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Abstract

:

This work aimed to study the effects of compost (applied at two rates) and two commercial microbial biostimulants on the mobility and bioavailability of potentially toxic elements (PTEs) in an industrial soil phytostabilized by Dactylis glomerata L. or a mixed stand of grasses (Lolium perenne L., Poa pratensis L. and Festuca arundinacea Shreb.). The soil showed very high pseudototal and bioavailable concentrations of cadmium (Cd) and lead (Pb), due to improper lead-acid batteries storage. Compost amendment in combination with the two biostimulants produced the best outcomes in terms of plant growth and nutrient uptake. The same mix of beneficial microbes improved soil biological fertility enhancing soil nitrogen fixing and ammonia oxidizing bacteria, while reduced the pore water and NH4NO3 extractable concentrations of Cd and at lower extent of Pb in soil. Accordingly, the lower mobility and bioavailability of Cd in soil determined a lower uptake and accumulation of Cd in shoots of different grass species. Our results suggest that a green cap with turfgrass assisted by biostimulants and compost amendment in PTE-contaminated industrial sites could be a reliable and effective practice to protect and restore soil biological fertility and to reduce the risk of PTE dispersion in the surrounding environment.
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1. Introduction


An increase in anthropogenic activities like mining, industrial activities, use of chemicals in agriculture and increasing urbanization has led to soil contamination by potentially toxic elements (PTEs) worldwide [1]. The recycling of lead-acid battery is an industry activity that allows to recover lead (Pb) and plastic from aged batteries of motor vehicles thus reducing the environmental impact deriving from Pb extraction from mines [2]. Approximately 50% of the lead consumed worldwide is derived from recycled and reused materials [3]. However, an improper recycling process or disposal may lead to environmental pollution due to Pb, cadmium (Cd Battery doping agent) and sulphuric acid solution [4,5,6]. Lead is the second among the most hazardous metals in the Priority List of the US Environmental Protection Agency [7]. Lead may affect every organ in the human body causing brain damage, mental retardation, encephalopathy, kidney and cardiovascular damage particularly in children [8,9,10,11]. Likewise, human exposure to Cd compounds may create health problems, such as damage to liver and kidneys, cardiovascular disorders and bone degradation [12].



Abiotic stress as environmental pollution could also affect bacterial populations involved in the N-cycling, altering their activity that is essential for the functioning of soil ecosystem [13,14,15].



Soil processes like biological nitrogen fixation (the reduction of atmospheric N2 to bioavailable NH4+) and biological nitrification (the oxidation of NH4+ to NO3−) are very important in N cycling to provide natural N input to plants [16]. Particular N-cycling genes involved in N-transformations such as N-fixation (nifH) and nitrification (amoA) have been extensively used to assess the soil microbial communities’ abundance and diversity [17,18]. These microbial functional groups are very sensitive to any stress and environmental change and therefore they could be considered sensitive indicators of soil heath [19].



Phytoremediation is recognized as a cheap and eco-friendly technique to remediate PTE polluted sites by accumulating soluble PTEs in easily harvestable plant organs (phytoextraction) or by stabilizing them in the rhizosphere and plant roots (phytostabilization) [20].



However, phytoextraction in lead-acid battery recycling sites has little applicability because it requires many years due to very high PTE concentrations in soil. In addition, the use of synthetic chelates proposed by some authors to enhance Pb availability to plants may dramatically increase the risk of Pb mobilization towards subsoil and groundwater [2,21].



Oppositely, aided phytostabilization is based on the use of various mineral and/or organic fertilizers and plant species adequately chosen to stabilize PTEs in the rhizosphere by root exudates or through the accumulation into root tissues [22,23].



Native plant species are preferred for phytostabilization due to their adaptation to the specific climatic conditions, soil physical and chemical features and soil PTE concentrations [24]. Furthermore, plants should ensure good soil coverage in a short time and they should limit PTE accumulation in their aboveground portions to minimize the risk of contaminant transfer to the surrounding environment [25].



Grass plants from Poaceae family such as Dactylis glomerata L., Lolium perenne L., Festuca arundinacea Shreb. and Poa pratensis L. showed a good adaptability to soil contamination and good phytostabilization capacity [6,26,27,28,29].



Dactylis glomerata L. is a perennial grass with erect or spreading culms. Leaves present entire sheaths, large ligules serrate at the apex. Blades are usually glacous, broad, folded in the shoot and strongly keeled. The plant forms erect panicles with branches close together or the lowermost distant. Spikelets have 2–5 flowers, almost sessile and arranged in dense, one-sided, ovate masses. The growth habit of D. glomerata L. may be prostrate or erect. D. glomerata L. has an extensive fibrous root system and lower nodes of the stem may form tillers and set up clonal individuals a short distance away from the parent plant [30].



Festuca arundinacea Shreb. is a perennial grass that produces large and loose tussocks. Culms are erect, unbranched and smooth. Leaves of F. arundinacea Shreb. are dark-green, usually flat, and scabrous on margin. The plant form erect or pendant panicles lanceolate to ovate. Spikelets are elliptic to oblong with 3–10 florets. F. arundinacea Shreb. is very drought resistant thanks to its dense fibrous rootstock that can form an extensive and depth root system [31].



Poa pratensis L. is a perennial plant with fibrous roots tufted or with isolated shoots. It has erected or decumbent culms and leaf sheaths moderately compressed and keeled. Leaf blades are flat or folded with smooth or sparsely scabrid surface. It produces panicles erect or slightly lax loosely, oblong to broadly pyramidal. Spikelets are ovate (green or grayish) with 2–5 florets [32].



Lolium perenne L. is a caespitose perennial plant with fibrous glabrous roots. It has erect ascending or spreading culms It has leaf sheaths somewhat flattened and not keeled. L. perenne L. leaves are glossy on underside while are dull above with flat ribs. The plant spikelets are sessile and basally in one plane and recessed into rachis each with eight florets alternating. L. perenne L. growth-form ranged from erect individuals to prostrate compact cushions [33].



Many organic amendments (e.g., compost, sewage sludge, stabilized biosolids, biochar or animal manure) were proposed for reducing PTE mobility in soil due to chelation, adsorption, binding or co-precipitation processes [34,35,36,37]. Compost is the product of the humification and microbiological stabilization of organic materials [38]. It may improve soil fertility and the activity of soil microbial communities, enhance plant growth and contribute to the immobilization of PTEs in the soil [39,40,41].



It is also suggested that beneficial soil microorganisms such as Trichoderma or mycorrhiza may assist phytoremediation of PTE polluted soils [42]. Trichoderma may increase plant growth and stimulate resistance to biotic and abiotic stresses also improving phytostabilization of polluted soil through mechanisms such as PTE reduction, oxidation, compartmentalization, and conversion to less toxic forms [43,44].



Mycorrhizae, such as arbuscular mycorrhizal fungi (AMF) could establish mutual symbiosis with a great number of plants providing nutrients to the host and ameliorating soil structure [45]. Mycorrhizae are able to develop a network of external hyphae that may extend the root surface area up to 40 times. This symbiosis allows plants to explore a great soil volume for nutrient uptake through the production of enzymes and excretions of organic substances [46]. Mycorrhizae may also increase plant tolerance to PTEs through immobilization, precipitation, adsorption and chelation [47].



Therefore, the aims of this study were: (1) to assess the influence of biostimulants and compost amendment on the phytostabilization potential of two grass swards including D. glomerata L. (native plant species of the site) and of a mixed stand of grasses in a highly contaminated soil by PTE from disposed lead-acid batteries; and (2) to evaluate the effect of the phytostabilization process on the rhizospheric N cycling bacteria and so on the biological status and quality of the soil. The comparison between the different plant-compost-biostimulant combinations, will allow us to identify the most appropriate site-specific phytostabilization strategy.




2. Materials and Methods


2.1. Study Area and Amendment Description


The soil used in this study was collected from an industrial site located in Marcianise (southern Italy—41°00′48.9” N—14°17′49.7” E) used as a temporary landfill of batteries for several years by a lead-acid battery recycling plant (Figure 1a). According to Italian legislation [48], Cd and Pb concentrations in soil were above the screening values for industrial soils (Cd: 15 mg kg−1; Pb: 1000 mg kg−1) thus the company made a risk analysis to evaluate the risks for human health and environment due to PTE pollution. Results of risk analysis showed that there was a risk of leaching of Cd and Pb in the groundwater in addition to a risk for workers linked to the inhalation and dermal contact with contaminated soil particles. A phytoremediation project was approved, using the ECOREMED protocol [20] based on ecological systems (i.e., a poplar stand with permanent meadows) to reduce PTE mobility and to reduce soil resuspension thus interrupting exposure pathways to contaminants.



Soil used for the pot experiment was collected in very high polluted area of the site (depth: 0–30 cm) (Figure 1a) and carefully homogenized before the preparation of experimental units.



The preliminary soil characterization is reported in Table 1 and can be resumed as follows: sandy loam textured and neutral soil, with medium-high contents of organic matter and total nitrogen and a moderate accumulation of soluble salts.



The readily bioavailable fractions of Cd and Pb in the soil were respectively 24- and 330-fold higher than the trigger values settled by Germany and Slovak Republic [49,50,51], revealing a very high PTE mobility in soil and a high environmental risk.



The compost used in the pot experiment was well humified and stabilized, rich in nutrients (total N: 4.8%) and organic matter (58%), with a sub-alkaline pH (7.9) and medium-low electrical conductivity (4.5 mS cm−1).




2.2. Experimental Design, Compost and Biostimulants Application


Two compost doses were mixed individually with soil at 0.7% w/w (C1) and at 1.4% w/w (C2), thoroughly homogenized and transferred to pots (Ø 15 cm; V 1.5 L). The plant microbial applications, hereby noted as biostimulant BP (Panoramix commercial product; Koppert Biological Systems, Rotterdam, the Netherlands), consisted of a microbial consortium of arbuscular mycorrhizal fungi (AMF), plant growth-promoting rhizobacteria (PGPR) (Bacillus spp.), and Trichoderma; whereas BT (the commercial biostimulant Trianum-P; Koppert Biological Systems, Rotterdam, the Netherlands) contained Trichoderma harzianum strain T22. The products were applied as a coating to the surface-sterilized seed of the respective grass formulations (final concentration ca. 1 × 108 spores ml−1), using a proper volume of the product to cover the seed surface. Treated seed was left to air-dry, with constantly stirred in order to coat the surface uniformly, then stored at 4 °C until sowing. Treated seeds of Dactylis glomerata L. (98% pure live seed; 8 g seed m−2), an autochthonous species for the zone, or a commercial mix of grasses (98% pure live seed; 40 g seed m−2) including Lolium perenne L. cv. Keystone (10% w/w ) Poa pratensis L. cv. SR2100 (10% w/w) and Festuca arundinacea Shreb. (cv. SR8600 50% w/w; cv. Durango 30% w/w) were sown in individual pots (three replicates per treatment) (Figure 1b) for a total of 54 experimental units (27 experimental units for each grass sward). Pots with bare soil were used as unplanted controls (in triplicate) and kept under the same conditions of the other treatments throughout the experiment. The experiment was carried out in a growth chamber (day/night cycle = 12/12 h; T from 22 to 26 °C; relative humidity = 85%), where the pots were arranged in a completely randomized design. During the experimental period (60 days), pots were watered regularly with deionised water to keep soil moisture close to field capacity.



The following factors were tested for Dactylis glomerata L. and commercial mix of grasses:




	(i)

	
3 doses of compost from urban wastes: C0 = non-fertilized control vs. C1 = 0.7% vs. C2 = 1.4%;




	(ii)

	
3 levels of commercial biostimulants: a non-inoculated control (B0) vs. BP vs. BT.










2.3. Plant Sampling and Analysis


At the end of the experiment plant shoots were harvested, thoroughly washed with tap water and then deionized water, gently blotted, weighed (fresh weight), oven dried at 60 °C until constant dry weight to later finely-ground in an electric mill. Plant samples were analysed for N concentration (Kjeldahl method [52]) and PTE concentrations by inductively coupled plasma mass spectrometry (ICP-MS, Nexion 3000 – Perkin Elmer, USA) after 2 sequential digestions in microwave oven: firstly by concentrated HNO3 and secondly by aqua regia (HCl/HNO3, 3:1 v:v).



PTE concentrations in the two grass swards were compared to PTE thresholds (converted from concentration at 12% moisture to dry weight basis) indicated in European Union Regulation No. 1275 [53] for forages (Cd: 1.14 mg kg−1; Pb: 34.09 mg kg−1) for evaluating the PTE transfer from soil to plant. In addition, PTE “toxic ranges” in shoots (Cd: 5–30 mg kg−1; Pb: 30–300 mg kg−1) reported by Kabata-Pendias [54] were used as reference.




2.4. Soil Sampling and Analysis


At the end of the experiment, the soil of the pots was separated from the roots, oven dried at 50 °C until constant weight, homogenized and sieved at 2 mm before analyses. The following physicochemical properties were determined on soil samples (before and after plant cultivation): pH-H2O (1:2.5 soil:water solution ratio – pH meter GLP 22, Crison, Barcelona, Spain), electrical conductivity (1:5 soil:water solution ratio—Conductimeter basic 30, Crison, Barcelona, Spain), ammonium and nitrate content (Foss FIAstar 5000 continuous flow Analyzer—Foss Analytical A/S, Hillerød, Denmark), extraction of readily bioavailable fraction of PTEs by 1M NH4NO3 (1:2.5 soil:water solution ratio; [55]).



In the composite soil sample (collected before plant cultivation) they were also determined: texture (pipette and sieving method, after pre-treatment with H2O2 to oxidize organic matter and particle dispersion by sodium hexametaphosphate), total nitrogen (Kjeldahl method [52]), organic carbon [56] and pseudototal content of PTEs by aqua regia digestion [57] and ICP-MS at Acme Analytical Laboratories Ltd. (Vancouver, Canada). Certified reference material CC141 and 141R (European Reference Materials - ERM®) and lab standard materials (STD DS10 and STD OREAS45EA) were used to monitor the data quality of soil analyses, with metal recoveries around ±10% of the certified values.



Water soluble PTE concentrations were assessed by analysing soil pore water that was extracted from the pots by using rhizon-samplers (Rhizosphere Research Products, Wageningen, the Netherlands) inserted with a 45° angle in each pot. Ten ml of water were extracted from each pot just before plant harvest by applying a suction from a vacuum syringe for 24 h. Soil pore water was then analysed for pH and PTE concentrations by atomic absorption spectrometer (AAS).




2.5. Quantification of nifH and amoA Genes


The soil collected from each experimental pot as above reported were used to obtain rhizosphere samples as described by Romano et al. [58]. Total DNA from rhizosphere samples was extracted by the FastDNA Spin Kit for Soil (MP Biomedicals, Illkirch Cedex, France) according to the supplier’s recommendations. qPCRs for the bacterial functional genes nifH or amoA were performed using 50 ng of DNA template and the oligonucleotide primers nifH-F (5′-AAAGGYGGWATCGGYAARTCCACCAC-3′) and nifH-R (5′-TTGTTSGCSGCRTACATSGCCATCAT-3′) [59] or amoA-1F (5′-GGGGTTTCTACTGGTGGT-3′) and amoA-2R (5′-CCCCTCKGS AAAGCCTTCTTC-3′) [60], respectively, using a Chrom4 System Thermocycler (Bio-Rad, Milan, Italy). The PCR mixture included 50 ng of target DNA, 1× iQ SYBR Green Supermix, (Bio-Rad), and 0.2 μM of each primer. All qPCR reactions included an initial denaturing step at 95 °C for 3 min followed by 40 cycles of amplification as previously reported [61]. To calculate the abundance nifH and amoA genes, standard curves were generated by amplifying and cloning the target genes from the strains Sinorhizobium meliloti 1021 and Nitrosomonas europaea, respectively, as previously reported [61].




2.6. Statistical Analysis


Data on plants were analysed by two-way ANOVA using a general linear model and means were separated by using a least significant difference (LSD) test with p < 0.05 using the SPSS 21.0 statistical software package (SPSS Inc., Cary, NC, USA). The same statistical design was carried out for soil properties to test the main effect of tested factors and their interaction. In addition, a one-way ANOVA was carried out to compare the unplanted control to the planted pots. In this case, each compost × biostimulant combination was considered as a single treatment. Normality of distribution and homogeneity of variance were verified using the Kolmogorov–Smirnov and Levene tests, respectively. Logarithmic transformation was applied, when needed, to variables that did not accomplish normality. Pearson correlation analysis was carried out between soil and plant features by XLStat (Addinsoft, Paris, France) to evaluate general tendencies.





3. Results and Discussion


3.1. Soil Mineral Nitrogen and PTE Promptly Bioavailable Concentrations


Soil pH, mineral nitrogen and NH4NO3-extractable PTE concentrations in soil are shown in Table 2.



Compost and biostimulants did not significantly affected soil pH that ranged respectively from 6.84 to 7.06 for D. glomerata L. and from 6.81 to 7.07 for the mixed stand of grasses (data not shown), similarly to the unplanted control (Table 2). The interaction of compost and biostimulants with both plant treatments showed no significant effect on soil NO3-N concentration in comparison with the control (C0-B0). Nevertheless, there was a significant reduction of soil NO3-N concentration in planted soils, if compared to unplanted control (Table 2), and this was probably due to the plant uptake of the most available form of N during the experiment [62,63].



On the contrary, compost showed a significant increase of NH4-N in soil of both the grass swards in comparison to the control (Table 2): in particular, compost application produced an increase of 34% (C1-B0) and 42% (C2-B0) in D. glomerata L. pots than control (C0-B0), and a similar behaviour was observed in the mixed stand of grasses (the higher rate of compost (C2-B0) enhanced of 44% the NH4-N concentration in soil). Compost addition may improve the soil microbial activity due to the large supply of organic carbon [64]. Accordingly, a high mineralization rate of composted organic matter triggered by soil microflora may lead to a high NH4-N content in soil, as found in C1-B0 and C2-B0 treatments [65,66]. Differently, the application of compost (C1–B0; C2-B0) showed a limited effect on NH4NO3-extractable concentrations of Cd and Pb in both plant treatments (Table 2).



According to the very high pseudototal concentrations of Cd and Pb in the studied soil, the NH4NO3-extractable concentrations of Cd and Pb for both the grass swards were above the trigger values (0.1 mg kg−1 for Cd and 0.1 mg kg−1 for Pb) settled by some European countries for contaminated soil in order to identify potential risks for the environment and plant growth [49,50,51,67,68] (Table 2).



The application of the biostimulant Panoramix (C0-BP) determined a significant reduction (−37%) of readily bioavailable Pb in soil of D. glomerata L. pots as compared with the control (C0-B0), probably due to a possible immobilization of PTEs on AMF hyphae (Table 2). Mycorrhizae may mitigate the mobility of PTEs in soil through different mechanisms, such as metal chelation by fungal activity of extra-radical mycelia, spores, intra-radical mycelia and vesicles, or through AMF secretions (polyphosphoric acid and organic acids) that can complex the PTEs at the fungus-root interface [69,70,71,72]. In addition, mycorrhizal mycelia can produce a glycoprotein called glomalin that has shown a potential role in PTEs immobilization [73]. Similarly, Trichoderma harzianum reported an immobilization effect on soil Cd and Pb through the bioaccumulation of PTEs in the fungal biomass [74,75,76].



A synergistic effect of the two compost doses and microbial biostimulants on soil NH4-N content was recorded for D. glomerata L. in BP (C1-BP and C2-BP) and BT (C2-BT and C2-BT) as compared respectively with C1-B0 and C2-B0, exerting the highest effect with the application of the highest compost dose and with both biostimulants (C2-BP and C2-BT) (Table 2). On the contrary, no synergic effect was found for the mixed stand of grasses when the highest compost rate was applied (C2-BP and C2-BT) in comparison to C2-B0, revealing a lower effect of biostimulant for the mixed stand of grasses. However, only C1-BP was effective in increasing NH4-N concentration in soil as compared with C1-B0, C1-BT and C0-B0 (Table 2).



The synergic effect showed for BP is probably due to the stimulating effect of compost on both hyphal proliferation and spore formation of AMF contained in the biostimulants BP that resulted in an increase of NH4-N content in soil [77,78]. This stimulation may lead to the release of nutrients (particularly of N-NH4) from the soil amendment through mineralization or modification of soil microbial community [79,80]. Similarly, BT exploiting nutrients provided by organic amendment may release several plant nutrients by promoting root exudation through the production of an auxin-like phytohormone. Root exudates, such as sugars and organic acids, may enhance the abundance and the interactions of soil microflora, which have a potential effect on soil nutrient cycling [81,82,83]. In all plant treatments, a higher NH4-N concentration in soil than the unplanted control was found, since the release of exudates can intensely modify soil microbial communities and influence N transformations in and near the rhizosphere [84].



The combined application of compost and biostimulants (C1-BP, C1-BT, C2-BP and C2-BT) reduced the readily bioavailable concentration of Cd in soil in comparison to the control (C0-B0) in D. glomerata L. pots, while only the combination of compost and biostimulant Panoramix (C1-BP and C2-BP) showed the same behaviour for the mixed stand of grasses (Table 2). Similarly, the combination of the high compost rate and biostimulants (C2-BP and C2-BT) reported a reduction of NH4NO3-extractable concentration of Pb in soil where D. glomerata L. grew (Table 2). Compost addition may decrease the PTE extractability through processes linked to amendment-PTEs interaction, such as adsorption, complexation, precipitation and redox reactions [85]. The mitigation of PTE toxicity by organic amendments may in turn improve the mycorrhizal abundance and root colonization by beneficial fungi [71,86,87]. In particular, organic amendments can aid AMF through the modification of soil physiochemical properties facilitating AMF growth, encouraging microorganisms that interact with AM fungi (e.g., P-solubilizing bacteria). Furthermore, organic amendments may modify plant-fungi signalling compounds that affect spore germination and mycorrhiza hyphal branching [73]. Compost can act as a substrate for microbial growth thus it can stimulate Trichoderma colonization as well. In addition, Trichoderma can provide major contribution to the decomposition of soil organic matter contained in the compost increasing its content in soil and consequently the PTE immobilization in soil [76,88].



All treatments with plants showed a lower readily bioavailable Cd in soil than unplanted control (Table 2), which reveals a strong contribution of rhizosphere processes to Cd immobilization through the interaction of soil microflora and root chelating substances (e.g., phytosiderophores) [89]. Differently, Pb NH4NO3-extractable concentration of the control (C0-B0) showed no significant differences as compared with unplanted control.



The compost addition slightly raised the pH of pore water (average effect) in D. glomerata L. (C1 = 7.61; C2 = 7.44) as compared to the control (C0 = 7.40) (data not shown). The same behaviour was reported for the mixed stand of grasses (C1 = 7.47; C2 = 7.55) as compared to the control (C0 = 7.37) (data not shown). This behaviour was also observed by Hartley et al. [90] in sub-acid or neutral soils. This increase of pH may be due to the consumption of protons during the decomposition of the organic amendment (decarboxylation of organic acid), to the proton consumption by functional groups (associated to the organic material) and to the release of OH during the specific adsorption of organic molecules on surface minerals by ligand exchange [91].



Cadmium and Pb concentrations in pore water ranged from 0.10 to 0.20 mg L−1 and from 0.15 to 1.21 mg L−1, respectively, in D. glomerata L. pots, while ranged from 0.01 to 0.20 mg L−1 and from 0.01 to 1.56 mg L−1 in the pots vegetated with the mixed stand of grasses (data not shown). Both PTE concentrations were very high if compared to similar studies in contaminated soils, indicating a high environmental risk associated with these two PTEs [92,93].



The compost and biostimulants application showed no significant effects on the Pb concentration in pore water for both the grass swards while there was a significant effect (interaction compost × biostimulants) (p < 0.05) on the Cd concentration in pore water for both the grass swards (Figure 2a,b).



The combination of the high compost dose with the two biostimulants (C2-BP and C2-BT) reduced the Cd concentration in pore water of D. glomerata L. as compared with the control (C0-B0) (Figure 2a). A similar decrease of Cd concentration in pore water was recorded for the mixed stand of grasses for C2-BP in comparison to the control (C0-B0) (Figure 2b). The low Cd concentration in pore water was likely related to the increase of pH and organic matter in soil and to mycorrhizae and Trichoderma. Increased pH may modify the charge of amphoteric metal oxide materials and solid-phase organic matter becoming negative facilitates the adsorption of Cd on the surfaces or enhances surface and bulk precipitation of PTEs as sparingly soluble metal hydroxides [94,95]. Likewise, the increase of the organic matter in soil may reduce the concentrations of water-soluble Cd by increasing the availability of binding sites in soil [96]. In addition, mycorrhizae and Trichoderma may immobilize Cd in soil through the release of chelating agents as glomalina by mycorrhizae or the bioaccumulation of Cd in Trichoderma fungal biomass [73,76].



Similarly to the NH4NO3-extractable concentration of Cd (Table 2), also the pore water concentration of Cd in all the planted treatments (including control) was lower than unplanted control (Figure 2a,b). This indicate once again the important role of plant roots in the mitigation of mobility of PTEs in the soil [89].



Overall, the results on soil properties showed that compost and biostimulants were mostly effective on soil mineral N content and PTE bioavailability (NH4NO3 and pore water) when applied in combination, thanks to the stimulatory effect of compost on mycorrhizae and Trichoderma, and mitigation of PTE toxic effects.




3.2. Bacterial Functional Genes Analysis


To evaluate the influence of the different treatments (plant species, compost and biostimulants) on the N-cycling microbial populations, the abundance of specific functional genes encoding N2-fixing (nifH) and nitrifying (amoA) enzymes was estimated by qPCR (Table 3).



The abundance of nifH gene seems to be affected by both biostimulants and compost application also showing an interaction between them in the rhizosphere of both the grass swards. As shown in Table 3, the application of the high compost dose (C2-B0) increased the abundance of nifH gene for both the grass swards (Table 3) as compared with control (C0-B0), probably due to contribution of compost to new microbial populations in soil [97]. A similar effect on nifH gene was recorded after the biostimulant Panoramix application (C0-BP) which increased the abundance of nifH gene by 27% for D. glomerata L. and by 34% for the mixed stand of grasses as compared to the control (C0-B0). This positive result was probably related to the improvement of the nitrogen-fixing bacteria activity by mycorrhizae that may facilitate their colonization of plant roots or may improve nutritional status of the host plant, which in turn would result in more energy available for nitrogen fixation by bacteria [98]. Diazotrophic populations were also influenced according to quantity of compost applied and biostimulant application. In fact, both biostimulants significantly increased the abundance of nifH gene in both D. glomerata L. (ranging from 13 × 104 to 71 × 104 copies g−1) and mixed stand of grasses (ranging from 13 × 104 to 73 × 104 copies g−1) rhizosphere when the highest compost dose was applied to the soil (C2-BP and C2-BT treatment; Table 3). Indeed, high values (ranging from 7.0 × 104 to 13 × 104 copies g−1) were also detected in C1-BP and C1-BT treatments in both D. glomerata L. and mixed stand of grasses rhizosphere samples (Table 3).



This result indicated that the marked increase of NH4-N in soil after compost addition (Table 2) may be attributed also to the increase of nitrogen fixing bacteria which add additional nitrogen to the soil [99].



However, the abundance of the nifH gene in all planted pots was 1 or 2 orders of magnitude higher than in the unplanted control (6.6 × 103 copies g−1; Table 3). This increase was probably due to a phenomenon known as the “rhizosphere effect” in which root-derived exudates directly affect easily degradable substances leading to proliferation of microorganisms in the rhizosphere [100,101]. This finding was in accordance with Nelson et al. [102] which reported an increase in nifH gene abundance in the rhizosphere during a phytostabilization experiment, demonstrating its suitable effectiveness to evaluate ecosystem potential and plant efficiency.



Similarly, the interaction between compost amendment and biostimulant application exerted the same effect on ammonia oxidizing bacteria in the rhizosphere of both the grass swards (Table 3). In fact, in the rhizosphere of both D. glomerata L. and mixed stand of grasses the highest abundance of amoA gene was detected in the combined C2-BP treatment (ranging from 666 x 102 to 678 × 102 copies g−1; Table 3), followed by C1-BP and C2-BT treatments in which ammonia oxidizing bacteria significantly increased approximately up to 9.2–9.3 × 103 copies g−1 compared to C1-TB (5.2–5.3 × 103 copies g−1) or C0 or B0 pots in which no treatment or a single treatment was applied (about 6 × 102 copies g−1) (Table 3). Finally, also the abundance of the amoA gene was lower in the unplanted control (1.8 × 102 copies g−1) compared to planted pots, although this difference was not significant (Table 3).



Overall results highlighted that there is a correlation between compost addition and biostimulant application, and that combined treatments significantly increased the functional genes involved in the nitrogen fixation and nitrification probably due to a decrease of NH4NO3-extractable concentrations of Cd in soil (Table 2). In addition, the highest NH4-N concentration in soil due to the combination of compost and both biostimulants (Table 2) may have contributed to high ammonia-oxidizing bacteria activity and consequently to high abundance of the amoA gene in soil [103]. This finding indicates a faster N turnover and higher N availability to plants in soils under combined treatments management, likely due to the higher release of root exudates [104]. Indeed, as previously demonstrated compost addition could promote the restoration of the biological fertility of multi-contaminated soils [97], since it could be a source of new microbial populations and improve structural stability of soil [105]. However, compost addition exerted a positive effect only when in combination with biostimulant application that could exert an evident effect on autochthonous microbial populations in the soils [101]. In particular, N2-fixing and ammonia oxidizing bacteria were strongly stimulated especially by BP compared to BT, in both the grass swards. This result could be due to the fact that unlike BT, that is a pure culture of the strain T. harzianum T22, BP consists of a combination of a mix of eukaryotic and prokaryotic microorganisms (mycorrhizae, Bacillus, and Trichoderma species) with different plant growth promoting activities that could have a synergistic interaction.




3.3. Plants Biomass, Nutrient Status and PTE Concentrations


Plant growth and nutritional status of D. glomerata L. and mixed stand of grasses are shown in Table 4, along with Cd and Pb concentrations in plant shoots.



The application of the biostimulant BP (C0-BP) resulted in a significant increase of the mixed stand of grasses biomass and a significant increase of nitrogen uptake for both the grass swards as compared with the control (C0-B0) and BT application (C0-BT) (Table 4). This effect may be related to the improvement of plant rooting zone and nutrient uptake due to mycorrhizae infection [106]. Furthermore, the combination of PGPR (Bacillus spp.) and T. harzianum may also have a synergic effect with mycorrhizal fungi resulting in a greater promotion of plant growth, increased production of enzymes, antioxidants, nutrient solubilisation and root nodulation [107,108]. This positive effect of AMF on the growth of Lolium spp., Poa spp. and Festuca spp. cultivated alone or in combination was consistent with previous works and is associated to the improvement of plant root surface area and higher nutrient uptake [109,110].



On the contrary, BT application (C0-BT) showed no significant effect on the mixed stand of grasses growth while significantly reduced the growth of D. glomerata L. (−57%) if compared to the control (C0-B0) (Table 4). This negative effect may be related both to the competition of Trichoderma with the plant and other soil microorganism for nutrients or to a low affinity of the strain T22 with D. glomerata L. [88,107,111]. Similarly, the application of both compost doses (C1-B0 and C2-B0) reduced significantly the biomass of D. glomerata L. and a non-significant reduction was reported for the mixed stand of grasses as compared to C0-B0 (Table 4). This trend for both the grass swards suggested a nitrogen immobilization by the compost [38,112].



On the contrary, the combination of both compost doses with BP (C1-BP and C2-BP) increased the growth and N uptake for D. glomerata L. and for the mixed stand of grasses as compared to C0-B0 (Table 4). This behaviour was probably related to the provision of humic acids by compost, which may stimulate mycorrhiza hyphal growth and sporulation which in turn can improve nutrient uptake and plant growth [113,114].



Nevertheless, also the combination of both compost doses with BT (C1-BT and C2-BT) showed an improvement of D. glomerata L. biomass and N uptake than control (C0-B0), probably due to the supply of nutrients by compost for Trichoderma growth, thus reducing its competition with plants that in turn may stimulate plant root development and contribute to solubilize mineral nutrients (Table 4) [88,107].



The concentrations of Cd and Pb in the aboveground parts of D. glomerata L. and mixed stand of grasses were above the threshold for forage [53] and above the value reported by Kabata-Pendias [54] in plants grown in non-contaminated sites, suggesting a potential risk of transfer of the pollutants into the food chain (Table 4) [24]. In addition, Cd and Pb concentrations in the aboveground part of the plants were within the “toxic range” for plants indicating a good tolerance to soil pollution by the studied plants [54].



The combination of the highest compost rate and biostimulants (C2-BP and C2-BT) reduced the Cd concentration in both plant shoots in comparison to the control (C0-B0) (Table 4). In addition, also the application of the highest compost dose alone (C2-B0) showed a similar reduction of Cd content in the shoots of mixed stand of grasses as compared with the control (C0-B0) (Table 4). This trend was in accordance with Cd bioavailable concentration in soil of both the grass swards (Table 2 and Figure 2), indicating a lower Cd uptake by plants because of lower Cd mobility in soil due to the compost interaction with soil Cd and to the interaction of compost with both mycorrhiza and Trichoderma [73,76,85,87]. On the other hand, the treatments showed a low effect on Pb concentration in the aboveground part of both the grass swards (Table 4). Nevertheless, the average effect of compost application caused a reduction of Pb concentration (C1 and C2) in the aboveground part of both the grass swards compared to those observed in the control treatment (C0) (Table 4). This tendency was in accordance with NH4NO3-extractable concentration of Pb in the soil, suggesting a possible Pb immobilization in soil (Table 2). However, the immobilization of Cd and Pb in plant roots and a low PTE transfer from root to shoot may have contributed to reduce the PTE uptake by plants. In line with our results, many authors reported a reduction of Cd and Pb concentration in shoots of D. glomerata L., F. arundinacea Shreb., L. perenne L. and P. pratensis L. after the application of organic amendment as a consequence of reduced PTE availability in the soil and to the immobilization of PTEs in plant roots [115,116,117,118].




3.4. Correlations between Plant and Soil Properties


Pearson’s correlation coefficients were calculated between plant and soil properties and are presented for D. glomerata L. and mixed stand of grasses, respectively, in Table 5 and Table 6.



A significant negative correlation was observed for D. glomerata L. between plant growth and N concentration in plant (Table 5), to indicate a dilution effect occurring when dry-weight accumulation increased at a faster rate than N accumulation [119].



Both the grass swards reported a significant positive correlation between NH4NO3-extractable concentration of Pb in the soil and Pb concentration in plant shoots, revealing that the readily bioavailable content of PTEs in the soil are generally related to the amounts taken up by the plants [68] (Table 5 and Table 6). Furthermore, a negative correlation was observed for both the grass swards between pore water pH and Cd concentration in pore water. This result was in line with the increase of pore water pH after compost application (Figure 2) which may facilitate the adsorption of Cd on the soil colloids or may enhance surface and bulk precipitation of PTEs as insoluble metal hydroxides [94,95]. The Pb concentration in D. glomerata L. shoots was negatively correlated with plant biomass probably due to a dilution effect in high biomass plants [120] (Table 5). The NH4-N concentration in soil planted with D. glomerata L. was positively correlated with both amoA and nifH gene abundance (Table 5). This correlation was probably related to the ammonium provided by treatments and by nitrogen fixing bacteria that supplied energy for ammonia oxidizing bacteria improving their abundance [99,103,121]. This result was in accordance with the highest NH4-N, amoA and nifH gene abundance reported with the application of both compost and biostimulants to soil (Table 2 and Figure 2). In addition, a high significant correlation between amoA and nifH gene abundance was reported for both the grass swards highlighting their relation in N cycling (Table 5 and Table 6).



A statistically significant negative correlation was observed between plant growth (D. glomerata L.) or nitrogen uptake (mixed stand of grasses) and NH4NO3-extractable Cd and Pb concentrations in soil, indicating a strong phytotoxic effect of the two elements in the study soil (Table 5 and Table 6). Generally, Cd was more toxic for plants than Pb mostly due to the strong affinity of Cd ions with several compounds involved in plant metabolism (sulfhydryl groups and phosphate groups) resulting in a reduction of plant biomass [122,123]. On the other hand, Pb uptake and translocation by plant is limited due to its binding to root surface also forming granules and deposits into cell walls (mainly as pyrophosphate) of leaves and steams thus reducing its toxicity [122,123]. However, treatments with compost and biostimulants showed the lowest soil PTE concentrations (Table 2) and the highest plant growth and nitrogen uptake (Table 4), indicating that these biofertilizers may alleviate the phytotoxicity of Pb, Cd and their negative effects on host plants [69,124].



Furthermore, a significant negative correlation was observed for both the grass swards between bioavailable concentrations of PTEs in soil and nifH and amoA gene abundance, suggesting a negative effect of soil PTEs on nitrogen cycling bacteria (Table 5 and Table 6). In line with our study, Liu et al. [125] and Afzal et al. [126] reported the inhibition of the activity and function of bacteria involved in the ammonium oxidation in soil contaminated by Cd and Pb. Similarly to our results, Prasad et al. [127] stated a deleterious effect of soil Cd on abundance and diversity of free living nitrogen fixing bacteria in soil. In contrast with this trend, the highest nifH and amoA abundance occurred when biostimulants and compost where applied in combination, suggesting a stimulating and protective effect of compost and biostimulants for soil microorganisms (Table 3).





4. Conclusions


This study aimed to assess the effect of compost and biostimulants combined with two grass swards on the bioavailability of PTEs and soil biological fertility. In addition, the growth of plants and N uptake were evaluated. The soil used in this study, derived from a site used as landfill of lead-acid battery, showed pseudototal contents of Cd and Pb above screening values for industrial soils. The NH4NO3-extractable and pore water concentrations of PTEs in the soil revealed that Cd and Pb were very bioavailable and showed a negative effect on both the grass swards and nitrogen cycling bacteria. However, compost and biostimulants combination increased plant growth and N uptake, showing the highest effects with the biostimulant “Panoramix”. The same combination for both the grass swards reduced Cd mobility in soil by decreasing water soluble concentration (pore water) and the readily soluble fractions (soil extraction by NH4NO3), while reported a lower effect on soil Pb. Furthermore, the combination of compost and biostimulants also reduced Cd bioavailability as compared with a bare control highlighting the importance of a plant soil covering to reduce Cd dispersion in the environment. The lower Cd mobility in soil resulted in a lower Cd bioavailability for both the grass swards that showed a lower Cd concentration in shoots. Both compost fertilization and inoculation with biostimulants improved the soil biological fertility by enhancing soil nitrogen fixing and ammonia oxidizing bacteria for both the grass swards. The highest effects on soil and plants were reported by the biostimulant “Panoramix” highlighting the importance to use a biostimulant containing a mix of eukaryotic and prokaryotic microorganisms (mycorrhiza, Bacillus, and Trichoderma species) with different soil and plant beneficial effects instead of a pure culture of a single microorganism (T. harzianum).



The findings of this work indicate that the two grass species and the combined application of compost with the commercial biostimulant “Panoramix” represent effective tools for securing the industrial site by stabilizing Cd in soil, therefore reducing the risk of PTE dispersion in the surrounding environment and the risk of their leaching towards groundwater. However, further studies are required in field conditions to test the effectiveness of the combination plant-compost-biostimulants for the phytostabilization of the industrial site.
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Figure 1. Map of the studied site and sampling point (a) in the industrial area of Marcianise (Campania, southern Italy) and growth chamber pot experiment with D. glomerata L. and a mixed stand of F. arundinacea Shreb., L. perenne L. and P. pratensis L (b). 
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Figure 2. Interaction (compost × biostimulants) effects on Cd soluble concentrations in D. glomerata L. (a) and in a mixed stand of F. arundinacea Shreb., L. perenne L. and P. pratensis L. (b) C0 = no compost, C1 = 0.7%, C2 = 1.4%; B0 = no biostimulants, BP = Panoramix, BT = Trianum-P; UC = non-planted and untreated soil. Bars (means) marked with the same letter do not differ significantly according to the LSD test (p < 0.05). 
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Table 1. Physiochemical properties of the composite soil sample used in the pot experiment before plant sowing (number of replicates = 3).
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	Units
	Soil Properties
	Screening Values 1 (mg kg−1)
	Trigger Values 2 (mg kg−1)





	Sand
	g kg−1
	630
	
	



	Silt
	g kg−1
	210
	
	



	Clay
	g kg−1
	160
	
	



	pH
	
	6.78 ± 0.02
	
	



	Electrical conductivity (EC)
	mS cm−1
	0.70 ± 0.01
	
	



	Organic C (OC)
	g kg−1
	28.0 ± 0.2
	
	



	Organic matter (OM)
	g kg−1
	48.0 ± 0.3
	
	



	Total N
	g kg−1
	2.5 ± 0.1
	
	



	NO3-N
	mg kg−1
	108 ± 2.4
	
	



	NH4-N
	mg kg−1
	22.6 ± 0.3
	
	



	C/N ratio
	
	11.2
	
	



	Pseudo-total Cd
	mg kg−1
	132 ± 1.6
	15
	



	Pseudo-total Cu
	mg kg−1
	343 ± 81
	600
	



	Pseudo-total Pb
	mg kg−1
	36,439 ± 665
	1000
	



	Pseudo-total Zn
	mg kg−1
	283 ± 3.6
	1500
	



	NH4NO3-extractable Cd
	mg kg−1
	2.31 ± 0.04
	
	0.1



	NH4NO3-extractable Cu
	mg kg−1
	0.70 ± 0.01
	
	1



	NH4NO3-extractable Pb
	mg kg−1
	33.1 ± 1.2
	
	0.1



	NH4NO3-extractable Zn
	mg kg−1
	0.34 ± 0.02
	
	2







1 Screening values of Italian Legislative Decree 152 [48] for industrial areas. 2 Trigger values settled by Germany [49] and the Slovak Republic [50] indicating a potential risk for growth and food safety of crops. In bold values above the Italian screening values or the reference trigger values. Values (mean ± standard error).
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Table 2. Nitrogen concentrations (NH4-N and NO3-N) and NH4NO3-extractable Cd and Pb concentrations in soil at the end of the experiment. C0 = no compost, C1 = 0.7%, C2 = 1.4%; B0 = no biostimulants, BP = Panoramix, BT = Trianum-P; Unplanted control = non-planted and untreated soil. Mean values within columns and factor with the same letter do not differ according to the LSD test (p < 0.05). * p < 0.05; ** p < 0.01; n.s., not significant.
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D. glomerata L.

	
Mixed Stand of Grasses




	
NO3-N (mg kg−1)

	
NH4-N (mg kg−1)

	
Cd (mg kg−1)

	
Pb (mg kg−1)

	
NO3-N (mg kg−1)

	
NH4-N (mg kg−1)

	
Cd (mg kg−1)

	
Pb (mg kg−1)






	
Compost (C)

	
C0

	
4.30

	
35 c

	
2.27 a

	
34 a

	
5.49

	
34 c

	
2.35 a

	
37 a




	
C1

	
4.38

	
53 b

	
2.10 b

	
33 a

	
7.78

	
43 b

	
2.05 b

	
30 c




	
C2

	
3.69

	
62 a

	
2.01 b

	
27 b

	
6.76

	
60 a

	
2.11 b

	
33 b




	
Biostimulants (B)

	
B0

	
5.18

	
43 b

	
2.39 a

	
34 a

	
7.22

	
44 b

	
2.24 a

	
32




	
BP

	
4.19

	
55 a

	
1.96 b

	
25 b

	
6.50

	
43 b

	
2.06 b

	
34




	
BT

	
3.00

	
51 a

	
2.03 b

	
34 a

	
6.31

	
50 a

	
2.21 a

	
35




	
C × B

	
C0-B0

	
6.78 b

	
30 f

	
2.32 b

	
37 ab

	
7.27 b

	
34 cd

	
2.40 b

	
33




	
C0-BP

	
2.67 b

	
39 ef

	
2.16 bc

	
23 d

	
4.78 b

	
29 d

	
2.36 b

	
37




	
C0-BT

	
3.45 b

	
35 f

	
2.32 b

	
42 a

	
4.40 b

	
40 c

	
2.28 b

	
41




	
C1-B0

	
5.51 b

	
46 de

	
2.44 b

	
34 ac

	
6.33 b

	
36 cd

	
2.13 bc

	
33




	
C1-BP

	
3.08 b

	
57 bc

	
1.89 cd

	
29 bd

	
9.15 b

	
50 b

	
1.92 c

	
27




	
C1-BT

	
4.56 b

	
54 bc

	
1.98 cd

	
36 ab

	
7.86 b

	
43 bc

	
2.09 bc

	
31




	
C2-B0

	
3.26 b

	
52 bd

	
2.43 b

	
32 bd

	
8.06 b

	
62 a

	
2.18 bc

	
31




	
C2-BP

	
6.81 b

	
70 a

	
1.82 cd

	
23 d

	
5.56 b

	
52 ab

	
1.89 c

	
36




	
C2-BT

	
1.00 b

	
65 a

	
1.79 d

	
26 cd

	
6.67 b

	
67 a

	
2.26 bc

	
33




	
Unplanted Control

	
120.00 a

	
19 g

	
3.34 a

	
34 ac

	
120.00 a

	
19 e

	
3.34 a

	
34




	
ANOVA

	
C

	
n.s.

	
**

	
**

	
**

	
n.s.

	
**

	
**

	
**




	
B

	
n.s

	
**

	
**

	
**

	
n.s.

	
*

	
**

	
n.s.




	
C × B

	
**

	
**

	
**

	
**

	
**

	
**

	
**

	
n.s.
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Table 3. Quantification of nifH gene and amoA gene abundance in the rhizosphere of D. glomerata L. and in a mixed stand of F. arundinacea Shreb., L. perenne L. and P. pratensis L. C0 = no compost, C1 = 0.7%, C2 = 1.4%; B0 = no biostimulants, BP = Panoramix, BT = Trianum-P; Unplanted control = non-planted and untreated soil. Mean values within columns and factor with the same letter do not differ according to the LSD test (p < 0.05). * p < 0.05; ** p < 0.01; n.s., not significant.






Table 3. Quantification of nifH gene and amoA gene abundance in the rhizosphere of D. glomerata L. and in a mixed stand of F. arundinacea Shreb., L. perenne L. and P. pratensis L. C0 = no compost, C1 = 0.7%, C2 = 1.4%; B0 = no biostimulants, BP = Panoramix, BT = Trianum-P; Unplanted control = non-planted and untreated soil. Mean values within columns and factor with the same letter do not differ according to the LSD test (p < 0.05). * p < 0.05; ** p < 0.01; n.s., not significant.





	

	
D. glomerata L.

	
Mixed Stand of Grasses




	
nifH (Copies g−1 Soil)

	
amoA (Copies g−1 Soil)

	
nifH (Copies g−1 Soil)

	
amoA (Copies g−1 Soil)






	
Compost (C)

	
C0

	
4 × 104 b

	
6 × 102 b

	
4 × 104 b

	
6 × 102 b




	
C1

	
8 × 104 b

	
51 × 102 b

	
8 × 104 b

	
50 × 102 b




	
C2

	
29 × 104 a

	
258 × 102 a

	
30 × 104 a

	
254 × 102 a




	
Biostimulants (B)

	
B0

	
4 × 104 b

	
6 × 102 b

	
4 × 104 b

	
6 × 102 b




	
BP

	
30 × 104 a

	
259 × 102 a

	
30 × 104 a

	
254 × 102 a




	
BT

	
8 × 104 b

	
51 × 102 b

	
8 × 104 b

	
50 × 102 b




	
C × B

	
C0-B0

	
3 × 104 g

	
6 × 102 d

	
3 × 104 e

	
6 × 102 d




	
C0-BP

	
4 × 104 ef

	
6 × 102 d

	
4 × 104 d

	
6 × 102 d




	
C0-BT

	
3 × 104 g

	
6 × 102 d

	
3 × 104 e

	
6 × 102 d




	
C1-B0

	
3 × 104 g

	
6 × 102 d

	
3 × 104 e

	
6 × 102 d




	
C1-BP

	
13 × 104 b

	
93 × 102 b

	
13 × 104 b

	
92 × 102 b




	
C1-BT

	
7 × 104 d

	
53 × 102 c

	
7 × 104 c

	
52 × 102 c




	
C2-B0

	
4 × 104 e

	
6 × 102 d

	
4 × 104 d

	
6 × 102 d




	
C2-BP

	
71 × 104 a

	
678 × 102 a

	
73 × 104 a

	
666 × 102 a




	
C2-BT

	
13 × 104 c

	
93 × 102 b

	
13 × 104 b

	
92 × 102 b




	
Unplanted control

	
1 × 104 h

	
2 × 102 d

	
1 × 104 f

	
2 × 102d




	
ANOVA

	
C

	
**

	
**

	
**

	
**




	
B

	
**

	
**

	
**

	
**




	
C × B

	
**

	
**

	
**

	
**
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Table 4. Plant biomass (DW), nutrient status (N content) and PTE concentrations in shoots of D. glomerata L. and in a mixed stand of F. arundinacea Shreb., L. perenne L. and P. pratensis L. C0 = no compost, C1 = 0.7%, C2 = 1.4%; B0 = no biostimulants, BP = Panoramix, BT = Trianum-P. Mean values within columns and factor with the same letter do not differ according to the LSD test (p < 0.05); * p < 0.05; ** p < 0.01; n.s., not significant.
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D. glomerata L.

	
Mixed Stand of Grasses




	
DW (g)

	
N (%)

	
N (mg pot−1)

	
Cd (mg kg−1)

	
Pb (mg kg−1)

	
DW (g)

	
N (%)

	
N (mg pot−1)

	
Cd (mg kg−1)

	
Pb (mg kg−1)






	
Compost (C)

	
C0

	
0.42 b

	
6.07 a

	
23

	
72 a

	
558 a

	
0.44

	
4.57 c

	
18 c

	
96 a

	
382 a




	
C1

	
0.59 a

	
3.84 b

	
22

	
67 ab

	
332 b

	
0.43

	
6.82 a

	
29 a

	
92 a

	
287 b




	
C2

	
0.57 a

	
4.56 b

	
25

	
60 b

	
358 b

	
0.42

	
5.77 b

	
24 b

	
62 b

	
292 b




	
Biostimulants (B)

	
B0

	
0.44 c

	
4.23 c

	
18 c

	
70

	
447

	
0.36 c

	
5.67 b

	
18 c

	
89

	
312




	
BP

	
0.62 a

	
4.80 b

	
28 a

	
64

	
382

	
0.51 a

	
6.14 a

	
31 a

	
81

	
298




	
BT

	
0.52 b

	
5.45 a

	
24 b

	
65

	
418

	
0.43 b

	
5.35 b

	
23 b

	
81

	
351




	
C × B

	
C0-B0

	
0.56 bc

	
3.57

	
19 bc

	
74 a

	
569

	
0.41 bc

	
4.80 d

	
13 e

	
104 a

	
308




	
C0-BP

	
0.47 cd

	
6.21

	
29 a

	
68 ab

	
352

	
0.51 a

	
4.81 d

	
24 bd

	
86 ab

	
340




	
C0-BT

	
0.24 e

	
8.43

	
20 bc

	
74 a

	
752

	
0.41 bc

	
4.10 e

	
16 de

	
97 a

	
499




	
C1-B0

	
0.36 de

	
4.30

	
15 c

	
64 ac

	
311

	
0.33 c

	
6.40 b

	
21 de

	
92 ab

	
286




	
C1-BP

	
0.72 a

	
3.82

	
27 a

	
71 ab

	
423

	
0.53 a

	
7.31 a

	
39 a

	
96 ab

	
233




	
C1-BT

	
0.70 a

	
3.40

	
24 a

	
67 ac

	
261

	
0.43 bc

	
6.76 ab

	
29 bc

	
89 ab

	
341




	
C2-B0

	
0.40 d

	
4.81

	
19 bc

	
71 ab

	
461

	
0.34 c

	
5.79 c

	
19 de

	
70 bc

	
341




	
C2-BP

	
0.66 a

	
4.36

	
29 a

	
54 c

	
371

	
0.49 a

	
6.30 bc

	
31 b

	
60 c

	
321




	
C2-BT

	
0.64 a

	
4.51

	
28 a

	
56 bc

	
242

	
0.45 ab

	
5.20 d

	
23 bd

	
56 c

	
214




	
ANOVA

	
C

	
**

	
**

	
n.s

	
*

	
*

	
n.s.

	
**

	
**

	
**

	
*




	
B

	
**

	
**

	
*

	
n.s.

	
n.s.

	
**

	
**

	
**

	
n.s.

	
n.s.




	
C × B

	
**

	
n.s.

	
*

	
*

	
n.s.

	
*

	
*

	
n.s.

	
*

	
n.s.
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Table 5. Pearson correlation coefficients showing the relationship between soil and plant features for D. glomerata L. (without the unplanted control). The asterisk after values in bold indicate significant correlations at the 0.05 level (2-tailed). PW, pore water.
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	Variables
	Plant-N 1
	Plant-Pb
	Plant-Cd
	PW-pH
	PW-Pb
	PW-Cd
	Soil-pH
	Soil-Pb
	Soil-Cd
	Soil-NO3
	Soil-NH4
	Soil-amoA
	Soil-nifH





	Plant-DW
	−0.715 *
	−0.442 *
	−0.340
	0.208
	−0.135
	−0.195
	0.117
	−0.398 *
	−0.732 *
	0.074
	0.295
	0.305
	0.200



	Plant-N1
	
	0.346
	0.212
	−0.282
	0.128
	0.216
	−0.126
	0.141
	0.260
	−0.257
	−0.355
	−0.171
	−0.166



	Plant-Pb
	
	
	0.282
	−0.332
	0.282
	0.326
	−0.071
	0.382 *
	0.255
	0.319
	−0.203
	−0.134
	−0.129



	Plant-Cd
	
	
	
	−0.095
	0.294
	0.325
	−0.004
	0.331
	0.288
	0.122
	−0.154
	−0.263
	−0.256



	PW-pH
	
	
	
	
	−0.111
	−0.405 *
	0.242
	0.000
	0.005
	0.319
	0.270
	−0.009
	−0.014



	PW-Pb
	
	
	
	
	
	0.016
	0.120
	−0.008
	0.091
	−0.055
	0.168
	0.175
	0.176



	PW-Cd
	
	
	
	
	
	
	0.306
	0.313
	0.261
	0.364
	−0.282
	−0.344
	−0.354



	Soil-pH
	
	
	
	
	
	
	
	0.140
	−0.097
	−0.005
	−0.107
	−0.142
	−0.147



	Soil-Pb
	
	
	
	
	
	
	
	
	0.504
	0.116
	−0.289
	−0.469 *
	−0.483 *



	Soil-Cd
	
	
	
	
	
	
	
	
	
	0.116
	−0.332
	−0.494 *
	−0.493 *



	Soil-NO3
	
	
	
	
	
	
	
	
	
	
	−0.087
	0.336
	0.324



	Soil-NH4
	
	
	
	
	
	
	
	
	
	
	
	0.615 *
	0.624 *



	Soil-amoA
	
	
	
	
	
	
	
	
	
	
	
	
	0.999 *







1 N concentration in plants (%).
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Table 6. Pearson correlation coefficients showing the relationship between soil and plant features of a mixed stand of F. arundinacea Shreb., L. perenne L. and P. pratensis L. (without the unplanted control). The asterisk after values in bold indicate significant correlations at the 0.05 level (2-tailed). PW, pore water.
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	Variables
	Plant-N 1
	Plant-Pb
	Plant-Cd
	PW-pH
	PW-Pb
	PW-Cd
	Soil-pH
	Soil-Pb
	Soil-Cd
	Soil-NO3
	Soil-NH4
	Soil-amoA
	Soil-nifH





	Plant-DW
	0.113
	−0.251
	0.131
	−0.339
	−0.110
	0.234
	−0.098
	0.066
	−0.116
	−0.205
	0.012
	0.323
	0.324



	Plant-N1
	
	−0.283
	−0.096
	0.347
	0.218
	0.170
	−0.038
	−0.583 *
	−0.703 *
	0.296
	0.258
	0.279
	0.274



	Plant-Pb
	
	
	0.215
	−0.157
	−0.056
	−0.288
	0.324
	0.450 *
	0.227
	−0.238
	−0.386
	−0.090
	−0.097



	Plant-Cd
	
	
	
	−0.328
	−0.338
	0.307
	0.308
	0.058
	0.292
	0.254
	−0.271
	−0.291
	−0.304



	PW-pH
	
	
	
	
	0.126
	−0.525 *
	−0.053
	−0.134
	−0.399
	0.037
	0.205
	0.340
	0.345



	PW-Pb
	
	
	
	
	
	0.208
	−0.091
	−0.159
	−0.191
	0.064
	0.134
	−0.038
	−0.037



	PW-Cd
	
	
	
	
	
	
	0.223
	−0.356
	0.071
	0.163
	−0.313
	−0.518 *
	−0.523 *



	Soil-pH
	
	
	
	
	
	
	
	0.053
	0.005
	−0.112
	−0.248
	−0.052
	−0.064



	Soil-Pb
	
	
	
	
	
	
	
	
	0.349
	−0.259
	−0.295
	0.124
	0.123



	Soil-Cd
	
	
	
	
	
	
	
	
	
	−0.293
	−0.310
	−0.555 *
	−0.554 *



	Soil-NO3
	
	
	
	
	
	
	
	
	
	
	0.186
	−0.117
	−0.121



	Soil-NH4
	
	
	
	
	
	
	
	
	
	
	
	0.258
	0.270



	Soil-amoA
	
	
	
	
	
	
	
	
	
	
	
	
	0.999 *







1N concentration in plants (%).
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