

  applsci-14-08105




applsci-14-08105







Appl. Sci. 2024, 14(18), 8105; doi:10.3390/app14188105




Article



Long-Term Amendment with Sewage Sludge: Effects on Nutrient Value and Trace-Metal Content in Different Parts of Maize Plants



Francesc Camps-Sagué 1, Àngela Dolores Bosch-Serra 2,*, Alicia Daniela Cifuentes-Almeida 2, Montserrat Maria Boixadera-Bosch 2 and Francesc Domingo-Olivé 1





1



IRTA Mas Badia, Agricultural Experimental Station Mas Badia, E-17134 La Tallada d’Empordà, Spain






2



Department of Chemistry, Physics, Environmental Sciences and Soil, University of Lleida, E-25198 Lleida, Spain









*



Correspondence: angela.bosch@udl.cat







Citation: Camps-Sagué, F.; Bosch-Serra, À.D.; Cifuentes-Almeida, A.D.; Boixadera-Bosch, M.M.; Domingo-Olivé, F. Long-Term Amendment with Sewage Sludge: Effects on Nutrient Value and Trace-Metal Content in Different Parts of Maize Plants. Appl. Sci. 2024, 14, 8105. https://doi.org/10.3390/app14188105



Academic Editor: Dibyendu Sarkar



Received: 12 August 2024 / Revised: 31 August 2024 / Accepted: 7 September 2024 / Published: 10 September 2024



Abstract

:

Agricultural soils play a key role in the achievement of a circular nutrient economy. The use of sewage sludges as fertilizers is important for such an achievement, assisting in the maintenance of soil health and nutritional crop value. This study was established, after 23 years of a fertilization experiment, in calcareous soil under a maize monoculture. The treatments included mineral fertilization as a control (MIN, 225 kg N ha−1) and two sludge treatments, where doses followed a threshold sludge nitrogen criterion (SNC, 170 kg org-N ha−1) or a threshold soil phosphorus criterion (SPC; when the soil Olsen-P value exceeded 40–60 kg P ha−1, the sludge application was stopped). A detailed study was performed on Cd, Cu, F, Mn, Pb, and Zn soil extractable with diethylenetriaminepentaacetic acid (DTPA), as well as the nutrient and heavy metal concentration of different fractions of the maize plant (grain, cob, and the rest of the plant). Extractions were also quantified. No biomass-yield differences were observed in the different parts of the maize plant in the year of sampling. Sludges increased the soil DTPA extraction of Cd, Cu, Fe, and Zn and diminished Mn extraction, without differences in extractable Pb. The SNC, when compared with MIN, showed increased P cob concentrations, and in grain, it showed increased Fe, Cr, and Co concentrations. The SPC figures of the studied parameters were, in general, between both treatments (MIN and SNC), although Cr extractions in grain diminished vs. SNC. Based on the results, the SPC can be recommended as it also avoids excessive available-P build up.
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1. Introduction


The European Urban Waste Water Treatment Directive (UWWTD) from 1991, revised in 2022 [1], established treatment standards to better protect the environment from the adverse effects of wastewater discharges from urban sources and specific industries. The better recovery of nutrients is inherent to such treatments, while sludge management should be improved to better align with the principles of a circular economy (following article 4 of Directive 2008/08/EC). This Directive [2] aligns with the importance of the reuse and valorization of residues, which include sewage sludges (SSs). As all cities with more than 1000 inhabitants should implement wastewater treatments, the agricultural disposal of SS is a sound option due to the potential volume of SS generated. Also, SSs from rural areas have a lower content of heavy metals than those from industrialized areas [3]. In Spain, around 80% of SSs produced are reused as fertilizers [4].



The application of sewage sludge to land may introduce potential contaminants such as heavy metals. The soil behavior of heavy metals and the associated environmental risk assessment is highly related to soil pH [5]. It is accepted that their mobility is not important in calcareous soils [6], as trace elements are maintained in forms of low availability for cultivated plants, mainly under drought conditions [7]. Accordingly, the metal concentration in plants is mainly affected by soil typeto a greater extent than the SS dose [8]. Many field experiments are established on acid [9] or neutral [10,11] soils, or using acid soils under controlled conditions, usually with short crop cycles [12,13]. Moreover, some experiments in calcareous soils are short-term experiments [14] focused on crop quality [15]. There is therefore a lack of knowledge about crop composition related to the use of SS on soils of high pH. Furthermore, under field conditions, when SSs are applied to calcareous soils, an increase in the soil bioavailability of some trace metals, and also in barley concentrations, has been observed [16]. In a previous work, eight years before the current study, changes in soil heavy metals were also found, but they were far below the thresholds established by regulations and without changes in maize grain concentrations [17]. Maize is an interesting crop for SS studies as it produces high grain-biomass yields. Additionally, the rest of the plant and cob kernel can be reused for animal feeding [18], which means that the composition of maize parts, linked to SS use, is of interest in the context of a circular nutrient economy.



The limits of heavy metals in soil and sewage sludges (Cd, Cu, Ni, Pb, Zn, Hg, Cr (VI), and inorganic As) regarding their agricultural use are stipulated in the Spanish laws [19,20]. Legislation has been developed in order to avoid their excessive accumulation in soil. Furthermore, the EU [21] established a limit of As, Cd, Hg and Pb in animal feed and human food [22].



The official analytical methods used to quantify heavy metals in soil [20] are based on extraction with aqua regia [23]. However, the most available forms of different heavy metals in neutral and near-alkaline soils are considered to be those obtained through the diethylenetriaminepentaacetic acid (DTPA)-extractable soil fraction, mainly for Zn and Cu bioavailability [24].



The application of SSs, as organic fertilizers, is also based on N criteria according to plant demand and/or general restrictions on water quality protection across Europe. In the area of this study, restrictions on the available-P soil level also apply. The amount of 170 kg N ha−1 year−1 has been established as the maximum to be applied for water protection from organic fertilizers in nitrate-vulnerable areas. Also, an infraction threshold of 150 mg P kg−1 of available P (Olsen-P) and a warning level of 80 mg P kg−1 have also been set up in this Spanish region [25].



The objective of this work was to evaluate the advantages and potential constraints of 23 years of maize fertilization with sewage sludges (SSs) when compared with mineral fertilization, in a calcareous soil, and in the context of EU fertilization restrictions. This evaluation was focused (i) on Cu, Fe, Mn, Zn and Cd and Pb soil bioavailability, and (ii) on the concentrations of nutrients (N, P, K, Mg, S, Fe, Mn, Cu, and Zn) and other trace elements (Cd, Co, Cr and Pb) in different parts of maize crops (grain, cob and the rest plant), as well as the associated extractions. We hypothesized that a higher availability of some trace elements (micronutrients) will increase the general nutrient value of different maize parts for animal feeding. We also hypothesized that a potential increase in the rest of the trace-element concentrations (below legislation limits) will not reduce yields. The described advantages will be observed when fertilization with SS is based on nitrogen criteria, or even under more-restrictive use when phosphorus criteria are applied.




2. Materials and Methods


2.1. Site Description


This study was carried out in in the northwest of the Iberian Peninsula. The experimental field was established in 1996 and has since been maintained. It was devoted to a maize (Zea mays L.) monoculture. The coordinates of the site are 42°05′37″ N, 03°06′39″ E, with an altitude of 17 m a.s.l. The area has a dry Mediterranean climate, with an annual average precipitation of 646 mm year−1, with most rain falling during the first three months of autumn. Annual average temperature is 15 °C, and the highest temperatures are recorded in summer (23 °C on average). The annual average amount of reference evapotranspiration (FAO Penman–Monteith equation) is 977 mm.



The soil is very deep (>1.2 m), without coarse particles. It has been classified as an Oxyaquic Xerofluvent and the family particle-size class was coarse-loamy [26]. It has a pH of 8.2 (1:2.5 soil/water, potentiometry) and an electrical conductivity (1:5 soil/water) of 0.16 dS m−1. It is calcareous (140 g kg−1, equivalent calcium carbonate, Bernard’s calcimeter method) and without gypsum.




2.2. Experimental Design


The experimental area was divided into four blocks (replicates), and, in each block, three fertilization treatments were randomized. They included a mineral N treatment (MIN) and other two treatments with sewage sludges (SSs), which followed an N threshold criterion (SNC) or a P threshold criterion (SPC). The MIN treatment was used as a reference; it received 100 kg ha−1 of N, P2O5 and K2O at maize sowing, applied as a triple 15 complex fertilizer, and it was complemented by an additional application of 70 kg N ha−1 at topdressing as ammonium nitrate. In the SPC and SNC treatments, sludge was applied at a rate of 170 kg N ha−1 with a mineral supplementation of 100 kg K2O ha−1. However, in the SPC treatment, when soil Olsen-P levels exceeded 40–60 mg P kg−1, no sludge was applied the following season; instead, N and K mineral fertilizers were applied at similar rates to the MIN treatment. In accordance with this criterion, no sludge was applied from 2006 to 2009 in SPC, nor in 2014. The plots undergoing sludge fertilization had a size of 41 m2 (9.6 m long × 4.25 m wide), while MIN plots had an area of 81.6 m2 (9.6 m long × 8.5 m wide).



Anaerobically digested sludge came from a village with a population of around 18,000 inhabitants, mainly devoted to tourism activities. Sewage sludges were spread over the soil surface one month before maize sowing, and they were buried by disk-ploughing (~0.2 m depth). Heavy-metal concentrations in sludge for use in agriculture were always below the allowed concentrations [12].



The present study was performed in 2019, 23 years after the experiment’s establishment. The historical average grain yield (14% humidity) was 14 Mg ha−1 (coefficient of variation of 7%), without significant differences between treatments [27]. In the previous harvest (10 October 2018), maize stalks were chopped and incorporated into the soil through ploughing. In 2019, maize (P1570Y—Pioneer, Corteva; Madrid, Spain) was sowed on 12 April (80,000 seeds ha−1), and it was harvested on 10 October. Plots were irrigated by a high-frequency system (with drippers separating every 0.40 m in the line, and one line was established every two rows of maize). The amount of water applied between early June and mid-September was 3936 m3 ha−1. Daily irrigation was calculated from a soil water balance. The evapotranspiration of a reference crop (ETo, Penman–Monteith formula) was obtained from an automatic meteorological station located 200 m from the experimental field. ETo values were adjusted according to the phenology of the maize crop by multiplying by a coefficient that ranged from 0.3 to 1.1. If the daily recorded precipitation was higher than 3 mm, the effective precipitation was obtained by multiplying the recorded precipitation by 0.8.




2.3. Field Samplings and Analytical Methods


On 5 October 2018, soil was sampled at a depth of 0–0.2 m to obtain a more detailed chemical characterization (Table 1). Composite soil samples from the three blocks and treatment were stored in polyethylene bags protected from sunlight and immediately transferred to the laboratory. They were dried at room temperature, and the fine fraction (apparent diameter < 2 mm) was obtained after sieving. Oxidizable organic carbon was determined following the methodology described in Walkley and Black [28], and available P content was determined using the Olsen method (sodium bicarbonate-extractable P at pH 8.5) [29]. Available K was obtained by extraction with ammonium acetate 1N (pH = 7) [30] and quantified by atomic absorption spectrophotometry; the AAnalyst 200 analyzer (PerkinElmer, Shelton, CT, USA) was used. Total heavy metals were analyzed according to the UNE-EN 16174:2012 procedure [31].



Furthermore, from additional samples in each plot, extractable Fe, Zn, Mn and Cu (microelements) plus Cd, Cr and Pb were obtained with a one-step extraction method with 0.005 M diethylenetriaminepentaacetic acid (DTPA) solution (1:2, w:v), as described in [32]. This extraction procedure focuses on detecting trace metals in the most labile fractions of the soil, which can lead to their potential absorption by plants [33], and it was especially developed for calcareous soils. The mentioned elements were quantified using inductively coupled plasma-mass spectrometry (ICP-MS) in a 7700x analyzer (Agilent Technologies, Santa Clara, CA, USA), following the standard [34].



A sludge sample was taken every season before the application of the organic fertilizer; this was to adjust the rate of N to 170 kg N ha−1 through an analysis in the laboratory using the Kjeldahl digestion and distillation method [35]. In 2019, the total N in sewage sludges was 61.2 g kg−1 over dry matter. Total carbon was determined by ignition at 550 °C. Heavy metals, P and K in sludges were analyzed from microwave-digested samples [23] with aqua regia (3:1, v:v, HCl:HNO3) and quantified using inductively coupled plasma-mass spectrometry, as explained previously.



In the 2019 maize harvest, plants from 0.75 m2 of each plot (central part) were harvested and divided into three parts: the grain, the cob and the rest of the plant biomass. The different parts were weighed, dried, ground, digested and analyzed. From microwave-digested samples [23] using HNO3 and H2O2 (3:2:2, v:v:v, HNO3:H2O2:H2O) [36], Mn, Cr, Cd, Co, Pb were analyzed, while P, K, Mg, S, Fe, Zn, Cu were determined using HNO3 and HCl (3:1:1, v:v:v, HNO3:HCl:H2O) [37]. All these elements were quantified using inductively coupled plasma-mass spectrometry, as indicated previously.




2.4. Statistical Analyses


The statistical analyses were carried out using the SAS statistical package v9.4 [38]. Data were subjected to appropriate analysis of variance (ANOVA) according to the experimental field design (Table A1, Table A2, Table A3, Table A4, Table A5, Table A6, Table A7, Table A8, Table A9, Table A10, Table A11, Table A12, Table A13, Table A14, Table A15 and Table A16). When the ANOVA analysis detected significant differences, a separation of means was performed according to Duncan’s multiple-range test (DMRT) for α = 0.05.





3. Results


The initial values of Olsen-P and total Cd, Cu, Cr, Pb and Zn (Table 1) from the composite samples were below the limits of 150 P kg−1, 1.5 mg Cd kg−1, 100 mg Cu kg−1, 100 mg Pb kg−1 and 200 mg Zn kg−1 established by [11,12,39]. In all treatments, values of hexavalent chromium, mercury, selenium and silver were lower than 0.5 mg Cr (VI) kg−1, 0.4 mg Hg kg−1, 1.5 mg Se kg−1 and 5.0 mg Ag kg−1, respectively, which also satisfied the legislation.



Fertilization treatments did not affect soil Pb availability (DTPA extraction), with average values of 1.9 mg Pb kg−1, while they did for Cd, Cu, Fe, Mn and Zn (Table A1). Sewage sludges increased Cd, Cu and Fe availability in the soil when compared with MIN treatment. Availability ranged from 52 to 57 µg Cd kg−1, from 8.5 to 11.6 mg Cu kg−1 and from 11.4 to 19.9 mg Fe kg−1. The availability of Zn increased in the following order: MIN< SPC < SNC treatments, from 1.9 to 4.6 mg Zn kg−1, while Mn availability increased following an inverse order, from 6.1 mg Mn kg−1 in SNC to 7.9 mg Mn kg−1 in MIN (Figure 1).



The yields of the grain, the cob and the rest of the plant biomass were not significantly different based on the fertilization treatments applied (Table A2). The average biomass yield values were 13,779, 2293 and 11,024 kg ha−1 for the grain, the cob and the rest of the plant, respectively (Figure 2).



Concentrations and fractionated extractions for maize are presented in Figure 3 and Figure 4, respectively. The concentrations of Cr, Co and F in grain; concentrations of P and Mn in the cob; and concentrations of Cr, Co, and Pb in the plant were statistically different with the fertilization treatments, but no differences were found for the rest of the analyzed elements in the different parts of maize plants (Table A3, Table A4, Table A5, Table A6, Table A7, Table A8 and Table A9; Figure 3).



In grain, the SNC showed the highest values in chrome concentration (1.5 mg Cr kg−1, Figure 3d) and iron (33.6 mg Fe kg−1, Figure 3c), but it only differed from MIN in cobalt concentrations (26.1 and 9.5 mg Co kg−1 for SNC and MIN, respectively; Figure 3e).



Phosphorus (Figure 3b) and manganese (Figure 3c) concentrations in cobs were lower in the MIN treatment than for the SNC and SPC. In cobs, P values ranged from 0.59 to 0.80 mg P kg−1, while in Mn, they ranged from 6.4 to 7.2 mg Mn kg−1.



In the rest of the plant, Co (Figure 3e) and Cr (Figure 3d) concentrations were lower for the SPC than in the rest of treatments. Concentrations ranged from 79 to 100 µg Co kg−1, while in Cr, they ranged from 0.32 to 0.51 mg Cr kg−1. Also, for the rest of the plant, Pb concentrations (Figure 3e) were lower in the SCP (228.6 mg Pb kg−1) than in MIN (283.2 mg Pb kg−1) and SNC (288.5 mg Pb kg−1).



For the rest of concentrations analyzed, without significant differences between fertilization treatments (Table A3, Table A4, Table A5, Table A6, Table A7, Table A8 and Table A9; Figure 3), the average values (± standard deviation) for grain were 12.1 g N kg−1 (±0.4), 4.2 g K kg−1 (±0.1), 2.7 g P kg−1 (±0.1), 1.3 g Mg kg−1 (±0.04), 1.3 g S kg−1 (±0.1), 5.2 mg Mn kg−1 (±0.3), 22.8 mg Zn kg−1 (±1.4), 3.1 mg Cu kg−1 (±0.1), 12.2 µg Pb kg−1 (±2.7) and 1.4 µg Cd kg−1 (±0.2). For cobs, the average concentration values (±standard deviation) were 7.9 g N kg−1 (±0.8), 11.0 g K kg−1 (±0.7), 0.6 g Mg kg−1 (±0.1), 0.7 g S kg−1 (±0.05), 29.0 mg S kg−1 (±2.0), 32.0 mg Zn kg−1 (±7.5), 3.1 mg Cr kg−1 (±0.2), 3.4 mg Cu kg−1 (±0.1), 31.5 µg Co kg−1 (±2.0), 24.3 µg Pb kg−1 (±1.8) and 16.0 µg Cd kg−1 (±8.9). For the rest of the plant, the average concentration values (±standard deviation) were 4.9 g N kg−1 (±0.7), 15.4 g K kg−1 (±0.3), 1.2 g P kg−1 (±0.5), 1.6 g Mg kg−1 (±0.2), 1.0 g S kg−1 (±0.1), 222.4 mg Fe kg−1 (±27.7), 39.2 mg Mn kg−1 (±10.0), 17.5 mg Zn kg−1 (±7.0), 4.1 mg Cu kg−1 (±0.1) and 12.2 µg Cd kg−1 (±2.7).



Extractions diminished for the SPC treatment when compared with MIN in grain N (23 kg N ha−1) and cob Cd (6 mg Cd ha−1) (Figure 4a,f). The SNC treatment, when compared with MIN, reduced grain S (Figure 4b) and cob Cd (Figure 4f) extractions by 2 kg S ha−1 and 5 mg Cd ha−1. No differences were found in the fractioned maize extractions of the rest of elements (K, P, Mg, Cu, Mn, Fe, Zn, Co and Pb) (Figure 4).




4. Discussion


The obtained grain yields (Figure 2) were in accordance with the historical average of 14 Mg ha−1 [19], without differences between fertilization treatments. From the initial framework (Table 1), we observed the tendency of Olsen-P soil levels to increase with SSs compared with mineral fertilization (Table 1). This tendency is consistent with [40], as sewage sludges usually have high P content related to N. This initial higher P concentration due to the application of organic materials is also supported by the findings of [41], when organic fertilization was based on N criteria. However, it is also observed that the SPC treatment showed a mean Olsen-P concentration below that of the SNC treatment (Table 1). Phosphorous built-up concentrations in soil, when using SSs, is a point to be considered in the future, because in calcareous soils, P moves from the upper to the deeper soil layers, with a warning P concentration from 53 mg Olsen-P kg−1 [42]. In fact, a threshold of 80 mg P kg−1 has been established by the Catalan government (Spain) as a warning soil upper limit [39].



4.1. DTPA-Extractable Soil Elements


The critical levels of Fe, Zn, Cu and Mn found using the DTPA extraction method can vary between crops, but in different experiments described in [43], they were found to be close to 5, 1, 0.5, and 5 mg kg−1, respectively. These critical levels are surpassed in all treatments (Figure 1). However, the MIN treatment with 1.9 mg Zn kg−1 is approaching to the DTPA-Zn limit of 1.8 mg Zn kg−1 for soils with a pH of 8, which was established in a more detailed experiment by [44]. Zinc figures justify the introduction of sewage sludges to prevent potential Zn deficiencies.



Sewage sludge increased DTPA soil-extractable Cd, Cu and Zn and decreased Mn (Figure 1, Table A1), similar to the results obtained by [16] in calcareous soils. We disagree with [16] concerning the extractable Pb, as in our case, no differences were found between treatments (Figure 1, Table A1), although the maximum values were similar. The lack of Pb differences might be attributed to its adsorption onto the soil organic matter [8,45]. In SNC and SPC treatments, higher soil-extractable Cd, Cu, and Zn than in the MIN treatment were observed. In fact, Navarro et al. [6] stated that SSs increased Cd availability (although they applied much higher N rates (from 382 to 1328 kg N ha−1), and in our experiment, it was observed despite the expected absorption in carbonates forms) [46].



The increase in the DTPA extractability of Fe with SS treatments was followed by an inverse trend with extractable Mn. In iron, and in calcareous soils, extractable Fe is positively correlated with organic matter [47], and organic matter showed the highest values in the SPC and SNC treatments (Table 1). For the manganese, it has been described that its presence in SSs is highly bioavailable [5], but when applied, it is distributed and bound to carbonates [48]. Our data on extractable Mn (from 6 to 8 Mn kg−1, Figure 1) approach the average obtained by [47] (9 mg Mn kg−1) in calcareous soils. Also, data from [47] match Zn values for MIN, although our figures for SNC and SPC were close to their upper limit of 5.6 mg Zn kg−1. When comparing for iron, the SS treatments lead to available Fe concentrations above the maximum threshold of 12 mg Fe kg−1 from [47], which is advantageous for soils of high pH, where Fe availability is always a constraint [49].




4.2. Fractioned Plant Concentrations and Extractions


In the year of study, the described initial differences in extractable soil Cu and Zn nutrients (Figure 1, Table A6 and Table A7) did not translate into significant concentration differences in the grain, the cob and the biomass of the rest of the plant (Figure 3c,d). Thus, both extractable nutrients were neither limiting nor toxic. In fact, Zn concentrations (Figure 3c) were included in the acceptable levels of Zn in plant leaf tissues, which are from 10 to 100 mg kg−1 [50]. The upper Cu threshold in maize tissues was established in 20 mg Cu kg−1 [51], which is also a concentration higher than ours (Figure 3d).



Despite DTPA-Cd soil differences (Figure 1), Cd concentrations were low for all treatments, as they were in maize crops. Some authors consider maize to be a Cd hyperaccumulator, which means a shoot concentration of 0.01 g Cd in 100 g of plant dry matter [52]. Other authors [51] established in maize leaves a Cd critical interval of 5–20 mg kg−1. In our case, plant Cd concentrations were lower than 41 µg Cd kg−1 (Figure 3f); thus, they were far below the EU legislation for animal feed [13] and human food [14].



The opposite trend (DTPA-Fe vs. DTPA-Mn) was not maintained in maize-crop Fe and Mn concentrations. In maize grain, the Fe concentration increased in the SNC treatment, but the Mn concentration also increased in cobs for the SNC (always comparing with MIN, Figure 3c). The competence of both elements for root absorption has been well-known for a long time [53], but it was not observed in our experiment.



Iron concentrations in maize plants from 194 (SPC) to 244 (MIN) mg Fe kg−1 were higher than in the literature records [54]. Moreover, the Mn concentration in plants ranged from 191 (SPC) to 244 (MIN) mg Mn kg−1values that would be considered high (from 151–200 mg Mn kg−1) or even excessive (>200 Mn kg−1) if they were recorded in the ear leaf of maize [55]. Despite maize being considered an Fe-inefficient plant [56], our recorded Fe grain values were very high in all treatments (between 26–34 mg Fe kg−1), which doubled the figures (14.65 ± 1.85 mg Fe kg−1) of other authors [57]. However, we coincided with [57] in Zn grain concentrations (21–34 mg Zn kg−1 in our experiment, and 27.04 ± 2.76 mg Zn kg−1 in theirs).



In grain, the SNC treatment also presented the highest values of Cr (1.54 µg kg−1) with respect to MIN (0.51 µg kg−1) and SPC (0.32 µg kg−1) treatments. According to [58], an average concentration of 0.6 µg Cr kg−1 was found in corn (yellow) for human consumption in Greece. The obtained Cr concentrations did not imply a significantly higher Cr grain extraction in SNC vs. MIN (Figure 4c). Nevertheless, the highest concentration, similar to the one that can be found in different silages (from 1.0 to 2.2 µg Cr kg−1; [59]), is not limiting for animal feeding. Conversely, higher chromium intake (in form of trivalent chromium from maize grain) might positively affect biochemical parameters related to the carbohydrate and lipid metabolism in ruminants [60]. In humans, it has been argued that Cr contributes to normal macronutrient metabolism and the maintenance of normal blood glucose concentrations [61]. Fertilization with SSs and the related Cr concentration in grain is therefore an aspect that might be interesting to evaluate in the development of functional foods. However, the physiology of Cr accumulation in maize grain, when the SS highest rate is annually maintained for a long period, requires further research.



The average Co content in grain (c. 1.37 µg kg−1, Figure 3e) is lower than the concentration in a by-product of the manufacturing of maize starch (and sometimes ethanol) called maize gluten meal. This product is used for animal feed and usually has the highest concentration of Co (2 mg Co kg−1) of maize subproducts [62]. Thus, despite Co grain-concentration differences, all grains can be used for animal feed.



Concentration values from Pb and in all treatments (Figure 3e) are below the limits established by the EU for complete animal feed (5 mg Pb kg−1, 12% moisture [13]) and human consumption [14].



For macronutrients (N, P, K, Mg and S), sewage sludge treatments were only able to increase cob P concentration (vs. MIN), which might be interesting for animal feed when the entire cob is milled or just returned to the soil. For sulphur, concentrations in different parts of a maize plant varied from 0.7 to 0.8 g S kg−1 in cobs, 0.9 to 1.1 g S kg−1 in grain and 1.1 to 1.3 g S kg−1 in the rest of the plant. Around 1 g S kg−1 is the average value for maize fodder meal [60]. However, S availability requires further research as our concentrations were a bit lower that values recorded for mature plants [63,64].



In extractions, the significant differences found may affect future management strategies (Figure 4). Nitrogen extractions, from 200 kg N ha−1 (SPC) to 223 kg N ha−1 (MIN), alert us about potential N mining in the MIN treatment (Figure 4a) if organic matter is not replaced (Table 1). Moreover, it adds an advantage to the use of SS as a source of organic matter (Table 1) because of the additional available N when organic matter is mineralized. This is in addition to the other benefits to physical soil-quality properties found by [65].



From heavy metals, despite the higher soil-extractable Cd (Figure 2) in SS, cob Cd extraction was reduced in SS (Figure 4f). Mineral P fertilizers are also a Cd source (although concentrations vary according to the fertilizer origin [66]). The ordinary superphosphate is also a S source, and S can help in Cd mobility in calcareous soils [67], which might explain this contradictory behavior of higher Cd cob extraction in MIN.



For sulphur, the extraction of S in grain tended to decrease with SS. The uncertainty about S’s full availability might be related to the tendency toward high N concentration in grain in the MIN treatment. The N/S ratio in grain was 8.7, 11.3 and 11.7 for MIN, SPC and SNC, respectively. Sulphur favors N absorption [68]. Furthermore, sulphate uptake is also positively influenced by ammonium-N [64]. In the cited experiment [64], ammonium-N is applied in an MIN topdressing at a time of maximum S uptake, thus favoring both N and S uptake. Furthermore, in the MIN treatment, the ordinary mineral superphosphate (0-20-0-11S) is a source of sulphur as it has sulphates (mainly gypsum) in its formula [69]. Thus, in the MIN treatment, 55 kg S ha−1 is applied annually, which fully covers S demand (Figure 4b). In sludges, this interaction between nitrogen and sulphur might be limited, as N and S in SS are mainly in organic forms [70] and their plant availability requires mineralization.





5. Conclusions


The absence of yield differences between treatments supports the different fertilization strategies based on N criteria (mineral or SNC). The advantages of SS use (following N or P criteria) can be justified by the higher Cu, Fe and Zn soil availability, which is an agronomic advantage in calcareous soils. In the SNC, a higher Cr grain concentration than in the SPC can be also advantageous for animal feeding or/and in the development of new functional foods. However, from the environmental aspect, the SPC treatment appears as a sounder option to prevent available P becoming built up quickly, as well as for reducing cob Cd extractions (vs. MIN) using maize. In this highly productive maize system, the potential interaction of N vs. S in grain extractions requires further attention, as does the potential N mining effect in the MIN treatment.
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Table A1. Analysis of variance of extractable soil heavy metals with DTPA (μg kg−1) for fertilization treatments (FTs).






Table A1. Analysis of variance of extractable soil heavy metals with DTPA (μg kg−1) for fertilization treatments (FTs).





	
Source

	
df

	
Fe

	
Cd

	
Cu

	
Mn

	
Pb

	
Zn




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
166,754,162

	
0.001

	
60.01

	
0.027

	
19,971,891

	
0.0006

	
6,487,079

	
0.0003

	
1299

	
0.71

	
16,075,643

	
0.0015




	
Block

	
3

	
63,827,415

	
0.020

	
22.33

	
0.230

	
1,327,846

	
0.2320

	
39,040

	
0.8494

	
10,967

	
0.21

	
660,911

	
0.0001




	
Error

	
5

	
12,344,073

	
-

	
18.46

	
-

	
1,104,125

	
-

	
247,114

	
-

	
10,748

	
-

	
39,031

	
-











 





Table A2. Analysis of variance for grain, cob and the rest of plant biomass (kg ha−1) for the fertilization treatments (FTs).






Table A2. Analysis of variance for grain, cob and the rest of plant biomass (kg ha−1) for the fertilization treatments (FTs).





	
Source

	
df

	
Grain

	
Cob

	
Plant




	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
33,685,844

	
0.10

	
686,344

	
0.11

	
2,230,355

	
0.65




	
Block

	
3

	
7,652,462

	
0.68

	
79,896

	
0.85

	
22,793,825

	
0.11




	
Error

	
6

	
29,169,874

	
-

	
617,864

	
-

	
14,631,015

	
-











 





Table A3. Analysis of variance of total N (%) and P (mg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A3. Analysis of variance of total N (%) and P (mg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
N (Grain)

	
N (Cob)

	
N (Plant)

	
P (Grain)

	
P (Cob)

	
P (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
0.011

	
0.56

	
0.058

	
0.09

	
0.0378

	
0.51

	
123,428

	
0.60

	
169,711

	
0.01

	
1,850,631

	
0.20




	
Block

	
3

	
0.007

	
0.85

	
0.045

	
0.23

	
0.0202

	
0.84

	
269,318

	
0.53

	
15,468

	
0.66

	
2,450,452

	
0.23




	
Error

	
6

	
0.051

	
-

	
0.048

	
-

	
0.1479

	
-

	
665,227

	
-

	
54,989

	
-

	
2,602,463

	
-











 





Table A4. Analysis of variance of K (mg kg−1) and Mg (mg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A4. Analysis of variance of K (mg kg−1) and Mg (mg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
K (Grain)

	
K (Cob)

	
K (Plant)

	
Mg (Grain)

	
Mg (Cob)

	
Mg (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
67,144

	
0.74

	
3,781,861

	
0.50

	
920,903

	
0.81

	
10,770

	
0.88

	
132,405

	
0.12

	
285,445

	
0.42




	
Block

	
3

	
364,965

	
0.41

	
4,347,902

	
0.64

	
11,757,136

	
0.24

	
58,825

	
0.72

	
61,896

	
0.47

	
308,251

	
0.57




	
Error

	
6

	
649,401

	
-

	
14,393,586

	
-

	
12,615,651

	
-

	
251,639

	
-

	
128,177

	
-

	
841,306

	
-











 





Table A5. Analysis of variance of Fe (μg kg−1) and Mn (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A5. Analysis of variance of Fe (μg kg−1) and Mn (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
Fe (Grain)

	
Fe (Cob)

	
Fe (Plant)

	
Mn (Grain)

	
Mn (Cob)

	
Mn (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
137,678,135

	
0.01

	
32,487,362

	
0.69

	
6,143,637,854

	
0.07

	
845,844

	
0.18

	
1,971,321

	
0.03

	
794,809,440

	
0.25




	
Block

	
3

	
122,150,343

	
0.04

	
119,603,932

	
0.46

	
609,140,208

	
0.84

	
1,023,623

	
0.23

	
1,003,678

	
0.20

	
242,565,589

	
0.79




	
Error

	
6

	
31,904,124

	
-

	
242,419,913

	
-

	
4,427,044,422

	
-

	
1,083,892

	
-

	
935,025

	
-

	
1,363,654,625

	
-











 





Table A6. Analysis of variance of S (mg kg−1) and Cu (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A6. Analysis of variance of S (mg kg−1) and Cu (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
S (Grain)

	
S (Cob)

	
S (Plant)

	
Cu (Grain)

	
Cu (Cob)

	
Cu (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
104,348

	
0.23

	
23,981

	
0.75

	
57,029

	
0.27

	
108,496

	
0.52

	
106,571

	
0.59

	
2,906,122

	
0.19




	
Block

	
3

	
37,308

	
0.73

	
49,200

	
0.75

	
65,748

	
0.37

	
118,848

	
0.67

	
663,169

	
0.16

	
967,543

	
0.70




	
Error

	
6

	
165,273

	
-

	
237,930

	
-

	
105,677

	
-

	
440,236

	
-

	
548,684

	
-

	
3,911,138

	
-











 





Table A7. Analysis of variance of Zn (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).
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Source

	
df

	
Zn (Grain)

	
Zn (Cob)

	
Zn (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
16,527,972

	
0.53

	
454,364,435

	
0.16

	
324,683,832

	
0.08




	
Block

	
3

	
15,949,474

	
0.73

	
154,910,276

	
0.65

	
119,972,412

	
0.44




	
Error

	
6

	
70,675,662

	
-

	
541,500,685

	
-

	
188,169,463

	
-











 





Table A8. Analysis of variance of Cd (μg kg−1) and Co (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A8. Analysis of variance of Cd (μg kg−1) and Co (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
Cd (Grain)

	
Cd (Cob)

	
Cd (Plant)

	
Co (Grain)

	
Co (Cob)

	
Co (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
0.50

	
0.53

	
4.66

	
0.17

	
240

	
0.07

	
628

	
0.05

	
32

	
0.80

	
1199

	
0.03




	
Block

	
3

	
0.12

	
0.95

	
1.09

	
0.78

	
76

	
0.49

	
338

	
0.25

	
90

	
0.73

	
155

	
0.65




	
Error

	
6

	
2.13

	
-

	
5.83

	
-

	
166

	
-

	
375

	
-

	
411

	
-

	
541

	
-











 





Table A9. Analysis of variance of Cr (μg kg−1) and Pb (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A9. Analysis of variance of Cr (μg kg−1) and Pb (μg kg−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
Cr (Grain)

	
Cr (Cob)

	
Cr (Plant)

	
Pb (Grain)

	
Pb (Cob)

	
Pb (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
3,407,017

	
0.016

	
269,658

	
0.88

	
132,999

	
0.045

	
67

	
0.48

	
8.9

	
0.95

	
8783

	
0.003




	
Block

	
3

	
751,588

	
0.354

	
1,445,869

	
0.71

	
130,856

	
0.09

	
224

	
0.28

	
389.5

	
0.33

	
1800

	
0.151




	
Error

	
6

	
114,5954

	
-

	
6,109,310

	
-

	
73,775

	
-

	
108

	
-

	
438.6

	
-

	
1406

	
-











 





Table A10. Analysis of variance of N (kg ha−1) and P (kg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A10. Analysis of variance of N (kg ha−1) and P (kg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
N (Grain)

	
N (Cob)

	
N (Plant)

	
P (Grain)

	
P (Cob)

	
P (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
2798

	
0.036

	
16.7

	
0.38

	
68.0

	
0.90

	
19.3

	
0.63

	
0.40

	
0.08

	
271.6

	
0.07




	
Block

	
3

	
7415

	
0.008

	
137.1

	
0.03

	
638.0

	
0.60

	
522

	
0.01

	
0.99

	
0.03

	
146.4

	
0.31




	
Error

	
6

	
1375

	
-

	
43.5

	
-

	
1923.7

	
-

	
116

	
-

	
0.31

	
-

	
194.9

	
-











 





Table A11. Analysis of variance of K (kg ha−1) and Mg (kg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A11. Analysis of variance of K (kg ha−1) and Mg (kg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
K (Grain)

	
K (Cob)

	
K (Plant)

	
Mg (Grain)

	
Mg (Cob)

	
Mg (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
151

	
0.33

	
7.3

	
0.82

	
2014.3

	
0.31

	
9.9

	
0.297

	
0.25

	
0.38

	
39.2

	
0.40




	
Block

	
3

	
1096

	
0.03

	
92.5

	
0.27

	
2014.1

	
0.47

	
112.3

	
0.007

	
0.10

	
0.82

	
14.3

	
0.85




	
Error

	
6

	
340

	
-

	
109.0

	
-

	
4206.4

	
-

	
19.9

	
-

	
0.65

	
-

	
108.8

	
-











 





Table A12. Analysis of variance of S (kg ha−1) and Cu (g ha−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A12. Analysis of variance of S (kg ha−1) and Cu (g ha−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
S (Grain)

	
S (Cob)

	
S (Plant)

	
Cu (Grain)

	
Cu (Cob)

	
Cu (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
53.5

	
0.05

	
0.27

	
0.58

	
18.8

	
0.11

	
204.1

	
0.12

	
4.9

	
0.18

	
80.2

	
0.86




	
Block

	
3

	
24.8

	
0.30

	
0.61

	
0.49

	
9.9

	
0.40

	
433.1

	
0.06

	
23.2

	
0.02

	
547.3

	
0.59




	
Error

	
6

	
32.7

	
-

	
1.36

	
-

	
16.9

	
-

	
198.5

	
-

	
6.5

	
-

	
1568.3

	
-











 





Table A13. Analysis of variance of Fe (g ha−1) and Mn (kg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A13. Analysis of variance of Fe (g ha−1) and Mn (kg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
Fe (Grain)

	
Fe (Cob)

	
Fe (Plant)

	
Mn (Grain)

	
Mn (Cob)

	
Mn (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
12,141

	
0.17

	
697.6

	
0.32

	
217,687

	
0.55

	
0.00006470

	
0.583

	
0.00000086

	
0.678

	
0.062

	
0.35




	
Block

	
3

	
44,910

	
0.04

	
2437.8

	
0.10

	
167,888

	
0.80

	
0.00219073

	
0.005

	
0.00003411

	
0.008

	
0.037

	
0.69




	
Error

	
6

	
11,979

	
-

	
1522.6

	
-

	
1,000,876

	
-

	
0.00032780

	
-

	
0.00000621

	
-

	
0.147

	
-











 





Table A14. Analysis of variance of Zn (g ha−1) in 3 parts of maize and for the fertilization treatments.






Table A14. Analysis of variance of Zn (g ha−1) in 3 parts of maize and for the fertilization treatments.





	
Source

	
df

	
Zn (Grain)

	
Zn (Cob)

	
Zn (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p






	
Treatments

	
2

	
729

	
0.82

	
986

	
0.41

	
52,518.96

	
0.08




	
Block

	
3

	
31,361

	
0.03

	
415

	
0.83

	
16,797.76

	
0.49




	
Error

	
6

	
11,025

	
-

	
2867

	
-

	
30,398.92

	
-











 





Table A15. Analysis of variance of Cd (mg ha−1) and Co (mg ha−1 for grain and plant; μg ha−1 for cob) in maize and for the fertilization treatments (FTs).






Table A15. Analysis of variance of Cd (mg ha−1) and Co (mg ha−1 for grain and plant; μg ha−1 for cob) in maize and for the fertilization treatments (FTs).





	
Source

	
df

	
Cd (Grain)

	
Cd (Cob)

	
Cd (Plant)

	
Co (Grain)

	
Co (Cob)

	
Co (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
147

	
0.55

	
49.7

	
0.04

	
7834

	
0.63

	
142

	
0.16

	
233,305,991

	
0.66

	
66.5

	
0.18




	
Block

	
3

	
206

	
0.63

	
31.1

	
0.18

	
7752

	
0.81

	
124

	
0.31

	
2,201,358,897

	
0.13

	
79.9

	
0.24




	
Error

	
6

	
672

	
-

	
27.3

	
-

	
47,660

	
-

	
169

	
-

	
1,554,154,077

	
-

	
87.1

	
-











 





Table A16. Analysis of variance of Cr (g ha−1) and Pb (mg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).






Table A16. Analysis of variance of Cr (g ha−1) and Pb (mg ha−1) in three parts of maize plants and for the fertilization treatments (FTs).





	
Source

	
df

	
Cr (Grain)

	
Cr (Cob)

	
Cr (Plant)

	
Pb (Grain)

	
Pb (Cob)

	
Pb (Plant)




	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p

	
SS

	
p






	
FT

	
2

	
734.5

	
0.049

	
5.47

	
0.54

	
3.4

	
0.66

	
8188

	
0.54

	
32.0

	
0.97

	
625,875

	
0.41




	
Block

	
3

	
351.9

	
0.275

	
27.54

	
0.18

	
4.6

	
0.75

	
46,296

	
0.20

	
4438.2

	
0.15

	
1,191,436

	
0.36




	
Error

	
6

	
426.1

	
-

	
24.03

	
-

	
22.6

	
-

	
16,027

	
-

	
2720.1

	
-

	
1,837,439

	
-
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Figure 1. Average values of soil available Cd (mg 102 Cd kg−1) and available Cu, Fe, Mn, Pb, and Zn (mg kg−1) in soil, determined by DTPA extraction, for each fertilization strategy (MIN: mineral; SPC: sewage sludge, P criterion; SNC: sewage sludge, N criterion). For each element, means with different letters are significantly different according to the Duncan’s multiple-range test (α = 0.05). 
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Figure 2. Accumulated dry-matter yield (Mg ha−1) from different parts of maize plants and for each treatment (MIN: mineral; SPC: sewage sludge, P criterion; SNC: sewage sludge, N criterion). No significant differences were found between fertilization treatments in dry-matter yields. 
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Figure 3. Average concentrations of N and K (a); P, Mg and S (b); Fe, Mn and Zn (c); Cr and Cu (d); Co and Pb (e); and Cd (f); in different parts of maize plants for each treatment (MIN: mineral; SPC: sewage sludges, P criterion; SNC: sewage sludges, N criterion). In grain, for Co, Cr and Fe; in cob, for P and Mn; and Co, Cr and Pb in plant; means with different letters are significantly different according to the DMRT (α = 0.05). 
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Figure 4. Accumulated average extractions of N and K (a); P, Mg and S (b); Cr, Cu and Mn (c); Co and Pb (d); Fe and Zn (e); and Cd (f); from average extractions in different parts of maize plants, and for each treatment (MIN: mineral; SPC: sewage sludges, P criterion; SNC: sewage sludges, N criterion). In grain, for Cr, N and S; in cob, for Cd; and in straw, for P and Zn; means with different letters are significantly different according to the DMRT (α = 0.05). 






Figure 4. Accumulated average extractions of N and K (a); P, Mg and S (b); Cr, Cu and Mn (c); Co and Pb (d); Fe and Zn (e); and Cd (f); from average extractions in different parts of maize plants, and for each treatment (MIN: mineral; SPC: sewage sludges, P criterion; SNC: sewage sludges, N criterion). In grain, for Cr, N and S; in cob, for Cd; and in straw, for P and Zn; means with different letters are significantly different according to the DMRT (α = 0.05).



[image: Applsci 14 08105 g004]







 





Table 1. Soil physicochemical parameters 1 of the upper layer (0–0.2 m) in October 2018 sampling, and from the different treatments: mineral (MIN), sludge N criterion (SNC), sludge P criterion (P). Parameter results from the sewage sludge (SS) applied in March 2019 are also included.
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Source

	
Oxidizable-OM

	
Olsen-P

	
K (NH4OAc)

	
Total-Cd

	
Total-Cu

	
Total-Cr

	
Total-Pb

	
Total-Zn




	
(g kg−1)

	
(mg kg−1)






	
MIN-Soil

	
12

	
14.9

	
99

	
<0.5

	
44.3

	
18

	
17.8

	
72.2




	
SPC-Soil

	
15

	
39.2

	
96

	
<0.5

	
52.4

	
19.5

	
18.6

	
82.2




	
SNC-Soil

	
16

	
57.1

	
87

	
<0.5

	
52.5

	
17.4

	
19.1

	
82.8




	
Sludge

	
69.2

	
19.5

	
3.04

	
1.16

	
668

	
38

	
68

	
1208








1 All results are expressed over dry-matter basis.
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