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Abstract

:

Copper (Cu)-based fungicides have been an important tool against disease in viticulture since the 19th century. However, their prolonged use can lead to Cu accumulation in the soil and negatively affect soil microbiology and plant growth. The application of biochar (BC)-based amendments is a promising mitigation strategy, due to BC’s longevity in the soil and its potential to complex Cu. This study investigated temporal changes in the efficiency of various compost- and BC-based amendments to immobilize Cu in a calcareous and a slightly acidic Austrian vineyard soil. The immobilization of both historically accumulated Cu and freshly spiked Cu (250 mg kg−1) was studied. The soils were treated with six combinations of amendments containing compost and BC, with and without surface modification, as well as an additional lime treatment for the acidic soil. After treatment, the soils were incubated for 6 weeks and 3 years, after which the 0.01 M CaCl2-extractable Cu was measured. The amendments were not effective in reducing the mobility of the historically accumulated Cu in the calcareous soil, with pure compost doubling the soluble Cu. Pure wood-chip BC was the only organic amendment that led to a reduction (by 20%) of soluble Cu after 6 weeks in the acidic soil; however, after 3 years, the same amendment reduced soluble Cu by 40% and all other tested amendments were also effective in reducing the mobility of the historically accumulated Cu. The lime treatment achieved the greatest reduction in Cu mobility (56%). Freshly spiked Cu was strongly immobilized in both unamended soils, with 0.06% and 0.39% extractable after 6 weeks in the calcareous and slightly acidic soil, respectively. The amendments did not effectuate additional Cu immobilization in the calcareous soil, but in the acidic soil, the soluble Cu was further reduced to between 25% and 50% of the unamended control by the tested organic amendments and to 6% by the lime treatment after 6 weeks of incubation. Overall, the acidic soil exhibited a stronger response to the amendments than did the calcareous soil, suggesting the amendments’ effect on the soil pH was an important factor for Cu immobilization in this study. These results show the importance of developing site-specific remediation strategies for Cu accumulation in agricultural soils.
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1. Introduction


In viticulture, the application of copper (Cu)-based pesticides is commonly used to fight disease outbreak, such as downy mildew [1,2,3]. Copper is naturally derived from the soil parent material and is present at an average concentration of approximately 30 mg kg−1. However, the use of copper-based fungicides in agricultural soils has led to Cu concentrations ranging from 77 to 3200 mg kg−1 [3,4,5,6]. This can have negative repercussions on soil microbiology and plants [6,7,8].



Copper is typically present in soils either incorporated into minerals or adsorbed to inorganic and organic soil particles, with a very small fraction of the total as its divalent free ion form (Cu2+) in solution [3,9]. The fraction of Cu in soil solution can readily exchange between solution and solid phases and may be considered potentially bioavailable, as most soil organisms take up the metal from the soil solution. Forthwith, this fraction shall be referred to as the ‘soluble’ fraction for simplicity. Although not all the Cu complexed with dissolved organic ligands may be biologically available, dissolved organic Cu complexes should still be taken into account when determining potential toxicity [10,11,12]. Cu complexes may also be more mobile in soils than uncomplexed species [13,14,15]. The dangers of Cu accumulation do not necessarily come from the threat of leaching, but rather from the increased risk of potential availability to plants and soil microbes [16,17,18].



Soil amendments such as biochar (BC) and compost have been found to be effective in reducing Cu toxicity as they can bind the metal into less bioavailable forms [5,18]. The reduction is more pronounced if the amendment has a high specific surface area and cation exchange capacity (CEC), and if it raises soil pH [19,20,21,22,23,24]. The use of these soil amendments can also promote the release of dissolved organic matter (DOM), which may facilitate the formation of soluble Cu-DOM complexes and thus lead to increasing the metal’s mobility [22,25,26,27]. Recent research suggests that activation processes, such as chemical oxidation, can be applied to further improve specific physiochemical properties of BC, such as increasing the amounts of surface functional groups that can bind trace metals [28,29,30].



Apart from oxidative activations, surface modifications with metals have also proven to be useful for increasing the sorption potential of biochar for environmental contaminants, including anions which pose a risk for surface water eutrophication [31,32,33]. Biochar’s longevity in the soil makes it a useful tool in carbon sequestration, although the long-term impacts on Cu immobilization are not yet fully understood [34,35]. It may be that the initial positive ‘priming effect’ of BC is transient and may decline or even reverse into a negative effect over time [36,37,38,39,40]. Oxygen-containing surface functional groups increase in numbers as BC is oxidized, potentially causing the initially hydrophobic BC to become more hydrophilic [20,41,42,43,44], which may also change the BC’s binding capacity for metals and, hence, metal bioavailability over time [5,45,46,47]. Compared to historically accumulated Cu, freshly applied Cu may be more mobile in the soil as it has not yet been bound, leading to increased leaching and potentially also a greater impact of soil amendments [48,49].



As Cu-based pesticides are currently the most effective tool in fighting fungal disease in organic viticulture, long-term mitigation strategies are vital. However, information on the longer-term effects of BC- and compost-based amendments covering both historical and fresh Cu contamination is still scarce. The objective of this study was therefore to determine the longer-term effects of BC- and compost-based amendments on soluble Cu concentrations in historically contaminated and freshly Cu-spiked vineyard soils. Two hypotheses were tested: (i) the amendments reduce soluble Cu concentrations due to modification of the BC surface, with a more pronounced effect in freshly Cu-spiked soils, and (ii) the soils incubated with BC over a longer period immobilize Cu more strongly than soils where the incubation period is shorter.




2. Materials and Methods


2.1. Experimental Setup


Two Austrian vineyards soils were selected: a calcareous sandy loam from Rossatz (Wachau, Lower Austria) and a slightly acidic loam from Sankt Stefan (Western Styria), each with a history of Cu-containing fungicide use, resulting in increased soil Cu concentrations. Topsoil (0–10 cm) was collected at various locations throughout the two vineyards and combined to one composite sample per vineyard. The samples were fully homogenized and sieved to <2 mm while moist, prior to the incubation experiments and further analyses. An overview of basic soil properties is given in Table 1.



Compost, derived from green garden waste, was obtained from a commercial compost plant in Pixendorf, Austria. It had a total Cu concentration of 40.4 mg kg−1 and a pH (in CaCl2) of 7.4. The compost was applied to the two soils at a rate of 1.5 wt% (corresponding to 40 t dry matter ha−1) as a separate treatment and in combination with different BCs.



Biochar was produced from soft wood chips, mostly poplar, by the company Sonnenerde in Riedlingsdorf, Austria. It was carbonized by slow pyrolysis in a Pyreg reactor (PYREG GmbH, 56281 Dörth, Germany) at 480 °C and had a Cu concentration of 0.2 mg kg−1. Subsets of the BC were then modified through pre-treating with H2O2 and citric acid. These modifications were performed to enhance specific physiochemical properties with the intended outcome of increased Cu binding as compared to untreated wood BC. To produce the H2O2-oxidized BC, an equivalent of 1 g carbon of <2 mm sieved wood BC was shaken with 70 mL 0.01 M H2O2 in a water bath at 80 °C for 48 h. The resulting BC was washed four times in distilled water and dried at room temperature for two days [51]. The citric acid (CA) treatment followed the procedure of Zhu et al. [52]; 1 g of BC was mixed with 6.25 mL of 1 M CA and dried at 50 °C in a forced air oven for fourteen hours. In order to accelerate the thermochemical reaction between acid and wood BC, the oven temperature was increased to 110 °C for two hours. After cooling, the BC was washed four times with distilled water to remove an excess of CA and tested for unreacted CA with 0.1 M lead (II) nitrate. The basic properties of the soil amendments are given in Table 2.



The two sampled vineyard soils were subjected to five treatments, where either the compost or BC, or a combination of compost and treated or untreated BCs was applied to the two soils at equivalent rates (Table 3). The acidic soil was additionally treated with lime (in the form of CaCO3) as a separate treatment. For field applications, usually a combination of biochar and compost is recommended because compost supplements nutrient deficiencies of biochar. The ratio of compost:biochar of 1:3 was selected as a compromise between the demands of long-term C-sequestration (biochar), copper sorption (biochar), and nutrient supply (compost).



The treated soils were then subjected to two batches of incubation experiments to test the extent to which the different soil amendments immobilize Cu changes over time. Prior to incubation, 30 g of each soil (dry matter equivalent weight) was added to 50 mL plastic Erlenmeyer flasks. In one batch, amendments were added to the soil at the rates given in Table 3, after which they were incubated at 10 °C for 6 weeks and 3 years, respectively. This was done to test the potential effects of the amendments and their changes over time on historically contaminated soils. In another batch, the amendments were added to the soils as before, after which the amended soils were spiked with Cu by adding 250 mg kg−1 in form of CuSO4 (aq) to increase their total concentrations and then incubated for 6 weeks and 3 years, as before. The flasks were covered with cotton wool to ensure gaseous exchange while preventing contamination or excessive loss of water. The moisture contents were maintained at 50% water holding capacity (WHC) by weighing each Erlenmeyer flask and adding MilliQ water in tri-weekly intervals. Each soil-amendment-incubation combination was replicated thrice.




2.2. Extractable Cu, Dissolved Organic Carbon (DOC), and pH


At the end of the incubation, the soils were air-dried and homogenized, after which the soluble fraction of Cu was extracted using the method described by Houba et al. [53]. Briefly, 3 g of soil was mixed with 30 mL 0.01 M CaCl2 solution in 50 mL centrifuge tubes. The tubes were transferred to a rotational shaker and shaken at room temperature for two hours and then centrifuged for ten minutes at 2000 rpm (Rotanta 460 R, Hettich, Germany). The solutions were filtered through 0.45 µm cellulose acetate membrane filters. An aliquot of the filtrate was acidified with three droplets of 65% HNO3 (p.a.) for Cu analysis, and another (not acidified) aliquot was used to measure pH and extractable organic carbon.



The Cu concentration in the CaCl2 extracts was first measured using flame atomic absorption spectroscopy (AAS, Perkin Elmer). Where the concentrations were below the flame AAS limit of quantification (50 µg L−1), graphite furnace atomic absorption spectroscopy (GF-AAS, Perkin Elmer) and inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7700, Agilent Technologies, Santa Clara, CA) were used.



For determination of CaCl2-extractable organic carbon, used interchangeably with the term DOC in this paper, the UV absorbance at 254 nm was measured in BRANDplates® pureGradeTM 96-Well Microtiterplates in two replicates on a Multimode plate reader (EnSpire®, Perkin Elmer), and the DOC was estimated following the regression equation developed by Brandstetter et al. [54]. The DOC concentrations of the CaCl2 extracts were measured in mg L−1 and then converted to mg kg−1 based on the soil:solution ratio (1:10) of the extracts. The pH values were measured using a pH-meter (WTW, InoLab).




2.3. Data Evaluation and Statistical Analyses


Statistical analyses were carried out using the program SPSS 22 (IBM). To determine differences between amendments, a one-way ANOVA was conducted, followed by Tukey’s HSD post-hoc test. Welch’s test was used to test for significant differences between incubation times. To determine the effect of each variable as well as the interaction between amendments and incubation, a two-way ANOVA was conducted. Significance was tested for p < 0.05 in all cases.





3. Results


3.1. Historically Contaminated Soils


3.1.1. Effects of Amendments and Incubation Time on CaCl2-Extractable Cu


In the calcareous soil, in the six-week incubation, none of the amendments achieved a significant reduction in the extractable Cu concentration (Figure 1a). In contrast, the compost and the compost + CA-act. BC amendments effectuated a significant Cu increase by 88% and 14%, respectively. In the three-year incubation, the compost amendment again significantly increased soluble Cu by 43%. However, this was contrasted by a significant Cu decrease of 21% in the BC amendment.



In the acidic soil, the six-week incubation showed a significant Cu reduction in the BC and the lime amendments (Figure 1b). In these amendments, CaCl2-extractable Cu decreased by 20% and 30%, respectively. In the three-year incubation, all amendments demonstrated a significant reduction in CaCl2-extractable Cu. The largest reduction was in the lime amendment, with a decrease of 56%, whereas compost had the smallest reduction of 25%.



All amendments in the calcareous soil exhibited a significant decrease in CaCl2-extractable Cu from the six-week to the three-year incubation, with the exception of the control (Figure 1a). The largest reduction was in the compost amendment, which decreased by 35%. In comparison, the BC demonstrated the smallest change, decreasing by 20%.



In the acidic soil, some amendments showed a decrease of CaCl2-extractable Cu in the three-year incubation (Figure 1b). The exception to this was the control, which increased in the three-year incubation by 17%, and the compost, BC, and compost + H2O2-ox. BC showed no significant variations. Although the compost amendment did have a reduction of 22%, it was not considered significant due to the large standard deviation. Of the significant decreases, compost + CA-act. BC showed the largest change, decreasing by 28%.




3.1.2. Effects of Amendments and Incubation Time on pH and Extractable Organic Carbon (DOC)


The addition of the amendments had no significant impact on the pH of the calcareous soil, in the six-week incubation, and only impacted the BC amendment in the three-year incubation (Table 4). In the acidic soil, there was a significant increase in the pH of the compost and lime amendments, from 6.06 to 6.39 and 6.84, respectively, in the six-week incubation, whereas in the three-year incubation, there was no significant change in the pH level through the amendments.



In the calcareous soil, there was a decrease in pH in the compost and the compost + CA-act. BC amendments from the six-week incubation to the three-year incubation. The largest significant change was in the compost + CA-act. BC amendment. In the acidic soil, two amendments showed decreases in pH level from the six-week incubation to the three-year incubation, compost + CA-act. BC and lime.



The DOC increased significantly following the addition of the compost and the compost + CA-act. BC amendments in the six-week incubation of the calcareous soil, although this effect only persisted in the compost treatment after three-years. However, in the three-year incubation, the BC amendment exhibited a significant decrease (by 14%) of DOC. In the acidic soil, in the six-week incubation, the DOC increased significantly in nearly all the amendments, with the exception of the BC amendment. The biggest increase was in the compost amendment, which increased by 78%, followed by the increase in the compost + CA-act. BC amendment, which increased by 41%. Compost + BC had the smallest significant increase (by 17%). In the three-year incubation, only the compost and the lime amendment deviated significantly from the control, both increasing DOC by about 30%.



In the calcareous soil, all amendments showed a DOC increase in the three-year incubation, although the control had the largest change with an increase of 115%. Of the amendments, the BC and the compost + BC had the largest changes, 98% and 78%, respectively. Similarly, in the acidic soil, all amendments showed a DOC increase in the three-year incubation, with the exception of compost and compost + CA-act. BC. Lime had the biggest DOC change, increasing by 49%, whereas compost + H2O2-ox. BC increased the least, with 21%.





3.2. Freshly Contaminated Soils


3.2.1. Effects of Amendments and Incubation Time on CaCl2-Extractable Cu


In the six-week incubation, there was no statistically significant difference in extractable Cu amongst the amendments in the calcareous soil. However, after three-years, the CaCl2-extractable Cu showed a 25% decrease in the BC amendment and increased by 52% in the compost amendment (Figure 2a). In the acidic soil, all the amendments showed significantly decreased amounts of soluble Cu in the six-week incubation, with lime having the largest, with 94% (Figure 2b). However, in the three-year incubation, only lime showed a significant decrease, with 89%.



In the comparison between the six-week and three-year incubations, only compost had significantly lower concentrations of soluble Cu in the three-year incubation of the calcareous soil, decreasing by 74% (Figure 2a). In the acidic soil (Figure 2b), a significant Cu decrease was only seen for the control, while there were no significant differences between the six-week and three-year incubations for the amendments.




3.2.2. Effects of Amendments and Incubation Time on pH and Extractable Organic Carbon (DOC)


In the comparison of pH values in the six-week incubation of the calcareous soil, only one amendment, compost + CA-act. BC, showed a significant increase (Table 5). In the three-year incubation, there were no significant differences between the treatments, although a slightly decreasing trend in pH for all the amendments was observed. In the acidic soil, only lime had a significant increase in pH in the six-week incubation. In the three-year incubation, the compost and the lime amendments effectuated significant pH increases. Lime had the greatest increase, from 5.65 in the control to 6.44, whereas compost increased to 6.25.



In the comparison of DOC in the six-week incubation period of the calcareous soil, there were significant increases in the compost and the compost + CA-act. BC amendments, by 158% and 90%, respectively. In the three-year incubation, significant increases occurred again in the compost and compost + CA-act. BC amendments, increased by 97% and 40%, respectively. In the acidic soil, in the six-week incubation, there were no significant differences in DOC amongst the amendments and relative to the control, although increasing tendencies were generally observed. In the three-year incubation, only lime showed a significant increase, by 60%.



In the comparison of pH between the two incubation times of the calcareous soil, only the compost + CA-act. BC demonstrated lower values in the three-year incubation than in the six-week incubation. In the acidic soil, however, there were no significant changes from one incubation period to the other, with the exception of the control.



In the comparison of the DOC in the calcareous soil, the three-year incubation was significantly lower than in the six-week incubation for the compost, and the compost + H2O2-ox. BC amendments. The largest difference was again seen for the compost amendment, which decreased by 29% in the three-year incubation. In the acidic soil, there were significant differences in the compost and compost + CA-act. BC, amendments; compost had lower DOC concentrations in the three-year incubation, whereas compost + CA-act. BC had increased amounts.






4. Discussion


In a previous greenhouse study with soil columns by Soja et al. [50], BC-based amendments produced a stronger effect in an acidic soil than in a neutral soil, and a similar result is observed here for a longer-term lab incubation study comparing historical Cu contamination and freshly added Cu. In the calcareous soil, the amendments generally did not decrease CaCl2-extractable Cu concentrations. In fact, the compost and CA-act. BC amendments significantly increased the amount of Cu extracted in the historically Cu contaminated calcareous soil (Figure 1a). Conversely, for the acidic soil, the amendments produced a greater impact on reducing extractable Cu concentrations, especially in the freshly spiked treatments (Figure 2). The results suggest that it is not only the amendments themselves that may reduce metal toxicity, but notably also the effect on soil properties like pH associated with the application of alkaline BCs and lime. This is supported by a significant negative correlation between pH and CaCl2-extractable Cu in the freshly spiked treatments of the acidic soil (r = −0.60, p = 0.022, n = 14). With increasing pH, increasing negative charges and the precipitation of hydroxides, carbonates, and phosphates can influence metal sorption [35,55]. This was demonstrated for the acidic soil, where the lime amendment consistently showed the largest decrease in CaCl2-extractable Cu. Besides the induced pH increase, the addition of lime could directly lead to the (surface) precipitation of Cu-hydroxides or carbonates, further decreasing Cu [56].



It has been hypothesized that an increase in the soluble fraction of C in the soil can mobilize Cu [26,37,57]. However, the results of this study were not as conclusive. For the calcareous soil, the effects of the amendments on pH were negligible, with the exception of BC amendment in the historically contaminated soil (Table 4). The elevated pH of the BC was accompanied by a decreased DOC and a decreased concentration of soluble Cu (Figure 1a). For the acidic soil in the historically contaminated treatments, the increase in pH after 6 weeks in the compost amendment was also accompanied by an increase in DOC but did not correspond to significant changes in soluble Cu (Figure 1b). The addition of lime resulted in an increase in both pH and DOC, as well as a decrease in CaCl2-extractable Cu.



Another factor that may influence soil properties, as well as amendment effectiveness, is the duration of incubation of the amendments. In the historically contaminated soils of both sites (Table 4), the DOC levels were significantly higher in the three-year incubation than in the six-week incubation for nearly all amendments, paralleling findings by Li et al. [16] who demonstrated increasing DOC over time. It has been hypothesized that this increase in DOC is the result of the dissolution of the BCs’ labile pool of organic carbon or of compost degradation [25]. The observed increase in DOC is in contrast to the pH, which, when significant, exhibited higher levels in the six-week incubation than in the three-year incubation (Table 4 and Table 5). With a decrease in pH and an increase in DOC in the three-year incubation, one could expect that this would correlate with an increase in soluble Cu [4,16,18,19,58]. Instead, there was a significant decrease in CaCl2-extractable Cu in the three-year incubation as compared to the six-week incubation (Figure 1a,b and Figure 2a,b). This apparent contradiction in soil conditions and soluble Cu may be the result of the aging of the BC and the transformation of Cu to less extractable forms over time.



One defining feature of BC is its stability and slow degradation, leading to its extended presence in the soil [16,27,39,59]. As the BC is aged, it undergoes oxidation through both biotic and abiotic processes, which result in the formation of more oxygen containing surface functional groups, increasing the CEC and Cu sorption [16,24,58]. The observed decrease in CaCl2-extractable Cu (Figure 1) perhaps can be attributed to the increased oxidation of the BC as a result of aging. Another mechanism to consider is the aging of the Cu. Although most metals do not undergo microbial or chemical degradation, aging may have a significant effect on Cu speciation. Fast processes, such as precipitation or occlusion into organic matter, may decrease the soluble Cu concentration rapidly after initial application, while slower reactions, such as diffusion of cations into micropores in the soil, occur over a longer time period and may further deplete bioavailable Cu over a longer timespan [49,60,61].



A somewhat different picture was seen for the freshly Cu-spiked soils. The extracted Cu levels were naturally higher after the 250 mg kg−1 Cu spike (Figure 1 and Figure 2); however, the spiked Cu was largely immobilized in both unamended soils, with 0.06% and 0.39% extractable after six weeks in the calcareous and acidic soil, respectively. The amendments did not effectuate additional Cu immobilization in the calcareous soil, but in the acidic soil, the soluble Cu was further reduced to between 25% and 50% of the unamended control by the tested organic amendments and to 6% by lime after six weeks of incubation. In the six-week incubation of the historically contaminated acidic soil, only two amendments showed significant decreases in CaCl2-Cu, i.e., BC and lime (Figure 1b), while in the six-week incubation of the freshly Cu-spiked acidic soil, all amendments showed a significant decrease in CaCl2-Cu (Figure 2b), although there were no significant changes in pH or DOC. This shows that the provided amendment surfaces were more effective in immobilizing freshly added Cu compared to historical Cu contamination, which was present at lower levels in the unamended control. The shorter equilibration time in freshly spiked soils compared to historically contaminated soils means that Cu is more mobile in the former, and thus more available for the amendments to act upon [46,47,48,49].



The three-year incubation resulted in decreased CaCl2-extractable Cu for only the BC amendment of the calcareous soil, and actually increased the amount of extractable Cu in the compost amendment (Figure 2a), whereas treatments of the acidic soil appeared to have little significant effect (Figure 2b). What reductions were observed were not statistically significant due to the generally higher standard deviations of soluble Cu in the freshly spiked treatments, indicating a larger heterogeneity of the freshly added Cu compared to the historical Cu contamination.



In the European Union, the predicted no effect concentration (PNEC) of total Cu in soil was set at 20–200 mg kg−1, with the wide range dependent on various soil properties [5,12,50]. Toxic effects on microbial and earthworm communities have been demonstrated at concentrations of 60–200 mg Cu kg−1 [7,9,50,62,63]. The total Cu contents in the historically contaminated vineyard soils under study (201 and 337 mg kg−1, respectively; Table 1) were above these threshold values, and the observed reductions of soluble Cu effectuated by some of the tested amendments may contribute to lowering Cu toxicity in these soils. By contrast, in a similar study conducted by Mackie et al. [19], BC amendments did not have a significant influence on Cu immobilization in vineyards that had between 100 and 170 mg Cu kg−1, and the authors suggested that perhaps the total Cu concentrations were simply too low for the amendments to have a more pronounced effect. A survey by Ruyters et al. [5], conducted with six Cu-impacted vineyard soils, reported that Cu ecotoxicity was only occasionally a problem although Cu concentrations were well above the limits set by the E.U. in all the studied soils. Apparently, Cu toxicity thresholds are very site-specific and receptor-specific as soil characteristics other than Cu concentration are additional important determinants of Cu bioavailability and the corresponding eco-toxic effects [3,64,65].




5. Summary and Conclusions


The tested amendments had varied effects on Cu solubility in the studied vineyard soils. Pure compost even increased soluble Cu, perhaps as a result of increasing DOC, while pure, non-activated BC was effective in immobilizing Cu. In soils with high humus concentrations, amendment mixtures with less compost and more biochar will provide the most efficient Cu stabilization. In vineyard soils with deficits in soil organic carbon, the Cu-mobilizing effect of the indispensable addition of compost still could be balanced with a similarly high addition rate of biochar to benefit from its Cu-sorption potential. The amendment with the greatest Cu reduction was lime in the studied acidic soil. In general, the tested amendments were more effective in immobilizing freshly added Cu compared to historical Cu contamination. However, in the historically contaminated soils, aging effects resulted in enhanced immobilization in the longer term (years) compared to the short term (weeks). The more acidic soil exhibited a stronger response to the amendments when compared to the calcareous soil, suggesting that the amendments’ liming effect was an important factor for Cu immobilization. Our study demonstrates that for an effective reduction of soluble Cu, particular consideration must be given to the specific soil conditions, especially the pH value, and the amendment type, with certain combinations, particularly with compost, potentially resulting in unwanted countereffects. This is especially important for BCs that are modified through activation processes as this incurs a higher cost. Continued research into options for remediation of Cu-impacted soils, including their longer-term effects, will support continued soil health, especially for organic farms, which suffer from the lack of viable alternatives to Cu-based fungicides.
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Figure 1. (a,b) 0.01 M CaCl2-extractable Cu after the incubation of the amendments in historically Cu-contaminated soils. Lowercase letters indicate significant differences between amendments after 6 weeks of incubation, uppercase letters indicate significant differences between amendments after 3 years of incubation, asterisks indicate significant dif