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Abstract

:

This work presents quantitative changes of nickel in soil and plants under the influence of compost and fly ash. The research was carried out in a 3-year experiment on medium soil fertilised with compost or fly ash. The plants: narrow leaf lupine (Lupinus angustifolius L.), camelina (Camelina sativa L.), and oat (Avena sativa L.) were planted in consecutive years. The soil from the experiment was subjected to extraction by sequential analysis with the Community Bureau of Reference (BCR) method, and single extractions using 1 mol·dm−3 HCl and DTPA solutions, obtaining the amount of nickel in various combinations with the soil solid phase. Total contents of the metal in soil and cultivated plants were determined. On the basis of Ni contents in the soil and cultivated plants, the bioconcentration factors and the risk assessment code were calculated. The type of amendments had a significant impact on the nickel content in lupine, for camelina and oat was the greatest in the control conditions. The differences between the amounts of Ni determined for bioconcentration factors were significant and depended on the amendments and nickel obtained by different methods. Regardless of the experimental conditions, the amount of Ni in the exchangeable bonds (Fr. I) had the greatest impact on the content of Ni in lupine and oat, whereas NiDTPA in the case of camelina.
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1. Introduction


Nickel is an interesting element because it acts both as a toxic heavy metal and an essential microelement for plants. Nickel enters into the soil mainly through anthropogenic activities, such as mining, smelting, application of some organic amendments, e.g., sewage sludge or compost based on sewage sludge. Other sources of this element include solid fuel combustion, burning of diesel, and fuel oil, as well as ceramic, glass, metal, and chemical industries [1,2]. Both nickel toxicity and its requirement in plants are well-documented in literature, although more often studies focus on the negative effect of nickel on plants in the case of its excess amounts in soil. Ameen et al. [2], in their review paper, extensively presented these aspects. The cited authors indicated that exposure of plants to high levels of Ni usually results in several phytotoxic symptoms, such as chlorosis, necrosis, limited shoot and root growth, and reduced leaf area. Moreover, disturbance in the activity of various enzymes, initiation of oxidative stress, and interruption in uptake of other nutrients have also been documented [3]. Simultaneously, it is underlined that Ni is the central element of urease enzyme responsible for the hydrolysis of urea to ammonia. On the other hand, at low concentrations Ni has a positive effect on seed germination, growth of shoots, and roots, while it also improves fruit yield and quality, and promotes the synthesis of chlorophyll, protein, and carbohydrates in plant tissues [2,3]. Due to the fact that knowledge on the importance of nickel is not common, and its necessary amounts for plants are small, in the routine fertilisation of crops, it is not replenished as it is the case with Cu, Zn, Mn, or B. Crops take up nickel easily, usually proportionally to its content in soil until the level of toxicity is reached [1]. Nickel is considered to be a mobile element and its availability is controlled by such factors as quantity and quality of clay minerals, organic matter, or soil reaction. In acid soils, Ni solubility increases considerably, and its sorption by Fe and Mn hydroxides increases with a decrease in acidity [4]. However, due to the susceptibility of nickel to form complexes with organic matter, in many soils its high mobility is maintained even under neutral conditions. This is due to the fact that Ni creates bonds with organic matter in the form of mobile chelates. Nickel availability for plants is significantly reduced in the case of liming soil or the use of high doses of phosphorus fertilisers [4,5]. Regardless of the type of soil and the applied fertiliser, information on the availability of the nutrients for plants is important for agricultural practice. There are many methods to achieve this goal. The bioavailability of metals in soil may be determined based on chemical methods, which include single and sequential extractions. Single methods (one-step analysis) are preferred for dissolving the phase, which element content is easily activated and perfectly correlates with its bioavailability. For this type of extraction, a number of chemical compounds can be used that differ in their mode of action and extraction strength [6,7,8]. The different character of analysis is associated with the sequential methods, which are used to provide insight into the processes that affect the availability of metals in soil. These extractions consist of acting on a soil sample with a series of reagents with increasing ionic strength to dissolve metal forms that are increasingly attached to the matrix. The sequentially isolated fractions of metals correspond to different types of metal complexes with the soil solid phase [9].



Referring to the promoted and implemented paradigm of the circular economy and the assumptions of the zero waste programme [10], it is proposed to use chosen processed wastes for fertilisation purposes. In this context, the importance of the composts prepared from various biowastes and fly ash is emphasised. Organic fertilisation is a method of substituting inorganic fertilisers with organic fertilisers and, thereby, improving general soil fertility. There are many papers [11,12,13] dealing with the benefits of composted biowaste in terms of their positive effect on physical, chemical, physico-chemical and biological properties, which consequently considerably improves soil fertility. In the case of the use of fly ash, the effect expressed by an increase in pH is indicated first of all. Additionally, the positive role in increasing the water holding capacity, as well as improving soil structure, is also emphasised [14]. Regardless of the positive aspects connected with the use of composts or fly ash, it should be taken into account that these amendments will influence the availability of nutrients, especially those in which mobility in soil will depend on the amount of organic matter and soil reaction changes. As previously mentioned, nickel is such an element and, therefore, in this work, the research was undertaken to determine the following goals:




	
Nickel availability assessment in soil in relation to used extractants and applied fertilisation;



	
Nickel accumulation in cultivated plants, depending on nickel availability and used fertilisation.









2. Material and Methods


2.1. Experimental Design


A 3-year (2014–2016) pot experiment was conducted at the experimental vegetation station belonging to the Wroclaw University of Life Sciences. Outdoor, natural conditions were provided for the experimental facility because it was covered with wire mesh. The medium agronomic soil class (clay loam), classified as Haplic Cambisols according to the World Reference Base for Soil Resources (WRB) [15] was used. The compost (a mixture of biowaste (collected separately) and manure, prepared in a 1:1 ratio by the aerobic technology of the composting process) used for experiments met the requirements set out in the respective Polish law [16], and was produced for commercial purposes by a local composting facility. Fly ash was formed as a by-product of lignite combustion in smoke ducts and was captured by detecting devices (electrostatic precipitators). It comes in the form of fine, mineral dust with a particle diameter of 0–100 µm, and a light grey colour. Fly ash is silicate-calcium ash and is characterised by an alkaline reaction.



Soil and compost were sieved through a 20 mm sieve before setting up the experiment. The basic properties of used soil, compost, and fly ash are presented in Table 1. The pH of compost and fly ash was assessed in H2O and in 1 mol·dm−3 KCl for soil. The ratio soil/compost/fly ash: solution was 1:2.5 (w/v). Total organic carbon (TOC) and total nitrogen (Ntot) contents in soil, compost and fly ash were assayed using a Vario Max CNS elemental analyser. The total amounts of nickel in compost and fly ash were assessed according to the aqua regia procedure [17].



Dry soil samples of 10 kg were weighed in eight replications and they were thoroughly mixed with the dose of compost as well as of fly ash two weeks before plant cultivation. The compost and fly ash were applied at a rate of 40 t·ha−1 into the soil. Each mixture was wetted to 60% field capacity. The experiment was conducted in PVC pots (10 kg), and, as a result, the design of the experiment included: T0–control soil (without compost and fly ash addition) and T1–soil with the compost addition. TII–soil with the fly ash addition. Three crops, i.e., narrow leaf lupine (Lupinus angustifolius L.), camelina (Camelina sativa L.), and oat (Avena sativa L.), were planted in consecutive years (2014–2016) after harvesting in the same pot. The experiment was conducted at a density of 10 plants per pot. After harvesting of each plant from the pots soil samples for analysis were taken. Next the residue in the pots was cleaned of the remaining roots and the soil, while compost and ash were replenished. In this way, the next crop had the same growing conditions and the amounts of nickel in the substrate were theoretically always the same. Taking into account the nutritional requirements of plants adequate supplementing mineral fertilisation was applied. The applied doses of fertilizers were balanced in such a way that they took into account the amounts of N, P, K introduced with compost and fly ash.




2.2. Analysis of Plant Materials


Plant material was dried at 60 °C, and ground and ashed in a furnace at 450 °C for 6 h. The ash was dissolved in 5 mL of 6 mol·dm3 HCl and diluted to a constant volume with distilled water [18]. The obtained extracts were analysed to assess Ni contents using atomic absorption spectrophotometry (ASA) in a Varian Spectra AA 220 FS apparatus. All of the assays identifying the amounts of nutrients in the tested samples were performed in three replications.




2.3. Analysis of Soil


The amounts of Ni in soil samples were determined using four different methods:




	
Total content with the aqua regia procedure [17] (TC);



	
Available amounts with the single extraction method using 1 mol·dm−3 HCl [19] (NiHCl);



	
Bioavailable amounts with the single extraction method using DTPA complexing solution (0.005 mol·dm−3 DTPA + 0.1 mol·dm−3 TEA + 0.01 mol·dm−3 CaCl2, at pH 7.3) [20] (NiDTPA);



	
Sequential analysis with the Community Bureau of Reference (BCR) method [21]. The details of the experimental protocol are shown in Table 2.








Concentrations of nickel in the extracts were determined by flame atomic absorption spectrometry (FAAS) using a Varian Spectra AA 220 FS apparatus.



On the basis of Ni contents in the soil and cultivated plants the bioconcentration factors (BCF) for nickel were calculated. The BCF is defined as the ratio of metal content in plant shoots to metal contents in soil. It is the theoretical ability of a plant to take up and transport metals to the harvestable aerial parts. Since in the presented work the various methods of nickel extraction were applied, showing different metal combinations with the soil solid phase and, thus, their bioavailability for plants, it was reasonable to include them in the calculation of BCF. In view of the above, the obtained amounts of nickel in sequentially separated fractions (I–IV) by BCR, the amounts of available, bioavailable, and total bioconcentration factors were calculated according to the following formulas:






	

   BCF T  =    metal   in   plant   shoots     total   metal   content     











	

   BCF A  =    metal   in   plant   shoots     available   metal   amount     











	

   BCF B  =    metal   in   plant   shoots     bioavailable   metal   amount     











	

   BCF I  =    metal   in   plant   shoots     metal   amount   in   FR   I     











	

   BCF II  =    metal   in   plant   shoots     metal   amount   in   FR   II     











	

   BCF III  =    metal   in   plant   shoots     metal   amount   in   FR   III     











	

   BCF IV  =    metal   in   plant   shoots     metal   amount   in   FR   IV     
















Additionally the risk assessment code (RAC) was calculated. RAC expresses a percentage share of metals present in the exchangeable fraction (Fr. I) in its total content [22]. RAC grades the environmental risk into the five classes as follows:




	
RAC < 1%—no risk (safe to the environment);



	
RAC 1–10%—low risk (relatively safe to the environment);



	
RAC 11–30%—medium risk (relatively dangerous to the environment);



	
RAC 31–50%—high risk (dangerous to the environment);



	
RAC >50%—very high risk (very dangerous to the environment).









2.4. Statistical Analysis


In order to compare Ni contents in sequentially separated fractions (I–IV), the amounts of available, bioavailable and total Ni, depending on the experimental conditions (T0, TI, TII) and for comparing Ni contents in cultivated plants, the violin plots were made.



For the amounts of nickel in sequentially separated fractions, the amounts available, bioavailable and total Ni we used one-way ANOVA to compare the average Ni contents between soils with different amendments (T0, TI, TII) and determine whether any of those means are statistically significantly different from each other according to the model


   y  i j  k  =  μ i k  +  e  i j  k  ,  








where    y  i j  k    is the content of kth form of Ni, in jth experimental unit for ith treatment,    μ i k    is mean for ith treatment and for kth Ni type,   k ∈  {  HCl ,    DTPA  ,    Fr  .    I  ,    Fr  .    II  ,    Fr  .    III  ,    Fr  .   IV ,    TC   }  ,   i ∈  {  T 0 ,    TI  ,    TII   }   .    e  i j  k    is experimental error. Thus, we study the hypothesis    H 0  :    μ  T 0  k  =  μ  TI  k  =  μ  TII  k   . In order to show the differences between the groups, the confidence intervals were presented.



Separately for each plant, we compared Ni contents between soil with different additions and determined whether any of those means are statistically significantly different from each other, according to the model


   y  i j  s  =  μ i s  +  e  i j  s  ,  








where    y  i j  s    is Ni content in sth plant, in jth experimental unit for ith treatment,    μ i s    is mean for ith treatment and    e  i j  s    is experimental error,   s ∈  {  Lupine ,    Camelina  ,    Oat   }   . Thus, we study the hypothesis    H 0  :    μ  T 0  s  =  μ  TI  s  =  μ  TII  s   . To determine the differences between the groups, the confidence intervals were given.



To present the hierarchical relationship between sequentially separated fractions, the amounts available, bioavailable, and total Ni within each soil, the dendrograms were made.



According to the character of the experiment, we studied bioconcentration factors for each plant separately. The two-way ANOVA was used to verify statistically significant differences in the bioconcentration factors determined for the investigated plants. The statistical analysis of the effects of the main factors under study (amendment and Ni forms), as well as the interaction between them, was conducted on the linear model with interaction


   y  i j k  s  =  μ s  +  α i s  +  τ j s  +    (  α τ  )    i j  s  +  e  i j k  s   








where    y  i j k  s    is the bioconcentration factor of kth Ni type, in jth experimental unit for ith treatment,    μ s    is the general mean for sth plant,    α i s    is the effect of ith treatment for sth plant,    τ j s    is the effect of jth experimental unit in sth plant,      (  α τ  )    i j  s    denotes the interaction and    e  i j k  s    is the is the random error of experimental factors. Because the interaction was significant, the homogeneous groups were determined as the next step of post hoc analysis.



Next, in order to show the relationships between sequentially separated fractions, the amounts available, bioavailable and total Ni determined for bioconcentration factor within each soil and for each plant the heatmaps were made.



Subsequently, to describe the relationships between various forms Ni, separately for each amendment in soil and for each plant, multiple regression was determined according to the model


   y  i s   =  b 0  i s   +   ∑  k   b  t k   i s    x k  i s    








where    y  i s     is the response variable, i.e., Ni content in sth plant in ith experimental conditions,    x  i s k     predictor variables (HCl, DTPA, Fr. I, Fr. II, Fr. III, Fr. IV, TC),    b  i t 0     intercept,    b  t k   i s     regression coefficients,   t = 1 ,   2 , … , 7  . The measure of matching multiple regression to data is the factor R2, which is the proportion of variance in the dependent variable that can be explained by the independent variables. Analysis of the data was performed using the package R for   α = 0.05  .



According to the character of the pot experiment and performed chemical analyses for individual samples, there was obtained a set of twenty four data for each treatment. The data were calculated using the package R for   α = 0.05  .





3. Results


3.1. Nickel in Soil


The applied amendments as well as their lack had no effect on the content of Ni extracted by DTPA (p-value = 0.8268) giving average values of 0.65–0.70   mg ·   kg   − 1     (Figure 1 and Figure 2). The contents of NiHCl obtained for soil representing the TI and TII treatments did not differ significantly. The amount of Ni available in the soil with the compost addition was on average 4.05   mg ·   kg   − 1   ,   whereas in the soil with the fly ash 4.16   mg ·   kg   − 1    . At the same time these values were significantly higher in comparison to NiHCl contents found in the control conditions (3.57   mg ·   kg   − 1    ) (p-value = 5.29 × 10−6, Figure 1 and Figure 2).



The same tendency was observed in the case of Ni contents in Fr. II. The Ni content in the reducible fraction assessed for the soil enriched with compost was on average 2.27   mg ·   kg   − 1    , and for the soil with the fly ash addition, it amounted to 2.21   mg ·   kg   − 1    , p-value = 0.0229. These metal contents were significantly higher in relation to the Ni amount in Fr. II in the control (1.83   mg ·   kg   − 1    ), see Figure 1 and Figure 2.



The highest Ni content in Fr. I was recorded in the case of soil amendment with compost and was average 1.08   mg ·   kg   − 1    . It was significantly different from Ni contents in Fr. I found for soil from the T0 and TII treatments, for which no differences were noted (0.90   mg ·   kg   − 1     in T0, 0.89   mg ·   kg   − 1     in TII) (p-value = 0.00575, Figure 1 and Figure 2).



The applied amendments did not significantly influence Ni amounts in Fr. III, p-value = 0.012 (with the average value in the case of compost addition 3.03   mg ·   kg   − 1     and 3.24   mg ·   kg   − 1     in the case of fly ash addition). Simultaneously these amounts were smaller in comparison to the values obtained for the control soil (the average value 3.42) (Figure 1 and Figure 2).



The Ni content obtained in Fr. IV was the highest in the soil enriched with fly ash (average value 8.16   mg ·   kg   − 1    ) and it was slightly greater than that obtained in the soil enriched with compost at 7.23   mg ·   kg   − 1    . The average Ni total content obtained in the control was the lowest and amounted to 9.66   mg ·   kg   − 1     (p-value < 2 × 10−16, Figure 1 and Figure 2).



The total Ni content depends on the application of additions (p-value < 2 × 10−16). The highest total Ni contents (14.32   mg ·   kg   − 1    ) was recorded in the soil enriched with fly ash and it was slightly higher in comparison to the soil amended with compost addition (13.35   mg ·   kg   − 1 )   ) .   The significantly smallest value of Ni content in Fr. IV was noted in the soil without additions (average value 4.12   mg ·   kg   − 1    ) (Figure 1 and Figure 2).



Moreover, for the soils considered in the experiment, the dendrograms were determined (Figure 3). The dendrograms present the division into homogeneous groups according to the experimental conditions. Regardless of the applied amendments or their lack, the amounts of bioavailable Ni and Ni in Fr. I were the most comparable. Furthermore, the most similar contents were obtained for Ni in Fr. III and Fr. IV in the control soil. In the case of compost application the most similar amounts of Ni were obtained for Fr. II and Fr. III. Moreover, comparable values of Ni were observed for Ni in Fr. IV and the total metal content. In addition, the most similar amount of Ni was found for Ni in Fr. IV and for its total content in the soil with fly ash addition. Concomitantly, similar values of metal contents were observed for Ni in Fr. III and NiHCl. Of all the nickel forms considered under various experimental conditions, the highest amount of this element was recorded for total Ni.




3.2. Nickel in Plants


The type of additives used had a highly significant impact on the nickel content in lupine (p-value = 5.86 × 10−6). The highest Ni contents were recorded for plants growing in the soil with fly ash (average value 9.00    mg  ·   kg   − 1    ) and they were significantly higher than those determined for plants growing in the soil amended with compost (average value 7.39   mg ·   kg   − 1    ). The lowest Ni content in the case of lupine was observed for plants in the control conditions (average value 5.87   mg ·   kg   − 1    ) (Figure 4 and Figure 5).



For plants grown in subsequent years, i.e., for camelina and oat, the Ni contents observed in the control conditions were greater than those recorded in plants growing in the soils with fly ash or compost addition (p-value = 7.05 × 10−5 and p-value = 0.00216, respectively). The Ni content obtained for camelina in the control conditions was on average 9.17   mg ·   kg   − 1    , while for oat it was 7.27   mg ·   kg   − 1    . The type of additions used did not affect the level of Ni in camelina, because plants cultivated in soil amended with compost showed the average value of 7.55   mg ·   kg   − 1    , whereas in the soil enriched in fly ash the average value was 7.32   mg ·   kg   − 1     (Figure 4 and Figure 5). A similar tendency was observed in the case of oat. The Ni content in plants growing in the soil with compost addition was, on average, 5.065 mg·kg−1, and on the soil with fly ash application it was 5.07 mg·kg−1 (Figure 4 and Figure 5).




3.3. Bioconcentration


For the bioconcentration factors, the analysis of variance was conducted for the experiment with two factors, the first one: type of amendment (control soil: T0, soil with compost addition: TI, soil with fly ash addition: TII), the second one: amounts of nickel obtained by different methods (separated fractions by BCR as well as the available, bioavailable and total amounts). Independently of the cultivated plant and the applied amendments, the highest values of bioconcentration factors were found for DTPA (7.9–11.0). Slightly smaller values of BCF were determined for Fr. I (6.2–8.5) and Fr. II (2.8–3.9). The smallest (0.5–1.4), comparable values were shown by BCFT and BCFIV creating the same homogeneous group. A similar situation was observed in the case of BCFIII and BCFA (1.5–2.5) being in the same homogeneous group. The differences between the amount of Ni determined for bioconcentration factors in lupine, camelina and oat were significant (p-value < 2 × 10−14, p-value < 2 × 10−16, p-value < 2 × 10−15 respectively). Therefore, the homogeneous groups were determined for each plant separately. Although the values of the bioconcentration factors differed between plants, they were included in the same homogeneous groups evaluated for each plant as follows: BCFB a, BCFI b, BCFII c, BCFIII d, BCFA d, BCFIV e, BCFT (for T0, TI, and TII).



As the next step, heat maps were determined for the bioconcentration factors for plants (Figure 6). For particularly plants the heat map shows the bioconcentration factor values for the plants cultivated in the soil without (T0) or with amendments (TI and TII). The dendrograms along the sides show how the variables: T0, TI, and TII, are independently clustered and how the variables: BCFB, BCFI, BCFII, BCFIII, BCFA, BCFIV, BCFT, are independently clustered. Any pattern in the heat map indicates an association between used amendments in soils and the bioconcentration factor values. The division into homogeneous groups due to bioconcentration factors for camelina and oat was similar and it reflects the dependencies determined by ANOVA.



The influence of compost and fly ash on BCF values was similar for camelina and oat. In both cases the values of BCF were comparable for TI and TII and these values were significantly lower in comparison to those obtained in the control. For lupine, the highest values of BCF were found in the case of fly ash addition and the lowest in the control.




3.4. Nickel in Soil and in Plants


Multiple regression was used to determine the linear relationship between Ni content in soil determined by different methods and its amount in plants. After determining the multiple regression equation and obtaining the characteristics of the regression coefficients, multiple regression equations were determined for these variables that have a significant impact on the content of Ni in plant. The best-fit multiple regression equations for the data being analysed are given in Table 3.



Regardless of the experimental conditions, the amount of Ni in Fr. I had the greatest impact on the content of Ni in lupine. It was expressed by the equation given in Table 3. It may be observed that if Ni content in Fr. I in the control soil increases by 1   mg ·   kg   − 1   ,   then Ni in the plant will increase by 10.06   mg ·   kg   − 1    . In the case of soil enriched with compost, Ni in lupine will increase by 3.61   mg ·   kg   − 1     if the metal content in Fr. I increases by 1   mg ·   kg   − 1    . On the other hand, if in the soil amended with fly ash the Ni content in Fr. I increases by 1   mg ·   kg   − 1    , then Ni in the plant will increase by 2.85   mg ·   kg   − 1    .



Regardless of the experimental conditions, NiDTPA had the greatest impact on the content of Ni in camelina. According to data at Table 3, Ni in plants cultivated in the control soil will increase by 5.34   mg ·   kg   − 1     if the bioavailable amount of Ni increases by 1   mg ·   kg   − 1    . When in the soil with compost addition Ni(DTPA) increases by 1   mg ·   kg   − 1   ,   then in the plant it will increase by 3.08   mg ·   kg   − 1    . In camelina cultivated in the soil with fly ash addition, the Ni amount will increase by 2.17   mg ·   kg   − 1   ,   the amount of Ni extracted by DTPA increases by 1   mg ·   kg   − 1    .



Similarly, as in the case of lupine, the Ni amount in oat was determined first of all by the metal content in Fr. I, and it was dependent on the application of individual additions or their lack (Table 3). If in the control conditions, the Ni content in Fr. I increases by 1   mg ·   kg   − 1     then Ni in the plant will increase by 3.58   mg ·   kg   − 1    . In the case of soil amended with compost, Ni in plants will increase by 2.53   mg ·   kg   − 1     if the Ni content in Fr. I increases by 1   mg ·   kg   − 1    . When the Ni content in Fr. I in soil enriched with fly ash increases by 1   mg ·   kg   − 1   ,   Ni in oat will increase by 3.12   mg ·   kg   − 1    .





4. Discussion


4.1. Nickel in Soil


The typical application of compost and/or fly ash is associated with remediation processes for soils contaminated with heavy metals [5,23,24,25]. The primary objective of such amendments in contaminated sites is to reduce metal mobility and bioavailability by their in situ immobilisation. However, when using compost or fly ash, one should primarily view these products as a source of organic matter and nutrients (composts) and a form of lime (fly ash). Without excluding their role as stabilising substances, their purely fertilising advantages should also be taken into account. In relation to the above, the effect of both substances on changes in nickel mobility in the aspect of its bioavailability for plants should be interpreted in two terms, i.e., sharing and limiting as evidenced by the results obtained in this study. Both compost and fly ash added to the soil caused an increase in the amounts of total, available, and sequentially separated fractions of Ni compared to the control. The exception were bioavailable amounts, which, regardless of fertilisation, did not differ statistically (Figure 1 and Figure 2). The lack of the effect of used amendments on Ni extracted with DTPA is unusual, so more literature sources indicate it. Shahbaz et al. [8] found a reduction in the amount of Ni obtained with DTPA solution after the introduction of biochar, gravel sewage, and zeolite. According to those authors, it was related to nickel precipitation and reduction of its solubility in soil, and it was due to the rise in soil pH after the application of alkali amendments. Moreover, Cioccio et al. [5], after dolomitic limestone addition, found a considerable decrease of the plant available Ni in soil as a result of elevating soil pH and increased free metal ion complexation to clay and organic matter. It should be noted that DTPA solution, among all the used reagents, extracted the smallest amounts of Ni (0.65–0.70 mg∙kg−1), which in relation to the metal total contents ranged from 4.8, 4.9 to 7.2% for soil of TI, TII, and T0, respectively. Despite the lack of the statistically confirmed effect of the used amendments on the bioavailable amounts of Ni in soil, the quoted percentage values, distinctly lower in the soil fertilised with both compost and fly ash indicate the immobilising role of applied amendments. It can be assumed that these mechanisms were the result of complexation by the functional groups of compost organic matter through the adsorption reaction and precipitation of nickel compounds caused by the increase in pH. The percentage of Ni obtained by DTPA in relation to the total amount of the metal in soil is comparable to that reported by Luo et al. [26]. The amounts obtained with the DTPA solution in the presented study were comparable to those obtained with the acetic acid solution in the BCR method and described as Fr. I (the exchangeable bonds of Ni) (Figure 3), and it was independently of the applied additions or their lack. These results may indicate a similar pool of extracted nutrients constituting the mobile and easily accessible forms for plants. It is connected with the fact that the DTPA compounds form a complex with the extracted metal, which enhances their efficiency and facilitates determination of the current availability of micronutrients bound mainly to the exchangeable and carbonate fractions of the tested matrix.



The risk assessment code (RAC) calculated for Ni was as follows: 6.3%, 8.1% and 9.2% for TII, TI, and T0, respectively, and indicates a low environmental risk. Considering the above information, as well as the fact of the determined small amounts of Ni obtained by DTPA, it may confirm the environmental safety of the compost and fly ash, which directly limit the mobility, and thus reduces metal uptake by plants. In the case of soils contaminated with nickel it should be considered as a beneficial phenomenon; however, in unpolluted, intensively cultivated soil, such a phenomenon can become problematic, because of the above-mentioned reduction in nickel availability for plants.



The second applied extractant in the single extraction method—HCl extracted 29%, 30.4% and 37% of the total amount of nickel for soil fertilised with compost, fly ash and without fertilisation, respectively. Compared with the results of Korzeniowska and Stanisławska-Glubiak [7], the percentage shares of available nickel in this study were small, because the cited authors showed a much larger amount of extracted metal, representing 82–92% of the total amount of Ni. These differences between DTPA and HCl revealed in the present study are concurrent with outcomes obtained by Moreira et al. [27] or Jakubus and Bakinowska [28]. The higher amounts of metals extracted by the acid solution of HCl than the alkali solution of DTPA result from their different ionic strengths, and thus different properties and extractabilities. The significant extractive strength of HCl is indicated by the data in Figure 3. The results obtained for HCl are comparable with those determined in fraction III (combinations of nickel with organic matter) (in the case of TI and TII) and with nickel in the residual fraction (in the case of control soil-T0).



The mean amounts of Ni determined in sequentially separated fractions increased in the following manner: Fr. I < Fr. II < Fr. III < Fr. IV. This was independent of the additions used. The demonstrated quantitative distribution of nickel in the soil fractions is comparable to that presented in the literature [29,30,31], although the cited authors showed that the addition of organic matter or lime influenced the Ni amount in individual fractions. Malinowska [30] observed that application of sewage sludge caused a considerable increment of Ni in the organic fraction, while addition of lime decreased the amount of Ni in the mobile fraction. Nevertheless, the cited author in general stated that throughout the experiment there were no major changes in the forms of nickel. Liu et al. [31] using the BCR method of Ni speciation found the amount of Ni in the acetic acid-soluble fraction to decrease as the cow dung concentration increased and additionally Ni in the acetic acid-soluble and residual fractions transformed to the oxidisable fraction, leading to a lower environmental risk. On the other hand, Saffari et al. [29] proved that an addition of various amendments (coal fly ash, rice husk biochars, municipal solid waste compost, zero valent iron, zero valent manganese) reduced exchangeable and carbonate forms of Ni with respect to the control treatment. However, according to the cited authors, application of municipal solid waste compost on Ni stabilisation did not allow to formulate any conclusion about the positive effect of this amendment. Presented research also confirmed such a statement, because neither compost nor fly ash showed a distinct influence on Ni availability. As shown by data in Figure 1 and Figure 2, in the separated fractions the amount of nickel always increased under the influence of the applied amendments. In comparison with the amount of Ni in the control soil, the amount of Ni in the soil of the TI and TII combination was significantly higher, although only at 12–20% in the case of Fr. I–III. In relation to the Ni level in the control soil a considerable 2.0- and 1.5-fold difference can be noticed in the case of nickel in the residual fraction in the soil fertilised with fly ash and compost, respectively. Such an increment of Ni introduced into the soil together with compost and fly ash should be interpreted as a unfavourable situation, but simultaneously it needs to be underlined that these amounts are safe for the environment, because they are found in the stable bonds of the organic matter (compost) and minerals (fly ash) without being mobile, hence, they are hardly accessible to plants. Nevertheless, it should be remembered that such a state is easy to destroy by changing environmental conditions, caused by the pH changes or by the mineralisation processes of organic matter.




4.2. Nickel in Plants


Referring to the stabilising/immobilising role of the applied amendments, they should be assessed first of all through the nickel accumulation in plant tissues. The data presented in relation to nickel in soil did not confirm the clear effect of either compost or fly ash on a possible smaller amount of Ni easily available for plants. However, analysis of plants grown in crop rotation may indicate such a possibility. Especially with regard to camelina and oat, such an assumption may be presented. Both plants grown under the control conditions had the largest amount of nickel, while in the case of soil fertilisation with compost (TI) or fly ash (TII) the amount of the metal in plants was significantly lower. A reverse trend was demonstrated for lupine cultivated in the first year of the study. Plants cultivated in the soil fertilised with fly ash had the highest amounts of this metal. According to Gupta et al. [14], among many plants those belonging to Leguminous (Fabaceae Lindl.) are especially predisposed for growing in soils enriched with fly ash. Additionally, members of this family usually accumulate more Ni than other plant species [5,26]. Among the plants cultivated in the experiment the smallest amounts of Ni were determined for oat, which is also confirmed by the literature [3,5]. It could be caused by the fact that roots of monocots generally have a lower CEC than roots of dicots and thus they would have a smaller pool of Ni in the roots for translocation to the shoots. Additionally, most frequently monocotyledonous plants assimilate lesser amounts of micronutrients, including Ni, in comparison to dicotyledonous plants.



Regardless of physiological differences between plants, the contents of Ni in lupine and oat first of all were determined by the amount of nickel in fraction I (Table 3). These relationships were the strongest under the control soil conditions, and distinctly smaller when the soil was enriched with fly ash or compost. In the case of camelina, the Ni content in its tissues was primarily determined by the bioavailable amounts of Ni and also it was most strongly stressed in the control soil and less in the case of amendments introduced into the soil.



In addition to the above-mentioned regression equations, also the values of bioconcentration factors show the significance of Ni extracted either with DTPA or acetic acid (Fr. I in BCR method) (Figure 6). Independently of the cultivated plant, the calculated BCF values were comparable, which may suggest an important diagnostic role of this indicator. Thus the discussed issue of nickel accumulation in plants in relation to its bioavailability in soil should also be interpreted using the bioconcentration factor. The bioconcentration factor (BCF) is a popular indicator used to evaluate heavy metal toxicity as well as their translocations from soil to plants [1,8,32]. Additionally, Hu et al. [33] stated that the bioconcentration values rather than the total contents of heavy metals should be taken into consideration. In this study, apart from the common BCFT, additionally the bioconcentration factors based on nickel contents in the separated fractions (BCFI, BCFII, BCFIII, BCFIV), as well as available (BCFA) and bioavailable amounts (BCFB) were calculated. The influence of the compost or fly ash was stressed at lower values of all bioconcentration factors calculated for camelina and oat. On the other hand, for lupine, the lower values of all discussed coefficients were determined for the control soil and the soil enriched with compost. The significant influence of compost amendment on BCFT and BCFB values of Cu and Zn calculated for winter barley and white mustard was proved by [24]. Moreover, a positive effect of biochar, gravel sewage, and zeolite expressed by the reduction of values BCF of Ni for red clover was found in [8].





5. Conclusions


Statistical analysis confirmed both the functions of compost and fly ash both fertilising (increase of the nickel compared to the control soil) and immobilisation (reduction of the amount of nickel readily available for plants). Although the amounts of Ni extracted by DTPA did not undergo significant changes under the influence of the used amendments, similarly to the amounts of exchangeable Ni (Fr. I), they determined the metal content in cultivated plants. Obtained results indicate a possibility of nickel accumulation in plants interpreted in relation to its bioavailability in soil using the bioconcentration factor. Based on the bioconcentration factor, the addition of compost or fly ash in a similar way influenced Ni contents in camelina and oat. The use of selected statistical methods made it possible to present a significant variation of nickel contents among sequentially separated fractions (I–IV) as well as the available, bioavailable, and total amounts of the metal in soil. In particular, the presented hierarchical methods gave the opportunity to indicate the most important Ni bonds determining its content in the plants depending on the applied fertilisation. It should be noted that the results regarded to the use of multiple regression to determine the linear relationship between Ni content in soil and its amount in plants needs more research and must be checked by repetition in a more complex design.
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Figure 1. The nickel amounts in soil in dependence on treatments (T0, TI, TII) and used extractant. The values below the graphs are equal mean ± sd. 
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Figure 2. The 95% family-wise confidence levels for nickel amounts in soil in dependence on treatments (T0, TI, TII) and used extractant. 
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Figure 3. The nickel amounts in soil (T0, TI, TII) in dependence on used extractant. 
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Figure 4. The nickel amounts in cultivated plants (lupine, camelina, oat) in dependence on treatments (T0, TI, TII). The values below the graphs are equal mean ± sd. 
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Figure 5. The 95% family-wise confidence levels for nickel amounts in cultivated plants (lupine, camelina, and oat) in dependence on treatments (T0, TI, TII). 
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Figure 6. The heat maps for the nickel bioconcentration in cultivated plants (lupine, camelina, and oat) in dependence on treatments (T0, TI, TII). 
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Table 1. Basis properties of soil, compost and fly ash (data for composite sample).
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	Parameter
	Soil
	Compost
	Fly Ash





	pH
	7.0
	6.8
	13.7



	TOC (g·kg−1)
	16.8
	181.3
	n.d. *



	Ntot (g·kg−1)
	1.8
	2.7
	0.5



	Ni (mg·kg−1)
	9.6
	23.6
	41.8







* n.d.—not determined.
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Table 2. Community Bureau of Reference (BCR) sequential extraction procedure [21].
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Fraction

	
Extracting Agent

	
Extractions Conditions




	
Time

	
Temperature






	
Fr. I–Exchangeable

	
0.11 mol·dm−3 CH3COOH (pH = 7.0)

	
16 h

	
20–25 °C




	
Fr. II–Reducible (metals bound to Fe and Mn oxides)

	
0.5 mol·dm−3 NH2OH−HCl (pH = 1.5)

	
16 h

	
20–25 °C




	
Fr. III–Oxidisable (metals bound to organic matter and sulphides)

	
30% H2O2 (pH = 2.0) and then 1.0 mol·dm−3 CH3COONH4 (pH=2.0)

	
1, 2,

16 h

	
20–25, 85, 20–25 °C




	
Fr. IV–Residual

	
Aqua regia

	
2.5 h

	
60–70 °C











[image: Table] 





Table 3. Multiple regression equations for the relations between Ni content in plants and in Ni forms for soil treatments.






Table 3. Multiple regression equations for the relations between Ni content in plants and in Ni forms for soil treatments.











	Plant
	Treatment
	Equation
	R2





	Lupine
	T0
	Ni plant = −31.71 + 10.06∙NiFr.I + 3.35∙FR III + 1.73∙TC
	0.56



	
	TI
	Ni plant = 2.78 + 3.61∙NiFr.I + 1.03 NiFr.III
	0.61



	
	TII
	Ni plant = 2.84 + 2.85∙NiFr.I + 0.97 NiFr.III
	0.59



	Camelina
	T0
	Ni plant = −1.53 + 5.34∙NiDTPA + 3.02∙NiFr.I + 1.23 NiFr.III
	0.62



	
	TI
	Ni plant = 6.74 + 3.08∙NiDPTA + 1.48 NiFr.I + 0.21∙NiFr.II
	0.60



	
	TII
	Ni plant = 5.86 + 2.17∙NiDTPA + 0.15 NiFr.I
	0.53



	Oat
	T0
	Ni plant = −3.278 + 3.58 NiFr.I + 1.96∙NiFr.III + 0.11∙TC
	0.57



	
	TI
	Ni plant = −1.18 + 2.53 NiFr.I + 1.34 NiFr.III
	0.61



	
	TII
	Ni plant = –2.02 + 3.12∙NiFr.I + 0.81∙NiDPTA + 0.33∙TC
	0.59
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