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Abstract

:

The effect of soil amendment with biochar has been widely evaluated for its effects in mitigating greenhouse gas emissions (GHG) and remediating polluted soils with metals; however, a synergic understanding of the system, including biochar, soil, and microbial activity, is lacking. In this study, a meta-analysis of 854 paired data from 73 studies demonstrate that biochar application in soil affects GHG emissions and soil metal availability. First, several properties of biochar, soil, and microbial activity were considered as parameters in the meta-analysis. Then, the size effect was evaluated using the percentage of change (Pc) as obtained by the meta-analyzed data. Several parameters were related as influencer factors in GHG emissions and soil metal availability. Notably, biochar addition in soil resulted in a significant CO2 increase in emissions, whereas N2O emissions decreased; these results were directly correlated with microbial activity. Although this trend, demonstrated by the data analysis, differs from results of other studies found in the literature, it also emphasized the need for a deep understanding of the effect of biochar addition to soil (properties, nutrients, gas exchange, etc.) and to microorganisms (activity, diversity, etc.). Furthermore, it was also proved, that soil metal concentration decreases significantly when biochar was added (Cd > Zn > Pb > Cu > Fe). According to the results, biochar addition in soils contaminated with Cd and Cu was related to an increase in the microbial activity; while, soils amended with biochar but polluted with Pb, Zn, and Fe presented a higher inhibition effect on microorganisms. To improve the interpretation of soil amendment with biochar, it would be necessary to standardize the form for reporting results, particularly of the microbial activity and GHG emissions, in order to be used for future comparative studies.
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1. Introduction


The soil plays a crucial role in the biosphere due to the interaction between organic matter, gases, aqueous substances, minerals, plants, and microorganisms. Besides, soil is the source of food production and a sustainable environment. The overexploitation of soil for agricultural and industrial activities has caused environmental pollution and perturbations of ecosystems [1]. Thereby, the enforcement of strategies to enhance the quality of soil and mitigation of climate change caused by greenhouse gas (GHG) emissions has increased in recent years.



Biochar is a material rich in organic carbon, which is obtained from thermal decomposition of biomass and carbonaceous waste under limited oxygen conditions (pyrolysis) [2,3]. Biochar production can be performed at different temperatures and using different feedstock, which leads to different physicochemical properties to be used in multiple applications [4]. Soil amendment with biochar has been developed as a successful approach for mitigating GHG emissions and controlling soil pollution by potentially toxic elements such as metal(oid)s. Nevertheless, it is considered that soil amendment with biochar has been widely used during the last years without complete knowledge of the possible impact on the ecosystems. Some authors have questioned if biochar application could have collateral effects that have not yet been identified [5,6,7,8]. When biochar is incorporated into the soil, it creates a complex system constituted by soil–microorganisms–biochar. Interactions among these components are influenced by multiple variables, including biochar properties, i.e., type of feedstock, pyrolysis temperature, particle size, specific surface area (SSA), application rate, etc. [9]; and soil characteristics, i.e., texture, soil pH, soil organic matter (SOC), density, conductivity, etc. [10].



Several important processes occur in soils (for instance biogeochemical cycles among others), hence when biochar is added to this environmental matrix, it can cause changes in the natural processes. Microbial-driven processes, such as the capture of C, the emission or mitigation of GHG as CO2 by microbial respiration, and the emission of CH4 by methanogenesis or N2O by denitrification are of special relevance [11]. Hence, it is important to consider the mediated interactions of biochar and/with microorganisms and metal(oid)s or pollutants [8,12,13]. Studies have reported that biochar promotes the mitigation of CH4 and CO2 emissions [14,15,16], but it has also been proved that biochar can enhance CH4 production in bioprocess [13,17,18,19,20].



Soil amendment with biochar has also been used to control and remediate polluted soils. Several studies have reported the efficiency of biochar as an adsorbent and stabilizing material for metal(oid)s such as Cd, Cu, Pb, Zn, Ni, and As [21,22,23,24].



To date, several studies have been focused on evaluating biochar for bioremediation applications and on controlling soil GHG emissions. However, no systematic study has compared the effect of biochar addition on GHG emissions and soil metal availability, considering the complex system of soil–microorganisms–biochar. This is important for understanding the complete effect of this practice.



Meta-analysis is a useful statistical method to obtain an overall scenario and conclusions about the effect of different variables studied based on the available data in the literature [25]. Several meta-analyses have been reported to evaluate the effect of biochar application in soil on different responses. Notwithstanding, the effect of the most relevant responses such as GHG emissions, metal(oid)s concentration, microbial activity, crop yield, and organic carbon content, among others, have been studied individually. This practice has not considered that in a complex matrix such as soil, several interactions, and therefore responses, must occur at the same time. Within the meta-analysis reported, Li et al. [6] performed a study to meta-analyze data reported in the literature, evaluating the increase in soil microbial biomass caused by the soil amendment with biochar considering the microbial diversity; they found a significant increase in the total microbial diversity with biochar addition, particularly in acidic and sandy soils with low soil carbon content. Additionally, Yuan et al. [23] reported a meta-analysis to study the effect of biochar aging on heavy metal bioavailability in soils; their results showed that metal bioavailability decreased significatively in weakly acidic soils (pH 6–6.99), contrary to alkaline soils (pH > 8) that resulted in an increasing concentration. Additionally, they observed that heavy metals removal was higher when the biochar treatment was shorter than the longer treatment, due to the aging biochar process. Additionally, Arabi et al. [26] meta-analyzed the reported data to assess the effect of biochar on the immobilization of As, Cr, and Ni in soils; authors concluded that biochar effectively immobilizes Cr and Ni in soils, but the As immobilization by biochar was limited.



Moreover, Zhang et al. [7] performed a meta-analysis to measure the effect of biochar application on GHG emissions from agricultural soils; results revealed that CH4 and CO2 emissions showed a significant increase, and the opposite effect was observed in N2O, which showed a significant decrease. Alternatively, Shakoor et al. [5] evaluated the effect of biochar to accelerate the mitigation of GHG emissions from agricultural soils using a meta-analysis; they concluded that maize crop showed a significant mitigation effect for CO2, CH4 and N2O when biochar was added; results indicated that biochar conditions had a significant impact on the global warming potential (GWP) of total GHG emissions. As seen in the last-mentioned studies, the individuality to analyze merely one response in soil amendment with biochar has been developed. The present study pretends to elucidate the effect of biochar application in soil on GHG emissions, metals concentration, and microbial activity, in order to relate the influence of biochar and soil properties. To assess the responses of GHG emissions, metals concentration, and microbial activity to biochar application, this study conducted a meta-analysis focusing on clearing up the questions related to interactions between the different processes that occur in soil. In consequence, this study aims to statistically explain if (1) biochar application in soil decreases GHG emissions; (2) soil amendment with biochar reduces the concentration of metals; and, (3) the microorganisms induce the effect of biochar application on GHGs and metal concentrations.




2. Materials and Methods


2.1. Search Strategy and Data Compilation


A search of the literature was conducted using The Web of Science database (main collection), including articles published from January 2012 to January 2022. The search strategy consisted of three sets of keywords: (1) biochar AND soil AND metals AND microorganisms; (2) biochar AND soil AND metals AND greenhouse gases AND microorganisms; and (3) biochar AND metal AND greenhouse gases. The selection criteria were the following: (1) random experimental design applied; (2) at least triplicates used for each experiment; (3) the data should include the mean and standard deviation (SD) or standard error (SE); (4) the results of control experiments (without biochar) under the same experimental conditions should be given; (5) the method of determination of the different parameters was clearly defined. The Plot Digitizer 2.6.9 software was utilized per data extraction when data were presented in the figures. A total of 73 studies with 854 observations were selected for data extraction and meta-analysis. The detailed process of compilation and selection studies is shown in Figure S1.



The observations included control and soil amendment with biochar treatments. The mean, SD (or SE), and the number of repetitions (r) were registered for greenhouse gases (GHG) as accumulated emissions of CO2, CH4, and N2O and were converted to t/ha. Additionally, metal concentration was registered in soil (mg/Kg) after soil amendment with biochar, and the metals considered in this study were Cd, Pb, Cu, Fe, Zn, and Cr; Ni and metalloid As were discarded because of insufficient sample size. The SE was converted to SD using Equation (1). For data reported without SD values, 1/10 of the mean value was estimated as the SD as a valid approximation of real value [6].


  S D = S E  r   



(1)








2.2. Data Categorization


Additionally, biochar and soil properties were collected and categorized into different groups and subgroups (Table 1). The collected data of biochar properties include feedstock type, biochar pH, pyrolysis temperature (°C), biochar rate (%, and t/ha), and experimental period and experiment type. For soil properties, the compilated data include soil texture (USDA, 1987) [27], soil pH at the initial time, soil pH at the final time, and soil organic carbon (SOC,%). The data were converted to the same units for comparison. The biochar application rate was converted into the weight percentage using the bulk density of soil and soil depth to which biochar was applied [28]. However, when not enough data were provided by the authors the values were registered as t/ha. Soil pH values were standardized at 1:2.5 (soil: water, w:v) using the equations listed in the supporting information (Table S1) [29,30,31]. Besides, soil pH classification was performed according to the U.S. Department of Agriculture Handbook (USDA, 1993) [32]. For SOC values, the Van Bemmelen Factor (1.724) was applied to convert the data of SOM into SOC [33]; this factor assumes a 58% carbon content for the soil as a standard value, reported to homologate the values of soils to SOC as a soil biological parameter and as a component of SOM.



The microbial activity was included in the meta-analysis; however, the extensive diversification of tests to evaluate the presence and activity of microorganisms by the effect of soil amended by biochar severely complicated the comparison in a quantitative form. Thereby, this study considered only quantitative reported data: enzymatic activity reported as the geometric mean of enzyme activities (Gmea) and urease, phospholipid fatty acids (PLFA) concentration, microbial biomass C, cell counting, Operational Taxonomic Units (OTU), and bacterial genes detection. The assessment was carried out for all data, which was compared with the control group as a percentage relative difference (Rd) following Equation (2):


  R d =    X t  × 100    X c    − 100    



(2)




where, Xt and Xc were the values of the treatment group and control group, respectively. If the Rd value is <−15%, the microbial activity was considered negative; if the Rd value is >15%, the microbial activity was considered positive; and if the Rd is between −15% and 15% the microbial activity was considered neutral.




2.3. Meta-Analysis


The natural log of response ratio (lnRR) was applied as the effect size caused by soil amendment by biochar compared to the control. OpenMEE [34] software, developed for meta-analysis in ecology and evolutionary biology, was used to perform this study. The lnRR was calculated according to Equation (3):


  l n R R = l n    X t     X c       



(3)




where, Xt and Xc were the values of the treatment group and control group, respectively. The negative values of lnRR are related to a decrease in greenhouse emissions gases (CO2, CH4, and N2O) or metal concentration (Cd, Pb, Cu, Fe, Zn, and Cr) in the soil of the treatments group compared to control group; whereas, positive values of lnRR are related to an increase in greenhouse emissions gases or metal concentration in soil of the treatments group compared to control group. The mean effect sizes and 95% confidence intervals (CI) were obtained by developing random effects models with maximum likelihood (RMML) in OpenMEE software. The effect size was converted into the percentage of change (Pc) following Equation (4) [35].


  P c = 100 ×  (  − 1 + e x  p  l n R R    )     



(4)







When the biochar application treatment group was significantly different from the control group, with 95% CI obtained by RMML in the statistical software, it did not overlap with zero in forest plot figures; meanwhile, no significant difference was observed between the biochar application treatment and control [11].





3. Results


The accumulated GHG and metal concentrations in soil were considered in order to to evaluate the effect of soil amendment by biochar, and in addition different properties of biochar and soil were contemplated in this study. Table 2 shows the overall effect of all observations (N). Concerning the accumulated GHG, the mean values of CO2 emissions (7.73 t/ha ± 0.41), and CH4 emissions (4.94 t/ha ± 0.52) were higher than those recorded without biochar application; conversely, N2O emission (1.58 t/ha ± 0.28) showed a decrease compared with the non-amendment treatments (7.25 t/ha, 2.77 t/ha, and 2.34 t/ha, respectively). Further, the concentration of different metals at the end of the biochar treatment application was evaluated. For almost all considered metals (Cd, Pb, Cu, and Zn), a decrease in the concentration compared to control experiments was observed. In contrast, Fe and Cr showed a slight increase in the concentration compared to non-amendment tests.



The sum of all the variables, considering biochar and soil properties, impacting on the GHG emissions and metal concentrations by biochar application is represented by the “grand” mean percentage change (Table 2). According to the results, biochar application significantly increases soil CO2 emissions by 19.24%, CH4 emissions by 2.63%; and decreases soil N2O emissions by almost 22%. These data contradict with several reports in the literature and will be extensively discussed in the following section. In addition, it was observed that metal concentration in soil decreased by 42%, 23.5%, 6.95%, and 40.9% for Cd, Pb, Cu, and Zn, respectively, whereas it was slightly increased by 3.54% and 9.64% for Fe and Cr, respectively.



3.1. Effect of Biochar and Soil Properties on GHG Emissions


The GHG emissions were considered to undergo a significant change when the 95% confidence intervals did not overlap the zero line. The percentage of change in soil GHG accumulated emissions are presented by biochar (a) and soil (b) properties in Figure 1, Figure 2 and Figure 3. Figure 1a shows that properties of biochar which changed in response to soil CO2 accumulated emissions were feedstock, pH, pyrolysis temperature and rate, while the experimental type and experimental period showed great influence. The type of biochar feedstock appeared to significantly induce the CO2 emissions by materials like straw (27.7%) and manure (23.6%), while grass-derived biochars presented a decrease (~15%) in CO2 emissions, and residues and wood feedstock did not significant statistically. Although, in overall terms, the type of feedstock was a significant variable to increase the in CO2 emissions (19.2%). The CO2 emissions were also influenced by biochar pH, with an overall 19.36% increase, mainly by biochars with alkaline and strongly alkaline pH (>9), as well as by pyrolysis temperature. Soil CO2 emissions were increased by 19.24%, especially for biochars obtained between 300–500 °C.



The biochar application rate appeared to significantly induce soil CO2 emissions at any value. The experimental type and experiment period were significant variables to increase the CO2 emissions. This was specifically the case for incubation (16.7%), pot size (50%), or at any studied time value (17%).



At the same time, soil properties (Figure 1b) such as soil texture, soil pH (initial and final of the treatment), and % SOC were considered to undergo meta-analysis (Figure 1, Figure 2 and Figure 3). Soil CO2 emissions were significantly induced by soil texture (17%), and fine-classified soils showed the highest increase (34.9%) followed by coarse texture soils (13.66%).



The pH of the soil was also related to the increase in the CO2 emissions; acidic soils (initial pH: 4.5–6.5) induced a 27.38% increase in CO2 emissions. The change in acidic soil (at the end of the experiment, after biochar addition) to neutral (pH: 6.6–7.5) and alkaline conditions (pH: 7.6–9) also increased the CO2 emissions by 15.14% and 21.29%, respectively. In terms of % of SOC, all reported concentrations significantly increased soil CO2 emissions (18.41%).



Regarding soil CH4 emissions (Figure 2), the biochar properties evaluated showed an insignificant effect on the response. However, for soil properties, only soil texture appeared to significantly decrease CH4 emissions, by 14.36%. This could be related to the lower number of observations (N = 67), and as consequence, the existence of less possible interaction data. The number of comparisons for CH4 emissions was minor since the reported data did not accomplish the criteria to be meta-analyzed.



On the other hand, soil N2O emissions showed a contrasting scenario due to a decrease in its response (Figure 3). According to the biochar properties (Figure 3a), the type of feedstock could inhibit 22.12% of N2O emissions. Specifically, materials like grass, manure, and straw appeared to significantly decrease emissions by 69.85%, 33.83%, and 31.34%, respectively. On the contrary, biochar from residues could significantly increase N2O emissions up to 30.34%. Biochar with alkaline (pH: 7.6–9) and strongly alkaline (pH > 9) pH significantly inhibits soil N2O emissions by 23.74% and 25.4%, respectively; the response of neutral and acid biochar (pH: <7.6) did not significantly affect soil N2O emissions. Pyrolysis temperature also demonstrated a significant impact on decreased N2O emissions (21.89%); specifically, temperatures higher than 300 °C induced an abatement in N2O emissions. According to meta-analyzed data, the biochar application rate can decrease N2O emissions when it is applied at lower concentrations (≤5%) up to 37.06%; but rate values <10 t/ha can induce an increase in N2O emissions of 23.37%. The experiment type was a significant variable only when field size was studied, inducing inhibition of 24.87% on N2O emissions. The experiment period had a significantly impact on an overall decline in N2O emissions of 21.89%.



Simultaneously, the soil characteristics were meta-analyzed and appeared to have a significant effect on diminishing the soil N2O accumulated emissions (Figure 3b). The soil texture dropped soil N2O emissions by 22.59% on average for coarse soils (18.29%), fine soils (32.5%), and medium soils (20.86%). The soil pH at initial conditions decreased the N2O emissions by 15.55% in strongly acidic soil (pH: <4.5) and 36.56% in a neutral soil (pH: 6.6–7.5), while acid and alkaline conditions were not significant. The soil pH at the end of the tests resulted in a diminishing of N2O emissions in neutral soil (pH: 6.6–7.5) of 38.18%, and in alkaline soils (pH: 7.6–9) of 31.89%, in contrast to acidic soil (pH: 4.5–6.5), the response increased the N2O emissions by 28.92%. Finally, the % of SOC reduced the soil N2O emissions for values <1% by 40.9%.




3.2. Effect of Biochar and Soil Properties on Metal Concentration


Metal concentrations in soil were considered undergo a significant change when the 95% confidence intervals did not overlap the zero line; the metals considered in this study were Cd, Pb, Cu, Fe, Zn, and Cr. The percentage change in metal concentrations in soil are presented by biochar and soil properties in Table 3. The characteristics considered in the meta-analysis for metal concentration were biochar properties: type of feedstock, biochar pH, pyrolysis temperature, biochar rate, and experiment period, whereas soil properties considered were soil texture, soil pH at initial and final conditions, and % SOC. In broad terms, most of the evaluated metals appeared to undergo a significant decrease in their final concentration with all the variables considered when soil was amended with biochar. However, Cr was the only metal that showed an increase in its final concentration when biochar was applied to soil, even though the statistical analysis showed that the data were not significant. This could have been because of the variation and the small number of observations.



Though the metal concentrations were lower at the final of the biochar treatment, the percentage change (Pc) was not the same for all evaluated metals (Table 3). Regarding biochar properties, the type of feedstock induced a more significant decrease in Cd (41.3%), Zn (41.1%), and Pb (23.5%, p value: >0.05) than in Cu (6.9%, p value: >0.05), and Fe (3.5%). Additionally, the pH of biochar induced a significant decline in Cd (42%) and Zn (41.5%) soil concentration, but the effect was lower in Fe (3.5%) concentration, while the effect was not significant for Pb and Cu. The same trend was observed for pyrolysis temperature. The biochar application rate promoted a higher decrease in metal concentrations in Cd (45.3%), Pb (43.9%), and Zn (48.8), compared to Cu (17.1%) and Fe (7.6%). The experiment period appeared to see a significant decrease in Cd and Zn concentration, 42%, and 40.9%, respectively, while there was only a 4.6% decrease in Fe concentration due to biochar treatment and Pb and Cu did not present a significant effect.



Regarding soil properties, the soil texture showed a significant effect on decreasing metal concentration. However, Cd (41.6%) and Zn (44.2%) presented a higher effect compared to Cu (9.2%) and Fe (3.9%), while Pb did not present a significant effect. The soil pH data for initial and final conditions demonstrated a significant impact on the reduction of metal concentrations, with Cd and Zn being the most influenced, followed by Pb, Cu, and Fe. Finally, the SOC was shown to promote a decrease in metals concentrations by 43.2% for Cd, 41.3% for Zn, 27.5% for Pb, 9.9% for Cu, and 6.4% for Fe.



The results of regression analysis are shown in Figure 4 and Figure 5 by biochar and soil properties, respectively. For the experiment period, the biochar pH and biochar rate were considered to be related to the lnRR for metal concentration in soil (Figure 4). The experiment period presented a slight increase in the effect size when the time was longer for Cd, Pb, Cu, and Zn. Conversely, for Fe and Cr, the increase in the effect size was minimum. Moreover, the biochar pH exhibited a limited decrease in the effect size when the pH values are higher, being more remarkable for Fe, Zn, and Cr. The biochar application rate presented a minimum increase in the effect size when the rate is higher for all evaluated metals. Besides, the soil pH at initial and final conditions and the SOC (%) were assessed as related to the lnRR for metal concentration in soil (Figure 5). For the soil pH at initial conditions, the effect size was lower when pH turned to alkaline values in Cd, Pb, and Zn; on the contrary, the effect size was higher when pH values were higher in Cu, Fe, and Cr. Likewise, the soil pH at final conditions demonstrated a decrease in effect size when pH turned to alkaline values, with that exception of Cu, which showed the opposite effect. Lastly, the SOC (%) presented an almost null correlation with the effect size in Cd, Cu, Fe, and Zn; however, a positive correlation was observed with Pb and Cr when SOC turned to higher values.




3.3. Influence of Microbial Activity on GHG Emissions and Metal Concentration


The GHG emissions and metal concentration were considered to undergo significant change when the 95% confidence intervals did not overlap the zero line. The percentage of change in soil metal concentration (Figure 6a) and soil GHG accumulated emissions (Figure 6b) were evaluated, considering the microbial activity as the response to biochar application treatments (Figure 6). In this study, the microbial activity was evaluated based on the quantitative data reported by the authors and then was transformed into a percentage relative difference. The microbial performance was classified into negative, neutral, and positive activity. The neutral group showed no difference in the microbial activity against the control experiment, whereas the positive group was thought to increase the microbial activity against the control experiment. The negative group was thought to be inhibiting the microbial activity against the control experiment. The overall cohort was contemplated as indicating the global effect of the microbial activity.



In general, the metal concentration decreased significantly in the treatments with biochar application (Figure 6a), with the exception of Cr, which did not present significant data. Moreover, microbial activity played an important role in the interaction between soil and biochar. In the case of Cd, it was possible to observe a significative decline in its concentration at the end of biochar treatment. The positive group (57.94%) of microorganisms had a higher decrease than the negative group (30.93%). This could be related to a larger increase in the metabolic response of microorganisms than the effect of inhibition by the toxicity of the metal. Cu showed similar results to Cd; conversely, Pb and Zn presented a significant increase in the negative group (47.85% and 70.86%, respectively) compared to the positive group (42.52% and 21.57%, respectively) and Fe appeared to decrease its concentration, however no discernible impact on microbial activity was detected.



According to the GHG emission meta-analysis about the microbial activity (Figure 6b), soil CO2 accumulated emissions significantly increased when using biochar treatment. However, with the presence of microbial activity (positive group, 52.35%) the CO2 emissions were more than twice higher than the inhibited treatments (negative group, 25.23%). In contrast, the soil N2O accumulated emissions significantly decreased with the existence of microorganisms (positive group, 32.23%) more than with the inhibited treatments (negative group, 23.51%). For soil CH4 accumulated emissions, the data did not present a significant effect to be considered.





4. Discussion


4.1. Effect of Biochar Properties on Soil GHG Emissions


The percentage of change in soil amendment with biochar demonstrated different scenarios for GHG accumulated emissions. The effects of biochar amendment on GHG emissions could vary with soil and site conditions as well as biochar properties. The findings in this study are based on statistics of the data of compiled research that met the criteria for selection, making them a part of the universe of published data that is already available. According to the meta-analysis, soil CO2 emissions showed a tendency of increasing when biochar is applied with almost all biochar properties. Specifically, biochar rate, pH, type of feedstock, and pyrolysis temperature were the properties with a significant positive effect size for biochar application. The type of experiment and experiment period showed a significant positive effect size for biochar application. The meta-analyzed data were consistent with other reports that demonstrated that biochar application induces soil CO2 emissions [36,37,38,39]. Based on the results of the meta-analysis, the pyrolysis temperature influences CO2 emissions, in particular, when the temperature was at 300 °C to 500 °C. Deng et al. [36] also reported an increase in CO2 emissions by biochar obtained at lower pyrolysis temperatures (300°C and 450 °C) using spent mushroom as feedstock. Recently, Sial et al. [37] demonstrated an increase in CO2 emissions when walnut shell biochar was used. Emissions increased by 73% and 69% for biochar obtained at 300 °C and 450 °C, respectively; while CO2 emissions were minor (51%) for biochar produced at 600 °C. Besides, Yang et al. [40] reported that the age of the biochar (fresh or aged biochar) was not significative for increased soil CO2 emissions. Likewise, their results found that biochar obtained at lower pyrolysis temperatures (300 °C) induced CO2 emissions because of the increase in soil-dissolved organic matter (DOM) content and enrichment of copiotrophic bacteria.



On the contrary, they found that biochar produced at higher pyrolysis temperatures (600 °C) caused a decrease in CO2 emissions and decline in DOM content. Moreover, the type of feedstock has a direct impact on the biochar properties since biomass varies in carbon content, lignin and cellulose content, moisture, etc. These variations determine the pyrolysis temperature required and the surface chemistry of pyrolytic charcoals [4]. Based on the results, biochar feedstock from manure and straw increased CO2 emissions, while biochar feedstock from grass showed a decrease in CO2 emissions of almost 15%. Moreover, it has been reported that biochar with large cellulose contents in their feedstocks could increase CO2 emissions more than biochar with large lignin contents [41]. The biomass rich in lignin, such as wood or some agricultural residues, requires higher temperatures to be pyrolyzed than biomass rich in cellulose such as grass. Therefore, CO2 emissions are expected to be higher in the pyrolytic process of woody feedstock [19]. Another factor to consider is that the moisture content of biomass could also increase the energy required to pyrolyze the biomass and the net balance of CO2 emissions could be affected, and hence a deep understanding of feedstock is necessary [42]. Biochar application rate is an influential parameter in GHG emissions. Other meta-analyses have demonstrated that lower rates of biochar application developed strong effects on CO2 and CH4 emissions, while N2O emissions were affected by higher biochar rates.



The soil N2O emissions showed a decrease when biochar was applied. Almost all biochar properties, types of experiment, and experiment periods exhibited a significant negative effect size on biochar application, something which meant a decrease in soil N2O accumulated emissions. According to meta-analyzed results, lower pyrolysis temperatures (<300 °C) induced the largest decrease in N2O emissions. These results were similar to the report by Sial et al. [37]; they proved that biochar derived from walnut shells reduces N2O emissions by up to 65% when the pyrolysis temperature oscillates between 300–600 °C. Deng et al. [36] demonstrated similar relation between pyrolysis temperature and N2O emissions, as the authors denoted the change in biochar nitrogen concentrations due to pyrolysis, something which impacted on the nitrogen availability for N2O emissions and influenced microbial community composition by modifying the carbon and nitrogen balance indirectly. The nitrogen loss and N-functional groups of biochar are directly impacted by the pyrolysis temperature; particularly, the nitrogen content of biochar tends to decrease as the pyrolysis temperature rises [43]. Additionally, the type of feedstock could affect the nitrogen content of biochar. For example, the N-content in biochar from sludge is much greater than that in wood sawdust-derived biochar. Alternatively, feedstocks such as microalgae have been reported with higher nitrogen content [43].



On the contrary, according to the no-significative meta-analyzed data of soil CH4 emissions arising because of the limited number of observations, it is difficult to assume that biochar application causes an increase or decrease in the CH4 emissions. The number of comparisons was restricted because the results shown by the majority of the evaluated studies did not accomplish the selection criteria required to be statistically comparable, and thus did not obtain reliable results for the evaluation of the effect. For this reason, the premises of how soil amendment with biochar could affect CH4 emissions must not be discussed. However, several studies have reported a mitigation effect of CH4 emissions when biochar is incorporated into soil. The principal mechanisms reported are related to the change in soil properties, such as increasing pH, and reduction of bulk density, that generates changes in the oxygen content and decreasing the redox potential. These effects suppressed methanogenic activity and enhanced methanotrophs, resulting in a decline in CH4 production [5,19]. The biochar feedstock has been related to CH4 mitigation response. This was particularly the case when methanogen and methanotrophic activities developed an affinity for CH4 metabolism. The type of biochar feedstock has an influence on physicochemical properties of biochar. Particularly, the pH of straw and grass biochar are higher than wood biochar; this fact could increase the soil pH, increase the abundance of methanotrophs and promote methane oxidation [44].




4.2. Effect of Soil Properties on Soil GHG Emissions


A similar situation was observed concerning the effect size of soil properties on GHG emissions with the biochar application. The meta-analyzed data were consistent with other reports that demonstrated that biochar application induces the generation of soil CO2 emissions [36,37,38,39]. Specifically, pH is an important soil property that can relate to biochar. Sheng et al. [39] showed that biochar induced high CO2 emissions in acidic soils, the pH was the dominant factor affecting CO2 emissions which worked by rising the bioavailability of organic carbon and abundance of copiotrophic bacteria. The biochar application improves soil permeability, pH, and water content. This then modifies the biota of soil, more significantly in upload soils, increasing soil microbial biomass and CO2 emissions. Additionally, the decomposition of unstable carbon in biochar directly increases the CO2 production [19].



On the contrary, the meta-analysis demonstrates that biochar application in soil could cause a decrease in N2O emissions. These results show a similar trend to that reported in the literature [37,38,45]. The considered soil properties significantly influence the reduction in N2O emissions. In general, biochar addition changes soil properties; specifically, N2O flux tends to decline as a consequence of the enhanced soil aeration that inhibits denitrification as a result of the presence of oxygen. Besides, labile C in the biochar induces complete denitrification (N2 formation); also, alkaline pH of biochar promotes N2O reductase activity, and NH4+ or NO3− adsorption to biochar reduces the inorganic -N available to nitrify or denitrify and generate N2O [43,46]. Soil texture and soil pH are crucial factors in N2O emissions; Wu et al. [45] reported that alkaline biochar interaction with acidic sandy soils resulted in suppressed N2O emissions due to soil NO3− adsorption. Therefore, the liming potential (fraction of alkaline oxides and carbonates) of biochar allows soils a pH-buffering capacity; this fact is also related to the diminishing N2O/N2 ratio and hence N2O emissions [47,48].



Results of CH4 emissions related to soil properties were not significant in the meta-analysis because of the limited number of observations. For this reason, the assumptions of how soil amendment with biochar could affect the CH4 emissions must not be discussed. Although it has been suggested that biochar may have an impact on soil properties and also have a direct influence on microbial activity (methanogenic-methanotrophs ratio) [7,49], not all types of soils may be affected in the same manner, which could have an effect on CH4 emissions.




4.3. Effect of Biochar Properties on Soil Metal Availability


Many studies have reported that biochar is a good alternative to remove or immobilize metals in soil [23,24,26] and this study statistically corroborates this fact. Biochar can act as sorbent/adsorbent of heavy metals; however, the properties of biochar can alter the efficiency of this biomaterial to immobilize metals. Pyrolysis temperature is a factor that affects properties of biochar such as specific superficial area, volume pore, surface functional groups, etc. [50]. Uchimiya et al. [51] examined the biochar properties (pyrolysis temperature and biochar pH) such as a heavy metal sorbent for Ni, Cu, Pb, and Cd in an acidic sandy loam soil, concluding that lower pyrolytic temperatures were more effective in diminishing soluble concentrations for all studied metals. Besides, the higher values of biochar pH had a wide interaction with the acidic soil. Therefore, electrostatic interactions between the cationic metal species and the negatively charged surface of biochar are stronger.



This study showed different size effects on declining metal concentration after biochar addition depending on the metal, e.g., Cd > Zn > Pb > Cu > Fe; this fact could be related to many factors, and depends on metals solubility, mobility, conductivity, electronegativity, speciation, etc. When Dai et al. [52] investigated the use of biochar to remove various metals, they found that Cd and Cu were strongly associated with the reducible fraction that can convert towards acid species that, under certain circumstances, can be utilized by microbes or plants. These results revealed that Zn and As in soil are mostly present in a stable state with even less risk to the environment, whereas Cd and Cu are more soluble and mobile. Zn and As were mostly associated with the residual fraction that is fixed in soil lattices.




4.4. Effect of Soil Properties on Soil Metal Availability


As mentioned before, several studies have reported that biochar addition can modify soil properties. These changes could result in higher or lower soil functionality depending on the physicochemical or biological process involved [52,53,54]. The meta-analyzed data show that soil pH and SOC content were the factors with a stronger effect size on decreasing metal concentrations in soils amended with biochar. Ahmad et al. [52] observed that in alkaline soils, metals such as Pb and Cu significantly decrease by biochar addition. They attributed this fact to the alkaline shooting range soil induced via surface complexation with carbonyl groups, Fe-/Al minerals of biochar, and metal–phosphates precipitation. Moreover, Pb and Zn mobility was affected by the modification of pH in acidic soils since biochar application increases the soil pH, resulting in metal–hydroxides precipitation. According to the meta-analyzed data, the size effect of soil pH after the biochar addition is higher than at the beginning of the treatment, specifically for Cd, Pb, and Zn. Additionally, Wang et al. [55] reported changes in soil properties when biochar was applied. Specifically, they observed a decrease in pH, an increase in the CEC and a decrease in DOM; also, they reported a decline in Cd, and Cu concentration after biochar addition.




4.5. Effect of Biochar Application on Soil GHG Emissions and Soil Metal Availability According to Microbial Activity


The role of the microbial community in multiple processes that occur in soil has been studied for some time. The interaction between microorganisms, soil, and biochar is highly complex, and these three elements play different functions in GHG emissions and metal availability. In this study, the microbial activity was evaluated by a relative percentage of change against the control assay (without biochar); the meta-analysis considered only quantitative results from the studies evaluated. Different studies have reported the positive influence of microbial activity on GHG emissions when biochar is applied to soils [39,45]. Particularly, the meta-analyzed data showed a higher size effect on CO2 emissions for the positive group, which means greater influence of the microbial activity than the inhibition effect induced by biochar application. Various authors demonstrated a higher microbial activity associated with CO2 emissions when biochar was added to soil (or after biochar addition to soil) [36,38,39,45]. This meta-analysis considered several studies that evaluated the microbial activity according to the enzymatic activity. Therefore, if the effect size for the positive group showed a positive result, this could be related to a higher enzymatic activity for the microorganisms. Sial et al. [38] and Wu et al. [45] have observed a direct correlation between higher specific CO2 emissions and an increase in the C-acquisition enzyme activity, N-acquisition enzymes, and P-acquisition enzymes, in particular in cellobiohydrolase, chitinase, β-glucosidase, urease, and alkaline phosphatase, respectively. Additionally, Deng et al. [36] found that biochar application can increase C substrate content available for microorganisms, stimulating mineralization of SOC, oxidizing biochar-C, and increasing CO2 emissions. Furthermore, Sheng et al. [39] observed that biochar amendment can increase OTU richness and bacterial diversity, a fact that was related to CO2 emissions, and significantly increase the pH levels in acidic soil.



By contrast, the results indicated stronger microbial activity than that produced by the inhibitory effect (negative group) and showed a decrease in N2O emissions from soils modified with biochar. The findings are similar to those reported by Deng et al. [36] that observed a decline in N2O emission; it was assumed that biochar addition increased the pH of soil hence N2O emissions since N2O production generally occurs at specific soil pH ranges (pH 6–9, with a maximum level at pH 7–7.5) [56]. The pH is also related to functional microbial communities such as nitrifiers and denitrifiers; moreover, these groups of bacteria need available NO3−N, and biochar addition alters the relation of nitrogen in the soil. Alkaline pH induces the nitrification of N2O to N2 and activates the expression of nosZ genes that encode N2O reductase; also, this fact is related to the pyrolysis temperature which modifies the N content of biochar and indirectly changes the N/C ratio which is associated with microbial activity.



At the same time, the meta-analyzed reports showed different size effects on soil metal concentration and microbial activity by biochar addition. In the case of Cd and Cu, microbial activity exhibited an improved positive effect versus the inhibition effect. Similar results were observed by Liu et al. [57], and they reported higher soil biological activity when biochar was added to metal-polluted soil, suggesting that biochar could act as an ameliorant to immobilize heavy metals and improve soil properties. On the contrary, Pb and Zn demonstrate a higher inhibition of microbial activity by biochar application. Similar to the results reported in this study, Tang et al. [50] observed a decreasing trend of enzymatic activity even when heavy metal-containing soil was amended with biochar. Authors reported affectations in enzymatic activities in soil including dehydrogenase, catalase, and urease activity. Metals such as Cr and Fe did not show a significant size effect related to microbial activity. On the other hand, the bioavailability of metals to be bio-absorbed or toxic organisms is related to a combination of physicochemical, biological, and environmental factors. Metals can interact with biochar and, in most cases, decrease their concentrations in soil, this could be attributed to the formation of metal carbonate species and the interaction with biochar surface functional groups. Furthermore, biochar affects the amount of organic carbon, increasing the content in soil. As result, microbes are forced to utilize metals in their metabolism, which induces stabilization [58,59].





5. Conclusions


The soil GHG emissions and soil metal availability exhibit a relation to biochar addition. The effect of biochar on soil, added as an amendment, depends on both biochar and soil properties. Biochar application induced the CO2 emissions but decreased the N2O emissions. The soil CH4 emissions cannot be evaluated because of the most of the compilated data did not meet the specific criteria required for consideration. Specifically, biochar properties such as type of feedstock, pyrolysis temperature, pH, and biochar rate were associated with an increase in CO2 emissions. Soil properties such as texture, pH, and SOC (%) were related to an increase in CO2. Soil N2O emissions demonstrated a significant diminution in all biochar and soil properties considered, except for acidic soil, which corroborates the possible interaction between biochar and functional microbial communities, such as that of nitrifiers and denitrifiers, because of increased pH. The microbial activity was be an important in GHG emissions and soil metal availability, because of microorganisms-soil and microorganisms-biochar interactions. CO2 emissions showed an increase associated with a higher microbial activity. On the other hand, the N2O emissions were a side effect of increased microbial activity, which resulted in a decrease in N2O emissions.



Furthermore, biochar application decreased metal availability in soils following the order Cd > Zn > Pb > Cu > Fe, while Cr showed no significant effect for all parameters. The pyrolytic temperature, biochar pH, and soil pH were factors with higher effects for the evaluated metals. This fact could be related to the physicochemical and biological interactions between soil, microorganisms, and biochar. In general, the soil metal availability was lower, and the microbial activity was higher, for Cd and Cu, whereas Pb, Zn, and Fe demonstrated higher inhibition of microbial activity.



This study concludes that properties of soil and biochar are correlated with the generation of changes in the soil environment and directly affect the GHG emissions and soil metal availability. The role of microorganisms should be considered as an important parameter to elucidate these interactions. Future studies should consider homologizing the way to report the microbial activity and GHG emissions. This would be particularly useful to enhance the interpretation of CH4 emissions.
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Figure 1. Change induced by biochar (a) and soil (b) properties on CO2 accumulated emissions generated by biochar application. The overall mean represents results grouped across study change (95% confidence intervals (CI)). Biochar treatment was considered significant compared to control when 95% CI of change did not overlap with zero. 
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Figure 2. Change induced by biochar (a) and soil (b) properties on CH4 accumulated emissions generated by biochar application. The overall mean represents results grouped across study change (95% confidence intervals (CI)). Biochar treatment was considered significant compared to control when 95% CI of change did not overlap with zero. 
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Figure 3. Change induced by biochar (a) and soil (b) properties on N2O accumulated emissions generated by biochar application. The overall mean represents results grouped across study change (95% confidence intervals (CI)). Biochar treatment was considered significant compared to the control when 95% CI of change did not overlap with zero. 
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Figure 4. Scatter plot with linear regression graph of the natural log of response ratio (lnRR) of metal concentration for biochar properties. 
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Figure 5. Scatter plot with linear regression graph of the natural log of response ratio (lnRR) of metal concentration for biochar properties. 
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Figure 6. Change induced by metals concentration in soil (a) and GHG accumulated emissions by soil (b) on microbial activity by biochar application. Overall mean represents results grouped across study change (95% confidence intervals (CI)). Biochar treatment was considered significant compared to control when 95% CI of change did not overlap with zero. 
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Table 1. Factors group and subgroups as predictive variables.






Table 1. Factors group and subgroups as predictive variables.





	
Group

	
Subgroup

	
Description






	
Biochar Properties

	

	




	
Feedstock type

	
Grass

	
Herb, bamboo, reed, grass, fresh plants, leaves




	
Manure

	




	
Residues

	
Wastes: fruits, vegetables, leaves, cocopeat, pine needles




	
Sludge

	




	
Straw

	
Various crop straws, soybean stalk




	
Wood

	
Pinecone, tree trunks




	
Biochar pH (pHBC)

	
strongly acid

	
<4.5




	
acid

	
4.5–6.5




	
neutral

	
6.6–7.5




	
alkaline

	
7.6–9




	
strongly alkaline

	
>9




	
Pyrolysis temperature (°C)

	
<300 °C

	




	
300 °C−500 °C

	




	
500 °C−700 °C

	




	
>700 °C

	




	
Biochar rate (%)

	
≤5%

	




	
>5%

	




	
Biochar rate (t/ha)

	
≤10 t/ha

	




	
>10 t/ha

	




	
Experimental period

	
≤3 M

	
Less than three months




	
>3M ≤ 1Y

	
Older than three months, but less than one year




	
>1Y ≤ 2Y

	
Older than one year, but less than two years




	
>2Y

	
Older than two years




	
Experiment type

	
Field

	




	
Incubation

	




	
Pot

	




	
Soil properties

	

	




	
Soil texture

	
Fine

	
Clay, clay loam, silty clay loam, silty clay




	
Medium

	
Silt, loam, silty loam, sandy silt loam




	
Coarse

	
Sandy loam, sandy clay loam, loamy sand, silty sand, sand




	
Soil pH initial (pHsoil(initial))

	
strongly acid

	
<4.5




	
acid

	
4.5–6.5




	
neutral

	
6.6–7.5




	
alkaline

	
7.6–9




	
strongly alkaline

	
>9




	
Soil pH final (pHsoil(final))

	
strongly acid

	
<4.5




	
acid

	
4.5–6.5




	
neutral

	
6.6–7.5




	
alkaline

	
7.6–9




	
strongly alkaline

	
>9




	
SOC (%)

	
≤1%

	




	
>1% ≤10%

	




	
>10%
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Table 2. Overall statistics of selected studied variables.
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	CO2
	CH4
	N2O
	Cd
	Pb
	Cu
	Fe
	Zn
	Cr





	Mean treatment

(t/ha a, kg/mg b)
	7.73
	4.94
	1.58
	3.64
	361.02
	56.86
	4320.6
	120.4
	9.02



	SD treatment

(t/ha a, kg/mg b)
	0.41
	0.52
	0.28
	0.24
	48.94
	11.28
	42.77
	3.23
	0.56



	Mean control

(t/ha a, kg/mg b)
	7.25
	2.78
	2.34
	5.02
	474.64
	84.66
	4265.2
	165.63
	8.77



	SD control

(t/ha a, kg/mg b)
	0.42
	0.32
	0.548
	0.22
	42.28
	5.19
	13.83
	3.51
	0.37



	Mean (%)
	19.24 a
	2.63
	−21.89
	−42.02
	−23.51
	−6.95
	−3.54
	−40.90
	9.64



	SE (%)
	3.67
	3.77
	13.88
	6.61
	15.49
	4.19
	0.70
	4.50
	7.47



	p value
	<0.001
	0.486
	0.05
	<0.001
	0.063
	0.076
	<0.001
	<0.001
	0.202



	Lower bound (%)
	11.07
	−4.59
	−39.41
	−48.78
	−42.36
	−14.10
	−4.97
	−45.72
	−4.78



	Upper bound (%)
	27.89
	10.30
	0.70
	−34.30
	1.41
	0.80
	−2.18
	−35.60
	26.36



	N
	101
	67
	127
	137
	88
	102
	63
	110
	59







a: units for accumulated emission gases; b: units for metal concentrations; SD: standard deviation; SE: standard error; N: number of observations; 95% CI for p value test.













[image: Table] 





Table 3. Meta-analyzed data of metal concentration in soil considering biochar and soil properties.
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Biochar Properties

	
Soil Properties




	
Feedstock

	
pHBC

	
Pyrolysis Temperature (°C)

	
Rate (%)

	
Experimental Period

	
Soil Texture

	
pHsoil (Initial)

	
pHsoil (Final)

	
SOC (%)






	
Cd

	
N

	
135

	
129

	
135

	
124

	
137

	
124

	
134

	
128

	
106




	
Pc

	
−41.3

	
−42.0

	
−41.3

	
−45.3

	
−42.0

	
−41.6

	
−41.2

	
−43.7

	
−43.2




	
CI 95%

	
−6.9

	
−7.1

	
−6.9

	
−6.4

	
−6.8

	
−7.4

	
−7.0

	
−7.5

	
−7.9




	
p val

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
Pb

	
N

	
88

	
82

	
88

	
70

	
88

	
79

	
86

	
82

	
70




	
Pc

	
−23.5

	
−14.4

	
−23.5

	
−43.9

	
−23.5

	
−15.2

	
−25.3

	
−25.9

	
−27.5




	
CI 95%

	
−18.9

	
−21.8

	
−18.9

	
−14.5

	
−18.9

	
−22.1

	
−18.6

	
−19.0

	
−19.1




	
p val

	
0.063

	
0.302

	
0.063

	
<0.001

	
0.063

	
0.282

	
0.045

	
0.047

	
0.040




	
Cu

	
N

	
102

	
102

	
102

	
74

	
102

	
97

	
98

	
96

	
94




	
Pc

	
−6.9

	
−6.9

	
−6.9

	
−17.1

	
−6.9

	
−9.2

	
−8.9

	
−9.0

	
−9.9




	
CI 95%

	
−7.2

	
−7.2

	
−7.2

	
−8.9

	
−7.2

	
−7.2

	
−7.1

	
−7.6

	
−9.3




	
p val

	
0.076

	
0.076

	
0.076

	
0.001

	
0.076

	
0.020

	
0.023

	
0.035

	
0.062




	
Fe

	
N

	
63

	
63

	
63

	
46

	
61

	
60

	
61

	
57

	
55




	
Pc

	
−3.5

	
−3.5

	
−3.5

	
−7.6

	
−4.6

	
−3.9

	
−4.0

	
−3.9

	
−6.4




	
CI 95%

	
−1.4

	
−1.4

	
−1.4

	
−1.5

	
−1.3

	
−1.3

	
−1.3

	
−1.3

	
−1.5




	
p val

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
Zn

	
N

	
108

	
104

	
107

	
95

	
110

	
106

	
102

	
86

	
99




	
Pc

	
−41.1

	
−41.5

	
−42.2

	
−48.8

	
−40.9

	
−42.3

	
−44.2

	
−48.8

	
−41.3




	
CI 95%

	
−4.9

	
−5.0

	
−4.9

	
−4.3

	
−4.8

	
−4.4

	
−4.6

	
−4.8

	
−5.2




	
p val

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	
Cr

	
N

	
59

	
59

	
59

	
44

	
59

	
56

	
57

	
53

	
53




	
Pc

	
9.6

	
9.6

	
9.6

	
3.7

	
9.6

	
8.5

	
10.4

	
13.9

	
12.6




	
CI 95%

	
−14.4

	
−14.4

	
−14.4

	
−22.8

	
−14.4

	
−14.7

	
−14.9

	
−16.0

	
−21.2




	
p val

	
0.202

	
0.202

	
0.202

	
0.778

	
0.202

	
0.270

	
0.181

	
0.091

	
0.263








BC: biochar; N: number of observations; Pc: Percentage of change; CI: confidence intervals (95%); p val < 0.05.
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>1Y £2Y _— -13.84, N=10
>2Y —— -32.56, N=18
Overall — -21.89, N=127

-100 -50 0 50 100

Percentage change (%)

Percentage change (%)

Soil texture
Coarse —— -18.29, N=69
Fine —_—— -32.5, N=28
Medium —— -20.86, N=18
Overall — -22.59, N=115
Soil pH (initial
Strongly acid —— -15.55, N=8
Acid —— -11.75, N=52
Neutral —— -36.56, N=47
Alkaline @ -16.97, N=20
Overall — -21.89, N=119
Soil pH (final
Acid —— 28.92, N=17
Neutral —— -38.18, N=28
Alkaline —_— -31.89, N=27
Overall — -22.66, N=45
Soil SOC (%)
1% —— -40.9, N=57
>1% 10% 10— 6.5, N=46
Overall —— -22.82, N=46
-100 -50 0 50 100






