

  agriculture-11-00415




agriculture-11-00415







Agriculture 2021, 11(5), 415; doi:10.3390/agriculture11050415




Article



Evaluation of Composted Organic Wastes and Farmyard Manure for Improving Fertility of Poor Sandy Soils in Arid Regions



Houda Oueriemmi 1,2, Petra Susan Kidd 3,†, Carmen Trasar-Cepeda 3[image: Orcid], Beatriz Rodríguez-Garrido 3, Rahma Inès Zoghlami 2[image: Orcid], Kaouther Ardhaoui 4[image: Orcid], Ángeles Prieto-Fernández 3,*[image: Orcid] and Mohamed Moussa 2[image: Orcid]





1



Higher Institute of Water Sciences and Techniques, University of Gabes, 6072 Gabes, Tunisia






2



Laboratory of Eremology and Combating Desertification (LR16IRA01), Arid Regions Institute, University of Gabes, 4119 Medenine, Tunisia






3



Department of Soil Biochemistry, IIAG-CSIC, Av. de Vigo s/n, Campus Vida, E-15705 Santiago de Compostela, Spain






4



Higher Institute of Applied Biology, University of Gabes, 4119 Medenine, Tunisia









*



Correspondence: apf@iiag.csic.es






†



Deceased.









Academic Editors: Pavel Krasilnikov, Miguel A. Taboada and Amanullah



Received: 10 April 2021 / Accepted: 30 April 2021 / Published: 4 May 2021



Abstract

:

Farmyard manure, an amendment traditionally used for improving the fertility of sandy soils in arid climates, is becoming scarce and expensive. Its shortage makes it necessary to evaluate, at field scale, the suitability and medium-term performance of other cheap, highly available substitutes. A field trial was established to analyze the effects of a single application of three organic residues on barley yield and nutrient uptake and selected soil properties after two consecutive harvests. Municipal solid waste compost (MSWC), sewage sludge compost (SSC) and farmyard manure (FYM) were tested at rates of 0, 20, 40 and 60 t ha−1. Adding all three organic amendments increased organic matter, cation exchange capacity and available P, Ca, Mg and K in the soil, the grain yield (up to 51%), and the barley plants’ nutrient contents. After the second harvest, a positive residual effect of the amendment was observed in plant yield (up to 77%) and nutrient contents. MSWC and SSC induced slight increases on the extractable fractions (BCR protocol) of Co, Cu and Ni, relative to the unamended soil. The results demonstrate the positive immediate and residual effect of the amendments evaluated as fertilizers for agricultural purposes.
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1. Introduction


Agricultural soils in arid regions in southern Tunisia are often skeletal, have very low organic matter contents (<1%) and are poor in nutrients, such as nitrogen (N), potassium (K) and phosphorus (P) [1]. Arid soils typically also have a sandy texture, a poor soil structure and low water holding capacity [2]. These arid zones are, therefore, unfavorable and inhospitable for plant growth and development.



Inorganic fertilizers are conventionally used to improve soil fertility and plant production. Chemical fertilizers provide nutrients in forms that are readily available to crops, thus rapidly enhancing crop growth and yields. However, as these fertilizers do not increase the soil organic matter content, they do not greatly improve many of the soil properties essential for ensuring soil health [2]. In addition, mineral fertilizers tend to leach below the root zone as a result of the input of irrigation water or rainwater, which can lead to more serious problems, such as surface and groundwater contamination [3], soil acidification or alkalinisation, decreased levels of beneficial microbial communities and increased sensitivity to harmful pests [4].



The use of organic amendments is known to improve the physical, chemical and microbiological properties of soil, thus positively affecting soil fertility and increasing crop yields [5,6]. In Tunisia, farm manure is traditionally used to improve soil fertility and increase soil organic matter content and associated properties (structure, water holding capacity, nutrient storage and cycling, soil microbial activity, etc.) [7]. However, this type of organic amendment is becoming expensive and is often nutrient-deficient [7]. At the same time, the rapid urbanization and booming economy of the country have led to the generation of huge quantities of organic waste. Using organic waste (which includes municipal solid waste compost and sewage sludge compost) as fertilizer is becoming increasingly widespread and is a potentially valuable method of recycling and a promising alternative to disposing of the waste by landfill or incineration [8]. Composting contributes to reducing the amount of urban residues, thus making their management less difficult [9], and it constitutes an efficient, cost-effective and environmentally safe biological process for transforming solid waste into valuable soil amendments [9]. Municipal solid waste compost and sewage sludge compost have been used to amend agricultural soils for many years in different parts of the world. Both types of waste can improve soil fertility due to their high nutrient and organic matter contents [10].



Amending agricultural soils with composted organic residues has been shown to improve water penetration, hydraulic conductivity, water retention and aggregate stability [11]. Increases in the cation exchange capacity (CEC) and buffering capacity of soil have also been observed and attributed to the abundant humic substances present in these types of compost [12]. The addition of organic wastes to soils also promotes the growth of microorganisms, which stimulates soil respiration and nutrient cycling and the synthesis of various phytohormones and low molecular mass compounds and enzymes that benefit plant growth [13,14]. Many studies have shown that the addition of compost has positive effects on vegetation, including increased plant biomass and crop yields [15]. The use of compost can promote photosynthesis and increase the chlorophyll content of forage plants [13]. However, undesirable changes can also occur in agricultural soils after the addition of composts or biosolids, depending on the origin, rate and frequency of addition and soil type [10]. Among the potential risks, trace elements in this type of material can lead to contamination of soil and water and can have adverse effects on crop growth and soil microorganisms [16,17].



It is now accepted that the total element concentrations in soils amended with waste-based composts do not provide reliable information about the availability and toxicity of trace elements because of the various, complex patterns of distribution of these elements in different chemical species or solid phases [18]. Element uptake by plants depends on the soil’s bioavailability in the soil and particularly on the supply from more plant-available fractions. Only the dissolved and exchangeable fractions of trace elements can be absorbed and utilized by plants [19]. For this reason, assessment of the mobility and availability of trace elements in the soil must take into account the distribution of the elements in the various constitutive soil fractions [20]. The sequential extraction techniques provide important information on the fraction that is potentially available to plants [21].



Composted organic wastes have been widely used for both agricultural and environmental restoration purposes [2,8,22,23]. The properties of this type of residues make them particularly suitable for improving fertility and restoring low organic matter soils in arid and semiarid areas [2,22]. To date, most field studies using these amendments for agricultural purposes have been carried out in the most urbanized and industrialized countries, in many cases in temperate regions [8]. In Tunisia, the arid and semiarid soils are generally well characterized [24], and several studies have been conducted to evaluate the impact of the repetitive application of manure and municipal solid waste compost to soils developed in a semiarid climate. These studies focused on the effects on soil microbial biomass [25], crop yields [26] and the distribution of trace metals in soil [9,16] and in different plant parts [27]. However, in the arid regions in Tunisia, little is known about how applying sewage sludge or municipal solid waste composts affects the trace element availability in soils or about the lasting effects of the initial application on successive crops. Furthermore, the efficacy of these urban and industrial residues relative to traditional farm manure has not been investigated in detail. The information obtained is essential for designing a sustainable use of urban composted residues, alone or in combination with manures, as soil amendments in traditional agricultural systems on the N of Africa. Therefore, the main objectives of this study were (i) to assess and compare the immediate effects of a single application of farmyard manure and that of municipal solid waste compost or sewage sludge compost on soil physicochemical properties, the distribution of trace elements in soil, and on yield and mineral nutrition of barley grown in sandy agricultural soil in an arid climate (Tunisia) and (ii) to assess whether the effects of the addition of these composts last beyond the first harvest. We hypothesized that given the very poor conditions for plant growth in the sandy soils in the region: (1) the addition of all three organic residues will enhance soil fertility and plant productivity; (2) the input of organic matter and the more favorable conditions for microbial activity in compost- and manure-amended soils will maintain the improved soil nutrient status for longer than one year; and (3) the high pH will prevent the trace elements occurring in available forms and will, therefore, reduce the potentially negative effects of these elements on plants growing in compost-amended soils.




2. Materials and Methods


2.1. Experimental Design


A field-scale trial was established in 2017 at the experimental field station of the Arid Regions Institute, located in southeastern Tunisia, northeast of the city of Medenine (33°16′21″ N, 10°19′30″ E). The climate is typically semiarid to arid, with a mean annual rainfall of 150 mm and a mean annual temperature ranging between 18 °C and 20 °C. The soil has a sandy texture and is classified as Regosols [24]. The main physicochemical properties of the soil are shown in Table 1.



Three different types of organic amendments were used in the experiment: farmyard manure (FYM), municipal solid waste compost (MSWC) and sewage sludge compost (SSC). The FYM from the excreta of sheep and straw aged for one year was produced in farm close to the city of Medenine (Tunisia). The MSWC was obtained from the pilot composting station of Beja (100 km northwest of Tunis). The urban compost was produced under aerobic conditions by mixing a separated organic fraction of household rubbish with green garden waste (tree and shrub cuttings, leaves, weeds and grass clippings) and arranging the mixture in long narrow piles (windrows). The composting process was completed in six months, as indicated by the constant C/N ratio and temperature. The SSC was produced by mixing activated sewage sludge, collected from the wastewater treatment plant located in Medenine (southeast of Tunisia), with green garden waste under aerobic conditions. The main characteristics of farmyard manure and of the two composts used in the study are summarized in Table 1.



The field experiment was designed as a randomized complete block trial with a total of 30 plots. Each plot of surface area 1 m2 (1 m × 1 m) was separated in all directions by a buffer zone of 0.70 cm. In total, ten treatments were tested. These included a control (CTR) treatment and three doses (20, 40 and 60 t ha−1) of each of the three organic amendments described above: FYM20, FYM40, FYM60, MSWC20, MSWC40, MSWC60, SSC20, SSC40 and SSC60. Manure is commonly applied at 20 t ha−1 to agricultural soils in the study region to compensate for the soil organic matter deficit. The C and N contents were quite similar in the SSC and FYM and much higher than in the MSWC. The highest dose (60 t ha−1) of MSWC was chosen to supply the same amounts of C and N provided by 20 t ha−1 of FYM. These organic amendments were applied once at the beginning of the experiment (before sowing) and incorporated to 10–15 cm depth by manual hoeing. Throughout the experiment, all of the plots were regularly irrigated and manually weeded every month to prevent uptake of the soil nutrients by adventitious plants.



Barley (Hordeum vulgare L.) was sown once in each of the two consecutive years of the study. The barley seeds were first sown in November 2017, and the first harvest was in May 2018. Seeds were sown again in November 2018, and the second harvest was in May 2019. Seeds were sown at a density of 100 kg ha−1.



Samples consisting of the entire barley plant (root, stem and grain) were collected from each replicate plot while the barley was harvested, in May 2018 and in May 2019, for subsequent analysis. In each replicate plot, soil samples were taken at 0–20 cm depth with a hand auger at the same time as the plants were harvested. The samples were dried in a forced-air oven at 40 °C, crushed to pass through a 2 mm sieve and stored in a polyethylene bag before physicochemical characterization.




2.2. Analytical Methods


2.2.1. Soil Physicochemical Parameters


Soil pH and electrical conductivity (EC) were recorded in 1:2.5 and 1:5 (w:v) soil: water suspensions. Soil texture was determined using the Robinson pipette method [29]. Total organic C (TOC) was determined by dichromate oxidation in a strongly acid medium and subsequent titration with ferrous ammonium sulfate [30]. Organic matter was calculated by multiplying the total organic carbon content by 1.724. Total nitrogen (TN) was determined by the Kjeldahl method [31]. Soils were extracted with Olsen’s reagent (0.5 M NaHCO3 adjusted to pH 8.2, 1:20 soil: solution ratio), and available P was determined colorimetrically using the molybdenum blue method [32]. Cation exchange capacity (CEC) was estimated using 1 M NH4Cl (1:20 w:v) as the sum of exchangeable cations Ca, Mg, Al, Na and K and measured by ICP-OES (Varian Vista-Pro, Australia). Pseudo-total metal concentrations were determined using 0.2 g of soil digested in a 3:1 mixture of concentrated HNO3:HCl to which 3 mL H2O2 was added in Teflon PFA vessels in a laboratory microwave system (Ethos EASY; Milestone, Sorisole, Italy). The contents of Cd, Cu, Pb, Zn, Ni, Cr, Co, Mn concentrations in the digestates were determined by inductively coupled plasma optical emission spectrometry (Varian Vista-Pro, Australia).



Element fractionation was carried out following a modified BCR protocol [33]. The soils were first shaken at room temperature with 1 M NH4Cl for 16 h. This reagent extracts the water-soluble and exchangeable metal fraction (exchangeable fraction). The resulting residue was then shaken at room temperature with 0.11 M CH3COOH for 16 h. This step extracts the carbonate-bound metal fraction. The residue was shaken for 16 h at room temperature with 0.10 M NH2OH HCl adjusted to pH 2.0 with HNO3. This fraction mainly contains iron and manganese oxide-bound metals (reducible fraction). The residue was then digested with 30% H2O2, and the mixture was evaporated to dryness over a water bath at 85 °C, and the resulting extract was shaken with 1 M NH4OAc adjusted to pH 2.0 with CH3COOH for 16 h. This step extracts primarily organically bound and sulfide metals (oxidizable fraction). Finally, the residual fraction (silicate-bound metals) was digested as described above to determine pseudo-total metal concentrations. The concentrations of Co, Cu and Ni, were analyzed in the filtered supernatants from each extraction were determined by ICP-OES. All metal concentrations were expressed per kg dry weight (DW) soil.



The compost and manure were analyzed using the same methods described for soil samples [34].




2.2.2. Plant Analysis


At the end of the experiment, the whole barley plants were harvested. The individual plants were separated into roots, stems and grains. The roots were carefully washed with deionized water. All of the separated plant parts were dried at 70 °C for 48 h and ground to <1 mm. The total nitrogen concentration was determined by the Kjeldahl method. Ca, K, Mg, Fe, Mn, Cu and Zn concentrations were determined by atomic absorption spectrophotometry (Shimadzu AA-6200, Shimadzu, Duisburg, Germany) in digestates of the plant tissues obtained after ashing subsamples of plant biomass in a muffle furnace (550 °C, 6 h) and subsequent acid digestion with 6 N HCl [34].





2.3. Statistical Analysis


Data were analyzed using IBM SPSS Statistics 25 (Model AA-6200, Shimadzu, NY, USA). For each sampling period, the effects of organic amendments on soil physicochemical properties, soil metal concentrations, plant yield and nutrient concentrations were assessed by one-way analysis of variance (ANOVA) followed by multiple comparisons of means with the post hoc Duncan test for independent means. Normality and homogeneity of variances were tested by the Kolmogorov–Smirnov and Levene’s tests, respectively.





3. Results


3.1. Soil Physicochemical Properties


The soil used in the study was sandy soil (90% of sand), with very low organic matter and nutrient content, low C/N ratio and alkaline pH (pH in water, 8.3) (Table 1). In general, none of the three organic amendments induced important changes in soil pH, although a slight decrease in pH (of about 0.2 units) was observed for the two highest doses of SSC and the highest dose of FYM (Figure 1A).



The addition of FYM and SSC to the soil caused a significant (p < 0.05) and dose-dependent increase in soil electrical conductivity relative to the control soil, especially at the higher doses (Figure 1B). At the first harvest, the soil electrical conductivity was 1.5 and 2.5 times higher in the soils amended with FYM-40 and FYM-60 than in the control soil. The SSC induced a greater increase in soil electrical conductivity (3.0-fold increase for SSC-60) than that induced by FYM. In all of the treated soils, the soil electrical conductivity was lower at the second harvest than at the first harvest, although in all cases, it was still higher in the amended soils than in the control soil.



The addition of the three organic amendments to the soils generated a significant (p < 0.05) dose-dependent increase in soil organic carbon relative to the control soil, with increases of more than three times for the highest dose (60 t ha−1) (Figure 1C). At the first harvest, the soil organic carbon content was 1.3, 2.0 and 3.3 times higher in the soils amended with, respectively FMY-20, FMY-40 and FMY-60 than in the control soil, and applying SSC caused a similar increase in soil organic C (3.3-fold increase for SSC-60).



Amendment of the soil with MSWC induced a significantly lower increase in C (2.2-fold increase with MSWC-60 rate) than amendment with FYM or SSC. At the second harvest, the increase in organic carbon content relative to the control soil was maintained in all treated soils, and the organic carbon contents of all samples were similar to those observed at the first harvest (Figure 1C).



All three amendments also induced a statistically significant and dose-dependent increase in total soil N at the first harvest, similar to the three amendments (Figure 1D). The total N increased 14–23, 26–38 and 42–48% in soils treated with, respectively, 20 t ha−1, 40 t ha−1 and 60 t ha−1 of the amendments. At the second harvest, the total N content had decreased in all treated soils, although it was generally still significantly higher than in the control soil (up to 34% for FYM-60). The total N concentrations were similar in all treated soils and related to the applied dose.



The changes in total organic C and N contents caused changes in the C/N ratio, which underwent a significant, dose-dependent increase in FYM, and SSC amended soils relative to the control soil but did not change in MSWC amended soils at the first harvest (Figure 1E). At the second harvest, a significant and dose-dependent increase in C/N content was observed in all treated soils and was generally significantly higher than at the first harvest.



All doses of the three organic residues caused a significant and dose-dependent increase in the soil available P (p < 0.05). The increase was particularly important in FYM-amended soil (up to 11-fold), while MSWC and SSC-treated soils showed similar increases (up to 6.7-fold) in available P. The available P in the soil treated with the highest doses of MSWC and SSC increased to the same level as that for FYM-40. The increase in available P in treated soils did not appear to be related to the P Olsen or total P content of the organic residues (Table 1 and Figure 1F). At the second harvest, the available P was much lower in all treatments, although in all cases, it was still higher than in the control soil. However, unlike at the first harvest, the available P content was highest in the SSC-treated soil, while the P availability was lowest in the MSWC-treated soil.



At the first harvest, applying the highest dose of all organic amendments induced a significant increase in the effective CEC (Figure 2A). The observed increase reached 32 and 28% in FYM and SSC and 22% in MSWC-amended soils. However, at the second harvest, a positive effect of the amendments on CEC was not detected, except in the soil treated with the highest dose of MSW compost, in which the CEC was 18% higher than in the control soil. The exchangeable K content of the soil was only significantly higher at the first harvest, following applying manure and the highest dose of SSC (Figure 2B). Exchangeable Ca was also only significantly affected at the first harvest and only with the highest dose of the amendments used (Figure 2C). The addition of the three organic amendments slightly increased the exchangeable Mg contents (although the change was not always statistically significant). This was observed after both the first and second harvests (Figure 2D). Exchangeable Na was slightly lower at the first harvest after adding the two composts (although the differences were not always statistically significant) (Figure 2E).




3.2. Metal Fractionation


In the present study, pseudo-total Co, Cd, Ni, and Pb concentrations in the control soils were low (Table 1). In general, the amendments did not induce important changes in the concentrations of these elements (Supplementary Table S1), although the pseudo-total concentration of Cu increased significantly, particularly after applying the highest dose of the organic amendments. The increases reached up to 2.6, 3.6, 3.3-fold in soils treated with FYM, SSC and MSWC, respectively (Figure 3).



The different fractions of Cd, Cr, Zn, Pb, Co, Cu and Ni in the control soil and in FYM, MSWC, and SSC amended soils were determined by BCR sequential extraction. However, in both the control and treated soils, Cd, Cr, Zn and Pb were only found in the residual fraction. Therefore, the soil metal fractionation results are only presented for Co, Cu and Ni (Figure 4). In comparison with the measured pseudo-total concentration of these trace elements in unamended and amended soils, the percentage of recovery with the BCR fractionation was, on average, 108 ± 22%. Both the minimum and maximum percentage of recovery were observed for Cu.



In the control soils, Co, Cu and Ni were mainly found in the residual fraction, which represented respectively 59, 65 and 83% of the total content of these elements (Figure 4). In general, the amendments had little effect on the trace element fractionation. FYM tended to increase the labile Ni fractions, especially the reducible Ni. A similar effect was observed in the soils amended with SSC, which also slightly increased the reducible Co fraction. The SSC supplied some Cu to the soil, mainly in oxidizable and residual fractions, but fractionation of this element did not undergo notable changes. The most important changes in fractionation of the elements were observed in the MSW-treated soil. This amendment induced increased labile fractions (acid-extractable and reducible) of Co and Ni. The effect on the reducible fraction (F2) was observed with the medium and high dose of the amendment. Amendment of the soils with MSWC increased the absolute amount and proportion of acid-extractable Cu.



Moreover, this residue also contributed to the absolute amount of residual Cu in soil, although the proportion of this fraction was lower than in the unamended soil.




3.3. Effect of Soil Amendments on Grain Yield


A single application of all three organic amendments (farmyard manure, sewage sludge compost and municipal solid waste compost) significantly increased the barley grain yield, and the positive effect was prolonged over time until the second consecutive harvest analyzed. Generally, and for the three organic amendments, the increase in grain yield was proportional to the application rate. At the first harvest, the yield was lowest in the control plots (1106 ± 220 kg ha−1), while the yields were highest in plots treated with the highest dose of the organic amendments; the increases in grain yield reached up to 51% and were similar for all three organic amendments. The yields obtained with 60 t ha−1 of FYM, SSC, and MSWC were 2262, 2006 and 1868 kg ha−1, respectively (Figure 5). Surprisingly, the yield was higher at the second harvest. In all cases, the increase in barley production was proportional to the rate of residue application, and unlike at the first harvest, the increase differed between the three residues. Thus, the maximum barley grain yield was obtained with FYM-60 (6964 ± 414 kg ha−1) followed by SSC-60 (5559 kg ha−1) and MSWC-60 (3738 kg ha−1), i.e., the yields were 77, 71 and 57% higher than in the control soil (Figure 5).




3.4. Effect of Soil Amendment on Plant Nutrient Contents


The macro- and micronutrients taken up by the barley plants (grain, stem and roots) grown in control soil and in soils amended with farmyard manure, sewage sludge compost and municipal solid waste compost are shown in Figure 6 and Figure 7 and Table 2 and in Supplementary Tables S2 and S3. The contents of all the major nutrients (N, K, Ca and Mg) in the barley plants were significantly affected by all of the organic amendments at both harvest times.



Application of the three amendments caused a statistically significant and dose-dependent increase in nitrogen content in the three plant compartments analyzed (grain, stem and root) at the first harvest (Figure 6). The effect was more pronounced in the stem and root parts than in the grain and was generally higher for SSC and FYM than with MSWC. The N content of the grain, stem and root increased by up to 31, 80 and 73%, respectively, in SSC amended soil, and by up to 19, 34 and 37%, respectively, in soil treated with MSWC. The increase in N content induced by FYM was up to 30% in grain and up to 46% in stem and root. At the second harvest, the N concentration in barley plants decreased in all treated soils, although in most cases, it remained significantly higher than in control soil. The increase in N content of plants grown in soils treated with 60 t ha−1 of SSC reached up to 29, 66 and 26% in grain, stem and root parts, respectively, while the maximum increases induced by FYM and MSWC were lower (Figure 6).



In general, the K, Ca and Mg concentrations in the plant tissues were positively affected by the organic residues applied to soil, and the effect observed was also dose-dependent (Figure 7 and Table S2). The magnitude of the effect induced by the different amendments depended on the nutrient and on the plant tissue considered. At the first harvest, the greatest improvements in the stem nutrients corresponded to FYM for K (up to 61% increase), SSC and MSWC for Ca (up to 24% increase), and FYM and SSC for Mg (up to 1.6-fold increase) (Figure 7) and in the case of root, the higher increases were generally obtained with FYM and SSC (increases of up to 60% in K content and of up to 1.9 and 2.5-fold in Ca and Mg contents, respectively) (Table S2). FYM and SSC had a similar effect on grain nutrients, increasing K and Mg concentrations by up to 1.2-fold and 78%, respectively, while the improvement induced by MSWC was lower (up to 83 and 75%, respectively). The soil amendments also tended to increase the Ca content of the grain (the effect was only significant for the highest dose of SSC) (Table S2). In general, the positive effect of the organic residues on plant nutrients was maintained or was even more pronounced at the second harvest. The increase in K, Ca and Mg concentrations in grains (up to 2.7, 3.9 and 1.9-fold, respectively) and in K concentrations in roots and stems (up to 1.1 and 2.4-fold) from plants grown in amended soils was much higher than at the first harvest (Figure 7 and Table S2). The exception was the Mg concentration in roots of plants grown in amended soils, the values of which were generally similar to or lower than in plants grown in unamended soils.



The organic residues generally had a dose-dependent positive effect on the micronutrients analyzed in the barley plants (Table 2 and Table S3). At the first harvest, the greatest increases in Fe and Zn were observed in the roots of plants grown in soils treated with MSWC and SSC (up to 4.3 and 1.4-fold, respectively), and the greatest increases in Mn were detected in the stems (up to 1.5-fold in FYM amended soils). The increase in these micronutrients in the grain was less pronounced than in root or stem, and the increase in Zn was generally not significant. However, the increase in Cu content was more pronounced in the grain (up to 3 times in soils treated with 60 t ha−1 of SSC) than in other plant compartments. The positive effect of the amendments on the micronutrients considered was generally maintained at the second harvest. In some cases, e.g., Fe in stems and Zn and Cu in roots, the increases were higher than detected at the first harvest.





4. Discussion


4.1. Effects of Soil Amendments on Soil Physicochemical Properties


Despite the statistically significant decrease in pH in the soils treated with manure and sewage sludge compost, the pH values remained similar to those in untreated soils. The observed increase is unlikely to have had a significant impact on crop production or soil performance. Likewise, despite the slight increase in EC in amended soils, the observed values (up to 1577 µS cm−1 in SSC-60 plot) are far from the ≥4000 µS cm−1 that would pose a risk of salinization [35].



Soil organic matter (SOM) is considered a key indicator of soil quality and can be enhanced by the addition of organic wastes [10,36]; mineralization of the SOM covers the major reserves of essential nutrients for plants [37]. As expected, and consistent with previous findings in several soils in arid regions [38,39], farmyard manure, municipal solid waste compost and sewage sludge compost amendments increased the total organic carbon content of the soils, and the increase was proportional to the amount of residue applied. The three amendments also effectively maintained elevated soil organic matter levels, as the increases remained after two consecutive harvests (Figure 1C). The differences in the organic carbon content of amended soils can be attributed to the chemical composition, and decomposability of the residues applied. The FYM had relatively high C and N contents (23.6 and 1.2%, respectively) but also a high C/N ratio (23). The C content of SSC was similar to that of FYM, but the former had a higher total N content and lower C/N ratio (12); therefore, SSC can be considered more balanced than FYM concerning the C and N contents [40]. The C/N ratio, among many other factors, could affect the rate of organic matter decomposition and the amount of N released, as mineralization is often limited in composts in which the C/N ratio is high (>15) [41].



In the present study, the positive effect of FMY on soil N was relatively low and not related to the dose applied (Figure 1D). By contrast, amendment of the soil with SSC led to a significant, dose-dependent increase in the N content. However, despite the well-balanced C and N contents in SSC, the soil N content decreased after the second crop harvest in both soils treated with FMY or SSC. The organic matter content was much lower (around one-third) in MSWC than in the other two amendments. However, this residue’s addition to soil led to a slight, dose-dependent increase in total C and N contents; surprisingly, the soil C content remained elevated even after the second harvest. Considering the C and N contents of the three organic amendments evaluated, increases in C and N concentrations in soils treated with the highest dose of MSWC (60 t ha−1) could be expected to be similar to those in soils treated with the lowest doses of FYM or SSC (20 t ha−1). However, MSWC induced greater increases in soil organic matter than expected, which could be attributed to better incorporation of the residue within the soil matrix. The decrease in soil N detected in all amended soils after the second harvest suggests depletion of N reserves due to N uptake by the plants. Other N losses cannot be ruled out, as the soil properties (high pH and high sand content) and the environmental conditions (irrigation, high insolation) would favor nitrification and the potential leaching of NO3−, as well as ammonium volatilization [42].



All three organic residues increased the available P concentrations at the first harvest. The observed effect appears to be closely related to the amount of available P present in the different amendments (much higher in FYM and SSC than in MSWC, Table 1). Increases in the available P content after applying organic residues have also been reported in other studies [43,44,45] and have been attributed to the addition of P through compost over the amount removed by the crop [36]. However, the levels of available P decreased sharply at the second harvest (Figure 1F), probably because P uptake by plants in the second year was not compensated by inorganic P released from residues.



Cation exchange capacity is a key soil chemical property that mainly depends on clay and organic matter contents [46]. In the present study, the addition of all three amendments increased the total CEC and the exchangeable K, Ca and Mg contents; this finding is consistent with similar increases observed after the addition of municipal biosolids or farm manure in other fields studies [47,48]. The increased CEC has been attributed to increased negatively charged surfaces present in the organic matter of the amendments [14,49].




4.2. Effects of Organic Amendments on Trace Metals Distribution in Soils


The total trace metal contents of the three organic residues were below the maximum amounts permitted by legislation (due to the lack of legislation regulating the amounts of trace elements permitted in Tunisian soils, EU thresholds are used as a reference, [50]. It is widely accepted that the measurement of total metal concentrations is insufficient for accurate assessment of the potential risk of soil contamination [18]. Chemical speciation of trace elements in the soil must be carried out to determine the mobility and bioavailability of the elements and the associated potential hazards [51]. Sequential extraction is widely used to evaluate the redistribution of geochemical forms of elements in diverse soil fractions and thus estimate the bioavailability of the elements. In this study, Co, Cu and Ni in control soils were mainly (more than 80%) present in residual forms related to the crystalline structure of silicate minerals [52]. This residual fraction is considered non-mobile and not available to plants [53] and thus safe from an environmental point of view. Regarding the extractable fractions of the elements, the highest proportion of Co occurred in reducible forms. Extractable Cu was only present in reducible and oxidizable forms; the extractable fraction of Ni occurred in reducible and oxidizable forms, while only 2.2% of Ni was present in the acid-extractable fraction.



Amendment of soil with FYM slightly increased the total Cu and Zn contents, but the distribution of metals in the different fractions was generally not affected by the addition of manure. In some FYM-amended soils, the proportion of extractable forms of Cu increased slightly, but the increase was not related to the dose of FYM (Figure 4). The results are consistent with those of previous studies, which did not detect significant alterations in the chemical speciation of trace elements in soil due to the addition of manure, even after repeated application [54].



As in FYM, the addition of SSC did not strongly affect extractable Cu, Co and Ni; however, the proportion of the oxidizable forms of Cu and Ni tended to increase after the addition of this amendment. This fraction corresponds to organically bound trace elements and reflects the high affinity of these elements for organic matter [16,51]. Ref. [16] also observed an increased oxidizable Cu fraction in sewage sludge-amended soils.



Unlike FYM and SSC, the addition of MSWC affected the distribution of several elements, especially Co and Cu. This amendment increased the extractability of these elements, which was generally highest with the lowest doses of MSWC applied (Figure 4). Moreover, the fractions in which the increases were greatest were generally the acid-extractable forms, which may imply an increase in their availability to plants or potential leachability [51]. The observed modification was particularly remarkable for Cu, as the acid-extractable fraction was negligible in the unamended soils and represented between 40 and 60% of the Cu content in MSWC-amended soils. Regarding other trace elements of major environmental concern, the concentrations of Pb in the amended soils (maximum 6.6 ± 0.2 mg kg−1 soil) were far from the limits established (generally 50–300 mg kg−1 soil) by the EU and national legislation of European countries [55]. The amendments tended to slightly increase the Cd concentration, which remained lower than the threshold values indicated in most regulations [55]. Moreover, this trace element was not present in detectable amounts in the plant compartments analyzed. The slight modification of the element speciation observed in soils treated with high doses of compost requires further investigation. In summary, concerning the distribution of trace metals in soil and from an environmental point of view, the effect of SSC was similar to that of FYM; however, MSWC induced increased bioavailability of some elements and using this type of amendment should be closely monitored. The potential accumulation of certain trace elements in the soil after repeated application of organic amendments reinforces the importance of studies analyzing their medium-term performance to exploit their fertilizing potential and minimize the doses applied to the soil.




4.3. Effect of Organic Amendments on Grain Yield and Plant Nutrient Contents


The positive effects of the three organic amendments addition on soil organic matter and nutrients contents were clearly reflected in the growth and development of barley plants and explain the significant improvement in grain yield. The findings are consistent with similar increases in crop production reported for arid and semiarid soils amended with diverse organic residues [56,57], including Tunisian calcareous soils similar to that considered in the present study [27]. In the present study, the positive effect on grain yield was much higher at the second harvest, indicating a medium to a long-term increase in fertility induced by the amended soils’ organic matter and nutrients content.



The crop improvement detected at the second harvest is consistent with the findings of [58], who reported improvement of wheat yield parameters in the second than in the first experimental season after soil amendment. These authors attributed the increase in wheat productivity to the residual effect of the organic matter applied in the first season. Other authors mention the role of macro- and micronutrients provided by compost in stimulating metabolic processes, promoting growth, and increasing the synthesis and accumulation of more metabolites in plant tissues [59]. In the present study, both mechanisms may have acted simultaneously, as the increase in organic matter content and nutrients resulting from the addition of the organic amendments was maintained in the second year of the experiment. At both the first and the second harvests, the grain yield was highest in the soils treated with FYM (Figure 5). At the first harvest, the highest dose of MSWC induced improvements similar to the lowest dose of FYM or SSC; however, at the second harvest, MSWC was one of the best amendments and induced higher increases in grain yield higher than SSC.



As most of the soil macronutrients increased rapidly after the addition of organic residues, positive effects on plant nutrient contents were observed during the study period. In all cases, a dose-dependent increase in plant nutrients was observed after the addition of organic amendments. Significant increases in N, Ca, K, and Mg contents in barley plants were observed at both the first and the second harvest, though in the latter case, the concentrations of these nutrients were generally lower than at the first harvest. The increases in nutrient contents of the plants growing in soils amended with FYM, SSC and MSWC are consistent with the findings of other studies [60,61]. Moreover, authors such as ref. [62] reported that composting of sewage sludge might decrease the release of mineral nitrogen (by half). Depending on compost dose and quality, the nitrogen supplied may be sufficient for plant demand, but only in the season directly following compost application. Therefore, in the second year, both the soil N and the N content of the plants would decrease.



Potassium is one of the most important essential plant nutrients, and its accumulation in barley plants was significantly augmented by the addition of organic residues, especially at the second harvest. Ref. [63] explained such increases by the high residual amount of potassium bound by clay minerals and organic matter in compost-amended soil; the bound potassium then becomes more available due to the action of organic acids released during decomposition.



In the present study, the addition of organic residues increased Ca concentrations and maintained high Mg concentrations in barley plants. In an earlier study ref. [64] showed that Ca and Mg concentrations were higher in the grains of wheat grown in soils amended with sewage sludge compost than in the plants grown in soils treated with chemical fertilizer. Similarly, ref. [65] found that compost application caused a significant increase in Ca and Mg concentrations in shoots and roots of ryegrass consistent with dry matter accumulation. Amendment with municipal solid waste compost has been shown to increase Mg concentrations in blueberry leaves compared to the amount of municipal solid waste compost added to the soil [66].



Concentrations of Fe and Mn were also increased in barley plants grown on plots amended with farmyard manure and the two composts, relative to plants grown in control plots. Similar results were also reported by [67], who found that application of farmyard manure and compost to soil produced plants enriched in Fe and Mn relative to the plants grown in untreated soil, while [68] reported a similar finding in maize plants growing in a sandy loam soil amended with municipal solid waste compost.



Apart from boosting nutrient levels, composts are considered as the principal source of heavy metal input in agricultural soils, which is of environmental concern due to the toxicity of these metals to plants. Heavy metals are considered one of the major toxic pollutants due to their long persistence in the environment. The presence of large amounts of heavy metals in composts could lead to heavy metal accumulation in soils and plants, thereby contaminating the food chain and groundwater and threatening human health and the environment [69]. In the present study, a significant, dose-dependent increase in concentrations of Cu and Zn was observed in barley plants growing in the soils amended with organic amendments relative to the plants grown in control plots. In the case of Zn, the increase was even higher at the second than in the first harvest, while the opposite was observed for Cu. Nevertheless, the amounts of Cu and Zn accumulated in the plants were within the permissible levels, as defined by [70]. These authors reported phytotoxic limits of between 20 and 100 mg kg−1 for Cu and between 100 and 400 mg kg−1 for Zn, which are much higher than the amounts detected in this study. It is also worth mentioning that the increase in soil Cu bioavailability induced by MSWC (Figure 4) was not reflected by the concentrations of this element detected in the barley plants. For the three doses of MSWC considered, the total amount of Cu accumulated in barley plants was similar or even lower than the amount of Cu accumulated in barley growing in the soils amended with FYM and SSC. This suggests that the amendment of soil with MSWC does not increase the toxicity of Cu to the plants.





5. Conclusions


The positive effects of a single application of the amendments on both the soil fertility and the barley yield and nutritive status indicate that cheap, highly available organic amendments, such as sewage sludge compost and municipal solid waste compost, may be suitable as substitutes for farmyard manure, and help to solve the shortage and increasing cost of the organic amendment typically applied to arid and semiarid soils in Tunisia. The analysis of the distribution of heavy metals in soil fractions and the observed improvements of fertility and crop yield in amended soils demonstrate the value of recycling organic wastes in agricultural soils as a sustainable method of waste management. The findings confirm the interest in the medium and long-term monitoring of soil and crop properties after a single application of the organic amendment to determine the capacity of this type of residue to release plant nutrients slowly and thus prolong the beneficial effects. The study displays interesting areas of research aimed at exploring combinations of the organic amendments for taking maximum advantage of their fertilizing capacity and availability.
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Figure 1. Soil physicochemical parameters: (A) pH, (B) electrical conductivity, (C) total organic carbon, (D) total nitrogen, (E) C/N ratio and (F) available P in unamended and amended soils. Lower case letters indicate significant differences between treatments within the same harvest time. Asterisks indicate a significant difference between harvest times within each treatment over time (* p < 0.05). 
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Figure 2. Effects of the three organic waste applications on (A) cation exchange capacity, (B) exchangeable K, (C) exchangeable Ca, (D) exchangeable Mg and (E) exchangeable Na. Lower case letters indicate significant differences between treatments within the same harvest time. An asterisk indicates significant differences between harvest time within each treatment over time (* p < 0.05). 
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Figure 3. Pseudo-total Cu concentrations in unamended (CTR) soil and soils amended with different doses (20, 40, 60 t ha−1) of farmyard manure (FYM), sewage sludge compost (SSC) or municipal solid waste compost(MSWC).Different letters indicate significant differences between treatments. 
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Figure 4. Sequential chemical extraction of Co, Cu and Ni of control soil (CTR) and soils amended with different doses (20, 40, 60 t ha−1) of farmyard manure (FYM), sewage sludge compost (SSC) or municipal solid waste compost (MSWC). 
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Figure 5. Effect of the soil amendment with different doses (20, 40, 60 t ha−1) of farmyard manure (FYM), sewage sludge compost (SSC) or municipal solid waste compost (MSWC). on the barley grain yield. CTR: unamended soil. Lower case letters indicate significant differences between treatments within the same harvest time. An asterisk indicates significant differences between harvest time within each treatment over time (* p < 0.05). 
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Figure 6. Effects of the soil amendment with different doses (20, 40, 60 t ha−1) of farmyard manure (FYM), sewage sludge compost (SSC) or municipal solid waste compost (MSWC) on N contents in barley grains, stems and roots. CTR: unamended soil. Lower case letters indicate significant differences between treatments within the same harvest time. Asterisks indicate significant differences between harvest time within each treatment over time (* p < 0.05). 
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Figure 7. Effects of the soil amendment with different doses (20, 40, 60 t ha−1) of farmyard manure (FYM), sewage sludge compost (SSC) or municipal solid waste compost (MSWC) on K, Ca and Mg concentrations in barley stems. CTR: unamended soil. Lower case letters indicate significant differences between treatments within the same harvest time. Asterisks indicate significant differences between harvest time within each treatment over time (* p < 0.05). 
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Table 1. Some physicochemical characteristics of the soil and of the three types of organic amendments used (farmyard manure, FYM; sewage sludge compost, SSC, and municipal solid waste compost, MSWC).
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Soil

	
FYM

	
SSC

	
MSW






	
Sand (%)

	
89 ± 1

	
-

	
-

	
-




	
Clay (%)

	
9 ± 0

	
-

	
-

	
-




	
Silt (%)

	
2 ± 0

	
-

	
-

	
-




	
Texture

	
Sandy

	
-

	
-

	
-




	
pH H2O

	
8.3 ± 0.1

	
8.7 ± 0.0

	
6.2 ± 0.0

	
7.6 ± 0.0




	
EC (µS cm−1)

	
525 ± 4.6

	
15.3 ± 0.4

	
15.7 ± 0.0

	
1.6 ± 0.0




	
P Olsen (mg kg−1)

	
3.2 ± 0.09

	
577.7 ± 62.4

	
400.9 ± 26.3

	
181.7 ± 8.1




	
CEC (cmolc kg−1)

	
41.3 ± 2.7

	
nd

	
128.9 ± 2.3

	
57.6 ± 0.9




	
Exchangeable Ca (cmolc kg−1)

	
39.1 ± 2.6

	
nd

	
73.8 ± 0.7

	
42.6 ± 0.8




	
Exchangeable Mg (cmolc kg−1)

	
1.5 ± 0.1

	
nd

	
33.6 ± 1.2

	
4.9 ± 0.0




	
Exchangeable K (cmolc kg−1)

	
0.5 ± 0.0

	
nd

	
17.3 ± 0.7

	
9.9 ± 0.2




	
Ca/Mg

	
26.3 ± 0.8

	
nd

	
2.2 ± 0.1

	
8.6 ± 0.1




	
% C

	
0.21 ± 0.0

	
28.9 ± 1.9

	
22.5 ± 1.1

	
7.2 ± 0.0




	
% N

	
0.03 ± 0.0

	
1.2 ± 0.0

	
1.9 ± 0.1

	
0.5 ± 0.0




	
C/N

	
7.2 ± 0.1

	
23.6 ± 2.1

	
11.8 ± 0.1

	
13.8 ± 0.8




	
Pseudo-total element concentrations

	




	
g kg−1

	




	
P

	
0.3 ± 0.0

	
4.0 ± 0.1

	
10.3 ± 0.2

	
4.5 ± 0.1




	
K

	
2.1 ± 0.0

	
13.2 ± 0.3

	
6.2 ± 0.2

	
8.4 ± 0.1




	
Al

	
8.2 ± 0.2

	
5.5 ± 0.0

	
6.4 ± 0.3

	
28.0 ± 0.0




	
Ca

	
32.6 ± 2.1

	
28.5 ± 0.3

	
53.8 ± 1.2

	
138.8 ± 3.3




	
Mg

	
2.9 ± 0.1

	
5.6 ± 0.1

	
6.7 ± 0.2

	
4.7 ± 0.0




	
Fe

	
5.9 ± 0.3

	
3.7 ± 0.1

	
5.4 ± 0.1

	
26.5 ± 1.1




	
mg kg−1

	




	
Cu

	
4.4 ± 0.4

	
16.8 ± 0.7

	
97.3 ± 2.9

	
54.9 ± 0.8




	
Zn

	
12.4 ± 1.3

	
87.0 ± 5.8

	
267.2 ± 4.2

	
286.1 ± 3.2




	
Pb

	
3.4 ± 0.1

	
1.4 ± 0.2

	
20.4 ± 1.4

	
76.3 ± 10.6




	
Cd

	
0.2 ± 14.4

	
0.2 ± 0.0

	
0.5 ± 0.0

	
0.6 ± 0.0




	
Ni

	
6.0 ± 0.5

	
6.8 ± 0.3

	
15.3 ± 0.1

	
31.5 ± 0.5




	
Cr

	
13.7 ± 0.3

	
10.3 ± 0.5

	
18.9 ± 0.9

	
28.5 ± 0.3




	
Co

	
1.5 ± 0.2

	
1.2 ± 0.1

	
1.9 ± 0.0

	
5.1 ± 0.4




	
Mn

	
83.4 ± 1.9

	
92.7 ± 1.2

	
95.9 ± 2.4

	
298.9 ± 2.1








Maximum heavy metal contents (mg kg−1) permitted by EU legislation [28]. Class A compost: Cu 70; Zn 200; Pb 45; Cd 0.7; Ni 25; Cr 70. Class B compost: Cu 300; Zn 500; Pb 150; Cd 2; Ni 90; Cr 250. nd: not detected.
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Table 2. Effects of the soil amendment with different doses (20, 40, 60 t ha−1) of farmyard manure (FYM), sewage sludge compost (SSC) or municipal solid waste compost (MSWC) on some micronutrient concentrations in stems of barley plants (mean, n = 3). CTR: unamended soil. Lower case letters indicate significant differences between treatments within the same harvest time. An asterisk indicates significant differences between harvest time within each treatment over time. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fe (mg kg−1)

	
Mn (mg kg−1)

	
Zn (mg kg−1)

	
Cu (mg kg−1)






	
1st harvest




	
CTR

	
0

	
128.4 ± 4.2 e ***

	
6.3 ± 0.1 f

	
11.1 ± 0.0 e ***

	
4.0 ± 0.5 e **




	
FYM

(t ha−1)

	
20

	
158.4 ± 5.5 de **

	
6.5 ± 0.3 f ***

	
10.5 ± 0.4 e

	
2.6 ± 0.3 f




	
40

	
130.7 ± 3.1 e ***

	
12.2 ± 0.6 d

	
12.3 ± 1.0 de

	
3.0 ± 0.2 ef




	
60

	
242.5 ± 12.9 b

	
15.6 ± 0.1 a ***

	
15.5 ± 0.0 bc ***

	
3.8 ± 0.1 ef **




	
SSC

(t ha−1)

	
20

	
161.0 ± 15.0 de *

	
8.2 ± 0.4 e

	
13.2 ± 1.4 d *

	
5.6 ± 1.0 d **




	
40

	
166.8 ± 3.3 d ***

	
13.6 ± 0.0 c **

	
15.4 ± 0.3 bc *

	
8.2 ± 1.1 bc **




	
60

	
210.2 ± 21.4 bc

	
14.7 ± 0.8 b

	
17.6 ± 0.8 a *

	
10.3 ± 0.9 a ***




	
MSWC

(t ha−1)

	
20

	
185.7 ± 29.5 cd

	
12.6 ± 0.7 d

	
11.2 ± 0.3 e

	
7.1 ± 0.6 c ***




	
40

	
232.8 ± 22.4 b

	
13.7 ± 0.1 c **

	
15.1 ± 1.3 c *

	
9.1 ± 0.7 ab ***




	
60

	
286.9 ± 31.7 a*

	
13.9 ± 0.8 bc *

	
17.0 ± 1.7 ab

	
9.8 ± 0.9 a ***




	
2nd harvest




	
CTR

	
0

	
94.1 ± 3.0 f ***

	
7.2 ± 0.2 d

	
10.2 ± 0.1 e ***

	
2.1 ± 0.1 d **




	
FYM

(t ha−1)

	
20

	
103.7 ± 2.6 f ***

	
11.0 ± 0.2 b ***

	
10.3 ± 0.2 e

	
2.3 ± 0.1 d




	
40

	
212.7 ± 6.2 c ***

	
11.3 ± 0.3 b

	
12.3 ± 0.9 d

	
3.2 ± 0.1 bc




	
60

	
223.8 ± 9.0 abc

	
12.9 ± 0.2 a ***

	
14.2 ± 0.1 c ***

	
3.4 ± 0.1 b **




	
SSC

(t ha−1)

	
20

	
130.9 ± 7.4 e *

	
8.7 ± 0.3 c

	
10.5 ± 0.4 e *

	
2.6 ± 0.4 cd **




	
40

	
216.4 ± 5.8 bc ***

	
10.9 ± 0.8 b **

	
13.1 ± 0.9 d *

	
3.3 ± 0.2 b **




	
60

	
227.2 ± 2.7 ab

	
13.1 ± 0.9 a

	
18.9 ± 0.1 a *

	
4.9 ± 0.5 a ***




	
MSWC

(t ha−1)

	
20

	
171.7 ± 11.0 d

	
11.3 ± 0.7 b

	
10.4 ± 1.1 e

	
3.2 ± 0.3 b ***




	
40

	
221.5 ± 10.2 abc

	
11.5 ± 0.6 b **

	
12.5 ± 0.3 d *

	
3.5 ± 0.2 b ***




	
60

	
231.9 ± 3.5 a *

	
11.8 ± 0.8 b *

	
16.0 ± 0.2 b

	
3.7 ± 0.7 b ***
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