97
	14.43
	2.02
	0.00

	Högbytorp
	UNT
	7.69
	0.768
	114.03
	4.19
	9.69
	32.63
	0.09

	
	PE
	7.61
	2.600
	93.20
	161.67
	31.03
	331.33
	0.22

	INERIS Phytoagglo
	PE
	7.98
	0.333
	51.90
	16.50
	3.96
	3.77
	0.17

	INERIS Phytosed
	PS
	7.78
	0.586
	95.03
	23.93
	4.63
	1.71
	0.00

	Lommel
	UNT
	6.29
	0.447
	62.20
	24.99
	5.85
	2.09
	1.50

	
	PE
	6.44
	0.485
	58.53
	31.17
	6.81
	2.84
	0.99

	Piekary
	UNT
	7.92
	0.397
	67.87
	4.14
	7.51
	1.36
	0.00

	
	PS1
	8.02
	1.131
	209.97
	7.63
	54.75
	2.47
	0.00

	
	PS2
	8.12
	0.610
	49.73
	3.99
	47.97
	2.42
	0.00

	Biogeco
	UNT
	7.34
	0.555
	89.50
	9.21
	2.93
	4.28
	0.00

	
	PE1
	7.06
	0.567
	196.63
	24.63
	36.43
	9.58
	0.76

	
	PE2
	7.73
	0.546
	68.63
	25.80
	15.43
	6.80
	1.76

	
	PS
	7.05
	0.319
	43.37
	6.89
	6.07
	2.73
	0.00

	Touro
	UNT
	3.42
	4.563
	376.67
	5.37
	171.33
	6.87
	0.00

	
	UNT+OM
	5.68
	2.327
	476.67
	25.63
	55.07
	13.90
	0.00

	
	PE
	6.92
	2.337
	312.20
	27.67
	43.80
	7.58
	0.60

	
	PS
	7.30
	1.473
	253.33
	24.80
	36.13
	9.16
	0.15

	Control soil
	CON
	7.71
	0.370
	53.00
	25.17
	5.69
	1.64
	4.04




Table S5:Trace element concentrations (expressed as μg L-1) in the soil pore water (SPW) samples from a pot experiment using soils from the 10 European GRO field trials. For each column the maximum values are indicated in bold type. Empty cells indicate values not measured.

	Sites
	Treatments
	Trace elements (μg L-1)

	
	
	B
	Co
	Cu
	Fe
	Mn
	Mo
	Ni
	Zn
	Al
	As
	Cd
	Cr
	Pb

	Arnoldstein
	UNT
	5.03
	0.16
	10.02
	17.47
	76.93
	0.00
	11.09
	3613.3
	126.7
	0.55
	32.47
	0.11
	18.64

	
	PS
	0.00
	0.35
	12.91
	37.37
	31.23
	0.00
	6.56
	1493.3
	78.1
	0.91
	14.84
	0.29
	9.07

	Bettwiesen
	UNT
	0.00
	0.00
	11.50
	28.73
	0.00
	1.57
	2.82
	104.7
	0.0
	2.72
	0.15
	2.16
	0.00

	
	PE
	8.60
	0.12
	17.33
	37.50
	0.00
	3.35
	6.03
	144.3
	0.0
	4.57
	0.22
	4.66
	0.00

	Freiberg-Halsbrücke
	UNT
	29.23
	0.11
	11.90
	49.27
	46.70
	0.00
	4.04
	216.3
	371.7
	15.30
	4.66
	0.55
	2.62

	
	PE
	34.93
	0.13
	10.97
	29.50
	118.30
	0.00
	2.86
	63.6
	220.3
	14.83
	2.75
	0.50
	1.78

	Högbytorp
	UNT
	64.23
	0.00
	0.00
	0.00
	0.00
	5.66
	2.48
	0.0
	0.0
	0.96
	0.00
	0.23
	0.00

	
	PE
	2023.33
	1.70
	26.43
	171.67
	0.00
	16.00
	20.67
	4.6
	111.2
	1.74
	0.06
	3.21
	0.28

	INERIS Phytoagglo
	PE
	66.37
	0.00
	24.53
	0.00
	0.00
	12.40
	3.08
	11.4
	0.0
	5.42
	0.00
	1.36
	0.59

	INERIS Phytosed
	PS
	53.00
	0.00
	8.61
	0.00
	0.00
	16.35
	2.11
	111.3
	22.9
	1.59
	0.29
	0.27
	0.00

	Lommel
	UNT
	6.40
	0.00
	26.73
	65.73
	0.00
	1.09
	3.10
	3016.7
	314.3
	30.60
	22.17
	1.14
	16.12

	
	PE
	0.00
	0.10
	18.63
	52.17
	0.00
	1.34
	5.15
	2146.7
	242.7
	31.77
	17.20
	1.25
	13.43

	Piekary
	UNT
	31.33
	0.00
	3.26
	0.00
	0.00
	4.89
	0.82
	42.0
	0.0
	37.97
	1.64
	0.33
	8.02

	
	PS1
	52.90
	0.28
	11.33
	40.20
	0.00
	4.38
	3.06
	202.3
	18.6
	17.57
	4.73
	0.44
	12.21

	
	PS2
	79.10
	0.26
	3.60
	38.17
	0.00
	4.16
	0.89
	63.7
	0.0
	6.37
	0.32
	0.30
	2.49

	Biogeco
	UNT
	0.00
	
	193.00
	7.23
	0.00
	
	
	4.0
	63.3
	
	
	
	

	
	PE1
	22.77
	
	344.23
	41.47
	25.93
	
	
	40.6
	263.5
	
	
	
	

	
	PE2
	94.00
	
	488.00
	48.70
	0.00
	
	
	8.0
	127.4
	
	
	
	

	
	PS
	0.00
	
	275.00
	25.87
	0.00
	
	
	0.0
	0.0
	
	
	
	

	Touro
	UNT
	5.33
	
	21400
	1160
	67566
	
	
	40800
	428000
	
	
	
	

	
	UNT+OM
	61.70
	
	38.50
	40.27
	7982.00
	
	
	728.7
	376.7
	
	
	
	

	
	PE
	32.20
	
	158.93
	47.30
	37.33
	
	
	134.3
	275.0
	
	
	
	

	
	PS
	45.77
	
	43.27
	30.23
	29.10
	
	
	26.7
	244.7
	
	
	
	

	Control soil
	CON
	13.20
	0.00
	24.00
	25.27
	0.00
	2.65
	0.00
	13.1
	0.0
	4.70
	0.00
	0.37
	0.00



Table S6: Ammonium nitrate -extractable concentrations of trace elements (expressed as μg kg-1) in soils from the 10 European GRO field trials. For each column the maximum values are indicated in bold type. <lod: below detection limit. n.d. element not determined. The values of non-parametrical Spearman correlation analyses between extractable and soluble concentrations for each element are presented in the last row.

	Sites
	Treatments
	1M NH4NO3-extractable concentrations (μg kg-1)

	
	
	Cd
	Cr
	Cu
	Ni
	Pb
	Zn

	Arnoldstein
	UNT
	853.3
	n.d.
	60
	n.d.
	4967
	48467

	
	PS
	500.0
	n.d.
	63
	n.d.
	2613
	23690

	Bettwiesen
	UNT
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	
	PE
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.

	Freiberg-Halsbrücke
	UNT
	216.0
	n.d.
	n.d.
	41.7
	502
	3467

	
	PE
	172.7
	n.d.
	n.d.
	22.0
	407
	1615

	Högbytorp
	UNT
	n.d.
	n.d.
	60
	<lod
	n.d.
	<lod

	
	PE
	n.d.
	n.d.
	113
	30.0
	n.d.
	10

	INERIS Phytoagglo
	PE
	2.1
	9.1
	257
	32.7
	32
	2225

	INERIS Phytosed
	PS
	15.9
	8.4
	105
	29.8
	38
	6406

	Lommel
	UNT
	508.0
	n.d.
	n.d.
	n.d.
	524
	43483

	
	PE
	360.3
	n.d.
	n.d.
	n.d.
	389
	27750

	Piekary
	UNT
	366.7
	n.d.
	n.d.
	n.d.
	840
	4563

	
	PS1
	413.3
	n.d.
	n.d.
	n.d.
	803
	7513

	
	PS2
	113.3
	n.d.
	n.d.
	n.d.
	483
	10547

	Biogeco
	UNT
	1.6
	n.d.
	15000
	<lod
	n.d.
	13

	
	PE1
	n.d.
	n.d.
	3453
	<lod
	n.d.
	83

	
	PE2
	1.1
	n.d.
	5290
	<lod
	n.d.
	43

	
	PS
	1.2
	n.d.
	4793
	177.3
	n.d.
	130

	Touro
	UNT
	7.4
	72.3
	29170
	3053
	n.d.
	20033

	
	UNT+OM
	<lod
	<lod
	473
	726.7
	n.d.
	7390

	
	PE
	<lod
	<lod
	187
	161.3
	n.d.
	1083

	
	PS
	<lod
	<lod
	160
	77.0
	n.d.
	180

	Control soil
	CON
	<lod
	<lod
	230
	<lod
	<lod
	60

	Correlation NH4NO3/ SPW
	0.087ns
	n.d.
	0.716***
	0.154ns
	-0.076ns
	0.684***


*** p-value < 0.001


Table S 7: Performance of vegetation covers at the field trials.
	Management strategy / Sites
	Plant 
species
	Changes in labile metal(loid) pool and plant responses
	References

	(Aided) Phytoextraction
	
	
	

	Bettwiesen
	tobacco
sunflower
	After 5 years: leachate content reduced up to Zn 63%, Cd 59% and Pb 64% (plot A); decrease in metal exposure: labile pool in topsoil lowered by 45-70% for Zn, 28-67% for Cd and 26-61% for Pb. Tobacco: shoot biomass 25-37 t DW ha-1; shoot metal removals varied from 343 to 3858 g Zn ha-1 yr-1 and from 2 to 25 g Cd ha-1yr-1. Sunflower: shoot biomass 20 - 27 t DW ha-1 ; shoot metal removals reached 1498 – 5146 g Zn ha-1yr-1 and 8 - 21 g Cd ha-1yr-1
	Herzig et al (2014)

	Freiberg-Halsbrücke 
	willows
poplars
	Total soil Cd decreased from winter 2011 to winter 2013/2014. Soil pH: under willows, it decreased between 2011 and 2012 and again after the harvest in 2013 except for two cultivars, Gudrun and Jorr; it increased under poplars after the harvest in February 2013. Under the “Tora” willow SRC, (1M NH4NO3) extractable Cd did not change after 7 years of land use change from conventional grassland to SRC. Shoot DW yields (t ha-1 yr-1) reached 15 for poplars and 14-19 for willows. Stem wood and bark ionomes (mg kg-1) of poplars and willows depended on genotypes, particularly for Cd (3-10 in wood; 8-30 in leaves). Willow cultivars Tora, Tordis and Gudrun displayed the highest wood and foliar Cd concentrations among all cultivated clones of poplars and willows
	Dietzsch (2011)

	Högbytorp 
	willows cv. Tora and Gudrun 
	After 6 years: total topsoil Cd and Pb were lower in 2 out of 4 soil treatments under the willow SRC. Gudrun and Tora did not influence total topsoil As, Cu, Hg, Co, Cr, V and Zn. Tora accumulated higher shoot Cd, Co, Mn, Pb and Zn concentrations than Gudrun in the plots treated with landfill leachates. Shoot concentrations varied in the 1-4.5 mg Cd and 40-120 mg Zn kg-1 DW ranges
	Aronsson et al. (2010)

	Ineris Creil-Phytoagglo 
	willows (S. viminalis),
A. halleri
	After 2 years; willows: survival rate 100%, increase in maximum stem height per year +500%; foliar concentrations (mg kg-1 DW): willows, Cd 4±1.5, Zn 1250±500 (bioconcentration factors: 2.5 for Cd and Zn); A. halleri: Cd 8, Zn 5 500.
	Bert and
Cadière
(2015)

	Lommel
	willows
S. schwerinii × S. viminalis
cv. Tora
	After 4 years: stem biomass reached 2500±2000 kg DW ha-1 yr-1; stem concentrations (mg kg-1 DW): Cd 21±1, Zn 631±72 ; phytoextraction (g ha-1 yr-1): Cd 53±42, Zn 1578±1275. After 8 years: slight decrease of the soil CEC; decrease in soil electrical conductivity; decreases in EDTA-exchangeable Cd (-26%) and Pb (-32%) concentrations, but not for Zn; no changes for (1M NH4NO3)-exchangeable Cd, Zn and Pb concentrations  
	Ruttens et al. (2011); Janssen (2015)

	Biogeco
	sunflower, tobacco
	After 7 years. shoot biomass (t DW ha-1): sunflower 0.51 – 1.85; tobacco 1.9 – 4.1 in PE1, 1.5-4.5 in PE2; shoot Cu removal (g ha-1): sunflower 27-78 in PE1; tobacco 88-193 in PE1, 119-224 in PE2, and 128-154 in UNT. Soil (1 M NH4NO3)-extractable –Cu reduced by 65% after 6 crops.
	Kolbas et al. (2011);
Kolbas (2012)
Kidd et al (2015)

	Touro
	tobacco
	After 3 years. shoot biomass (t DW ha-1): tobacco 2.7 – 3.4; shoot Cu removal (g ha-1): tobacco 60 -135
	Kidd et al (2015)

	In situ stabilization/
phytoexclusion
	
	
	

	Arnoldstein 
	maize, barley
	Use of the excluder-phenotype Bodega vs. accumulator-phenotype Hellana reduced barley grain Cd by >40 %. In combination with the incorporation of gravel sludge and red mud into the contaminated soil, a further >30 % Cd uptake could be avoided. Similar results were obtained with maize shoots (less accumulation in Falkone cultivar). In year 5, soil amendments were still effective immobilizing agents showing the efficiency and cost-effectiveness of this GRO. 1M NH4NO3-extractable Cd was reduced by >80%; Zn >90% and Pb >90%.
	Friesl et al. (2006);
Friesl-Hanl et al. (2009)
Hua et al (2017)

	Ineris Fresnes-sur-Escaut Phytosed
	willows
cv. Inger and Tordis;
Deschampsia cespitosa
	Deschampsia cespitosa: vegetation cover varied from 25% to 100%; no visible deficiency; common values for shoot metal(loid) concentrations (mg kg-1 DW ): Cd 0.15-0.28, Zn 150-300
Willows: Survival rate varied from 36% (Inger+ D. cespitosa) to 100% (Tordis); wood concentrations (mg kg-1DW): Cd 4 – 7.5, Zn 500-700; foliar concentrations (mg kg-1DW): Tordis (Cd 6 – 13; Zn 1000-2400) > Inger (2.5-12; Zn: 750-2100)
0.001 M Ca(NO3)2-extractable soil fraction (µg kg-1): Cd 1-2, Zn decreased from 800 to 250; no correlation with foliar concentrations of willows
	Kidd et al (2015)
Bert (2017, unpublished data)

	Piekary 
	grass mixture with local cultivars: Festuca rubra L. cv. Atra, Poa pratensis L. cv. Alicja, Festuca arundinacea Schreb. cv. SZD, and Festuca ovina L. cv. Sima
	17 years after biosolid incorporation, water-soluble fractions of major soil contaminants (Zn, Cd, and Pb) remained at low levels, in line with soil pH and Ca-carbonate distribution over the field. Soil bacterial communities were highly diversified in amended soils. Dehydrogenases activity increased as water extractable metal (Cd, Zn) fractions in the soils were reduced. Plant cover and biomass production were highest in soils amended with biosolid combined with byproduct lime. Untreated tailings outside the reclamation area remained barren. Most persistent grass species were P. pratensis, A. capillaris and F. ovina. These species covered the largest remediated area among all grasses. A substantial part of the remediated area was covered by colonists: Calmagrostis epigejos, Hypochoeris radicata, Melandrium album, Artemisia vulgaris, Daucus carota and Solidago gigantean.
	Stuczynski et al. (2007)

	Aided phytostabilization
	
	
	

	Biogeco 
	Cytisus striatus, S. caprea, Agrostis spp., D. glomerata, etc.
	Agrostis castellana and A. gigantea, and C. striatus, Dactylis glomerata, S. caprea, and Holcus lanatus in a lesser extent, better survived and developed in the amended soil than the untreated soil. Across grassy species, shoot DW yields were higher for A. gigantea and D. glomerata followed by H. lanatus, A. castellana and A. capillaris. Foliar Cu concentration (mg kg-1DW) ranged from 12.5 (S. caprea) to 53 (H. lanatus) in the amended soil as compared to 18 (P. nigra) – 76 (A. gigantea) in the untreated soil. Species richness and Shannon index increased in the aided phytostabilized soil.

	Bes (2008)

	Touro
	Salix spp., P. nigra, A. capillaris cv. Highland
	soil NaNO3-extractable Cu concentrations remained low (<1 mg kg-1) in treated soils without influence of the vegetation cover type. In year 4, the mean height for S. viminalis was 219 cm (with plants reaching up to 390 cm), 189 cm for S. caprea (with a maximum of 340 cm), and 240 cm for P. nigra (maximum of 300 cm). Survival rate of P. nigra was 67-75% (of initial planted trees), while survival of both Salix spp. was similar but variable between sub-plots: ranging from 35 to 96% for S. viminalis and from 35 to 87% for S. caprea. Shoot DW yield ranged from 3.7 ±3.0 t ha-1 in S. caprea to 4.3 ±2.3 t ha-1 in S. viminalis. Shoot yields of P. nigra were more uniform between sub-plots with a mean biomass production of 4.3 ±0.7 t ha-1. Agrostis capillaris well established: shoot DW yield reached 2.2 t ha-1 in year 2, and increased to 4.6 t ha-1 in year 3. Leaf Cu concentrations ranged from 13.4 to 19.6 mg kg-1 with no difference between species.
	Kidd et al (2015);
Touceda et al (2017)




image2.emf

image3.png
o

SPW data Shoot data

Frequency
0 15 20 25 30 35

5

0

— YT T
0.00 005 0.10 0.15 020 025 030

RV values

Mn

CuF

P

Canonical weights - SPW variables

Canonical weights - Shoot variables

D

ARNOLDSTEIN BETTWIESEN FREIBERG-HALSBRUCKE -2
-2
- -4
HOGBYTORP LOMMEL PIEKARY -2
N
0
/ f
-2
-4
T T T T
-2 2 -2 -2 0





image4.png
SPW data

Shoot data

oY)

Frequency
15 20 25 30 35

10

5

0

dln

0.0

0.2 0.4
RV values

0.6

TOURO BIOGECO
-2
\ .\ r’! 0
- -2
| T | T
4 -2 0 -4 -2 0
d=02 Cu Fo d=02
A Cd
Cu p 7
NHPb
F
Ni
0.8 K P]
X Canonical weights (SPW var.) Y Canonical weights (Shoot var.)





image1.emf

