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In order to investigate the carbon sequestration potential of biochar on soil, citrus orchard soils with a forest age of 5 years was taken as the research object, citrus peel biochar (OBC) and magnesium-modified citrus peel biochar (OBC-mg) were selected as additive materials, and organic carbon mineralization experiments were carried out in citrus orchard soil. OBC and OBC-Mg were applied to citrus orchard soils at four application rates (0, 1, 2, and 4%), and incubated at a constant temperature for 100 days. Compared with CK, the cumulative mineralization of soil organic carbon decreased by 5.11% with 1% OBC and 2.14% with 1% OBC-Mg. The application of OBC and OBC-Mg significantly increased the content of soil organic carbon fraction, while the content of soil organic carbon fraction was higher in OBC-Mg treated soil than in OBC treated soil. Meanwhile, the cumulative mineralization of soil organic carbon was significantly and positively correlated with the activities of soil catalase, urease and sucrase. The enzyme activities increased with the cumulative mineralization of organic carbon, and the enzyme activities of the OBC-Mg treated soil were significantly higher than those of the OBC treated soil. The results indicated that the OBC-Mg treatment inhibited the organic carbon mineralization in citrus orchard soils and was more favorable to the increase of soil organic carbon fraction. The Mg-modified approach improved the carbon sequestration potential of biochar for citrus orchard soils and provided favorable support for the theory of soil carbon sink in orchards.
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1. Introduction

In recent years, the excessive emission of greenhouse gas has led to a series of serious environmental problems and posed a great threat to the survival of human beings. China is a large agricultural country, and agricultural soil is an important source of greenhouse gas emissions (Stefaner et al., 2021). Carbon dioxide is one of the most important greenhouse gases (Perez-Quezada et al., 2021). Scientists estimate that by 2050, atmospheric CO2 levels will reach 550 mg/l (Du et al., 2022). Carbon sequestration through soil to achieve emission reduction is one of the important directions of environmental research today. Soil organic carbon (SOC) is one of the most important indicators of soil quality (Masto et al., 2013a). Soil organic carbon affects the global carbon cycle process by influencing the release or sequestration of atmospheric CO2 from soil. Soil organic carbon mineralization is an important process for the conversion of carbon to CO2 in soil (Gan et al., 2020), therefore it is important to study the effect of soil organic carbon mineralization on the soil carbon cycle.

Previously, many materials have been used in the study of agricultural soil, and studies have shown that the application of dolomite and different biochar can reduce soil greenhouse gas emissions (Oo et al., 2018). The application of rice straw biochar at high CO2 concentration and air temperature can suppress soil NO2 emissions (Sun et al., 2018), which indicates that biochar has a better impact on reducing greenhouse gas emissions from agricultural soil (Korai et al., 2018; Wu et al., 2018). Biochar is a solid material with high carbon content prepared by high-temperature pyrolysis of biomass under oxygen-limited or oxygen-isolated conditions (Chen, W. et al., 2019). The effects of biochar application in soil have been extensively studied (Kuo et al., 2020; Rubin et al., 2020). Studies have shown that the application of biochar to soil reduces greenhouse gas emissions; and has a positive impact in terms of soil moisture retention, soil nitrogen and phosphorus retention (Bashir et al., 2020; Lu et al., 2020). At the same time, the application of biochar to soil can provide nutrients and habitat for microorganisms, thus directly or indirectly affecting the function and composition of microbial communities (Abhishek et al., 2022). In addition, the application of biochar increases the microbial pool of carbon and nitrogen in the soil and provides organic substrate for soil enzymes, thus changing the enzyme activity (Ullah et al., 2020). Therefore, applying biochar to the soil is important to improve soil nutrient dynamics and maintain the soil organic carbon pool.

Modification of biochar can improve its properties and enhance the stability of biochar (Liu et al., 2021). Mg is used for biochar modification because of its abundant reserves, non-toxicity, and high affinity for anions (Jiao et al., 2022), Mg is often used to make modified biochar. Yin et al. (2018) modified biochar with Mg and used it to treat PO43−⋅ and NO3−⋅ contaminated eutrophic water bodies, and the results showed that Mg-modified biochar can improve water quality. The results of Wu et al. (2019) showed that application of MgO modified biochar to saline soil could increase soil effective phosphorus content and crop yield. Shan et al. (2022) applied Mg-modified peanut shell biochar to soil and effectively increased soil pH and reduced soil bioeffective state Cd content. Khan et al. (2022) even showed that Mg-modified biochar could slow down soil greenhouse gas emissions. Soil calcium and magnesium deficiencies are common in citrus soils (Chen, H. et al., 2019), and applying Mg-modified biochar to citrus soils can effectively improve the soil Mg deficiency. At present, the application of Mg-modified biochar to citrus soils has not been extensively studied, so the study of the effect of Mg-modified biochar on organic carbon mineralization in citrus soils is of great value.

Guangxi is the province with the largest citrus planting area and yield of citrus in China (Xie et al., 2021; Qiao et al., 2021). Bad and waste fruits as well as peel residues from citrus orchard cause a lot of wasted resources, and burning citrus peels into carbon applied to soil may be an important way to make efficient and reasonable utilization of waste in situ. Therefore, in this study, citrus peel biochar was modified to prepare Mg-modified citrus peel biochar, and citrus peel biochar and Mg-modified citrus peel biochar were applied to citrus orchard soils at different proportions. The effects on soil organic carbon mineralization, organic carbon and its active components in citrus orchard soils were investigated through a 100-day incubation experiment in a constant temperature incubation room. The effects and mechanisms of adding biochar on soil organic carbon mineralization were explored through the characteristics of changes in various indicators under different treatments.



2. Materials and methods


2.1. Experimental materials

The test soil was obtained in December 2021 from the core demonstration base of citrus cultivation at the Encounter Dragon River, Yangshuo County, Guilin City, Guangxi Zhuang Autonomous Region (24°48′17″N, 110°22′16″E). The area has a subtropical monsoon climate with an average annual temperature of 19.1°C and an average annual rainfall of 1887.6 mm. The soil type is red soil. Soil samples were collected from 0 to 20 cm surface layer of citrus orchards according to the principle of random multi-point mixing. Soil samples were removed from plant and animal residues and gravels, naturally dried and passed through 2 mm sieve for subsequent experiments. The basic physical and chemical properties of the test soils are shown in Table 1.



TABLE 1 Basic physical and chemical properties of the test soil.
[image: Table1]

Citrus peels and soil were taken from the same citrus orchard. The citrus peels were dried at 70°C for 24 h, then crushed with a crusher and passed through a 60 mesh screen, and carbonized at 500°C for 2 h under oxygen limitation to prepare citrus peel biochar (OBC). The sieved citrus peel powder was mixed with 1 mol/l MgCl2–6H2O solution at a solid–liquid ratio of 1:10 for 24 h (That is, every 100 g of citrus peel powder mixed with 1 l of MgCl2–6H2O solution). The dried powder was filtered through a filter and dried at 60°C for 24 h. The Mg-modified citrus peel biochar (OBC-Mg) was prepared by limiting oxygen carbonization at 500°C for 2 h. The basic physicochemical properties of OBC and OBC-Mg are shown in Table 2.



TABLE 2 Basic properties and elemental contents of two biochar.
[image: Table2]



2.2. Experimental design

There were seven treatments with three replications for each treatment, and the experiment was set up with four application rates, i.e., 0% (CK), 1, 2, and 4% of soil mass of the applied material, as shown in Table 3.



TABLE 3 Experiment design.
[image: Table3]

Culture test: 1,000 g of soil was placed in 2 l polyethylene bottles. Citrus peel biochar and magnesium modified citrus peel biochar were applied according to the experimental design (Table 3). After the soil was mixed well with the materials, deionized water was added to keep the field water holding capacity at about 60%. The polyethylene bottles were incubated in a constant temperature incubator at 25°C for 100 days and soil samples were collected for analysis on days 1, 3, 5, 10, 15, 20, 30, 40, 60, 80, and 100, respectively. Another batch of soil samples of the same treatment was set up and incubated under the same conditions with a soil weight of 50 g. A 10 ml beaker containing 0.1 mol L–1 sodium hydroxide solution was placed in a polyethylene bottle and analyzed for soil organic carbon mineralization on days 1, 3, 5, 10, 15, 20, 30, 40, 60, 80, and 100 (Xu et al., 2019).



2.3. Measurement method

The pH was determined by potentiometric method (water–soil ratio 2.5:1; Zhang et al., 2021). Available phosphorus was determined by sodium bicarbonate extraction-molybdenum antimony anti-spectrophotometric method (Wang, H. et al., 2021). Available potassium was determined by 1 mol/l ammonium acetate extraction-flame photometric method (Rong et al., 2021). Soil cation exchange capacity (CEC) was determined by the barium chloride-sulfuric acid forced exchange method (Zhang et al., 2010). Soil organic carbon (SOC) was determined by the potassium dichromate oxidation-spectrophotometric method (Hu et al., 2020). Soil dissolved organic carbon (DOC) content was determined by TOC total organic carbon analyzer (Huang et al., 2018). Soil microbial biomass carbon (MBC) was determined by fumigation method (Gao et al., 2017).Soil readily organic carbon (ROC) was determined by 333 mmol/l potassium permanganate oxidation method (Jien et al., 2018). Soil catalase was determined by the potassium permanganate titration method (Zhao et al., 2020), soil urease activity was determined by the indophenol blue colorimetric method (Sarma et al., 2017), and soil sucrase activity was determined by the 3,5-dinitrosalicylic acid colorimetric method (Xu et al., 2019). Soil CO2 emissions were determined by the titrimetric method (Pei et al., 2017). The surface morphological characteristics of biochar were observed by FEI Inspect F5 field emission scanning electron microscope (SEM) at a magnification of 500–40,000 × and an acceleration voltage of 20 kV of the electron beam, and its composition was analyzed by mapping (Deng et al., 2022).



2.4. Calculation methods



(1) Soil organic carbon mineralization (in terms of CO2).

[image: image]

(2) Soil organic carbon mineralization rate.

Soil organic carbon mineralization rate (mg kg−1 d−1) = organic carbon mineralization/∆t (2).

(3) Cumulative soil organic carbon mineralization (total soil CO2 release from the beginning of cultivation to a certain time point).

[image: image]

(4) Mineralization fitting calculation.

The first level kinetic equation was applied to fit the soil carbon mineralization under different treatments.

[image: image]

where V0 is the volume of standard hydrochloric acid consumed during the blank titration, V is the volume of standard hydrochloric acid consumed during the sample titration, c is the concentration of standard hydrochloric acid, 0.022 is the molar mass of carbon dioxide (1/2CO2), M (1/2CO2) = 0.022 g mmol−1, 22.4 × 1000/44 is the number of milliliters per gram of CO2 in the standard state; △t is the incubation interval (d); Ct is the cumulative mineralization at incubation time t (d), C0 is the potential mineralization of soil carbon, C (mg∙kg−1); k is the rate constant of soil carbon mineralization, d−1; t is the incubation time, day (d) (Hu et al., 2020).



2.5. Statistical analysis

Excel 2020 and SPSS 25.0 (IBM Corporation, United States) were used for statistical analysis of the data. One-way analysis of variance (ANOVA) was used to compare the differences between treatments, and the least significant difference (LSD) method was used to test the significance of differences at the level of significance (p < = 0.05). Figures were plotted by origin2022 (OriginLab Corporation, United States). The correlation heat map was plotted using the Correlation Plot App in origin 2022, with red representing positive correlations and blue representing negative correlations, and color shades representing the magnitude of correlation coefficients; the darker the color, the stronger the correlation.




3. Results


3.1. Characterization of biochar

Figure 1 shows the SEM-EDS patterns of OBC and OBC-Mg. The morphological structures of OBC and OBC-Mg are significantly different. The surface structure of OBC in the figure presents a complete blocky structure with smooth surface and well-developed pore structure. The surface structure of OBC-Mg was broken, with increased specific surface area and irregular granular flocs on the surface. The rough flake morphology on the surface of OBC-Mg may be due to the formation of MgO from MgCl2–6H2O after intense dehydration in pyrolysis (Zhang et al., 2012; Li et al., 2017). The results of EDS analysis showed that that the elemental C content of the modified biochar surface decreased from 78.59 to 30.71% compared to OBC-Mg. The decrease in carbon content may be due to the absorption of Mg into the surface of carbon (Li et al., 2016). EDS analysis also showed that the content of Mg in OBC-Mg was significantly higher compared to OBC, which also indicated that the impregnation modification successfully loaded Mg. In addition, EDS analysis also revealed Al, Si, Cl, K, and Ca.

[image: Figure 1]

FIGURE 1
 scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM–EDS) analysis of (A) citrus peel biochar (OBC) and (B) magnesium-modified citrus peel biochar (OBC-Mg).




3.2. Effect of the OBC and OBC-Mg on soil physiochemical properties


3.2.1. Impact of OBC and OBC-Mg on soil pH

The effects of OBC and OBC-Mg on soil pH are shown in Figure 2. The ANOVA/statistical indicators are shown in Supplementary Tables 1–3. The pH of CK without biochar application did not change significantly during the incubation period; the soil pH of OBC and OBC-Mg application increased significantly, and the soil pH of the same treatment increased significantly with the incubation time, and the improvement effect on soil acidity was shown as 4% > 2% > 1% > CK in both cases. After OBC application, the soil pH increased with the increase of application rate at the end of incubation compared with the control by 0.37, 0.51, and 0.67 units, respectively. After OBC-Mg application, soil pH increased by 1.50, 2.20, and 2.78 units at the end of the incubation compared to the CK. With the increase in the application rate, the difference between the different application rates was significant. The application of OBC-Mg was more effective in improving the acidity of the soil compared to other treatments.

[image: Figure 2]

FIGURE 2
 Changes in soil pH after the amendment of OBC and OBC-Mg.




3.2.2. Impact of OBC and OBC-Mg on soil cation exchange capacity (CEC)

During the incubation period, the overall soil CEC showed a decreasing trend after the application of OBC and OBC-Mg with the increase of incubation time (Figure 3). Among them, CK soil had the highest CEC value at the 15th day of incubation and the lowest at the end of incubation; after applying OBC, 4% OBC increased soil CEC, 2% OBC and 1% OBC were partially slightly lower than CK at the 1st–30th days of incubation, and both were higher than CK after 30 days, and the difference of soil CEC of the same treatment with increasing incubation time was significant, and the effect on soil CEC was shown as 4% OBC > 2% OBC > 1% OBC. After OBC application, compared with CK at the end of incubation with the increase of the application rate, the soil CEC increased by 74.57, 146.49 and 72.88%, respectively. The application of OBC-Mg significantly increased the soil CEC, and the effect on CEC was 4% OBC-Mg > 2% OBC-Mg > 1% OBC-Mg. After the application of OBC-Mg, at the end of the incubation with the increase of the applied proportion compared to CK, the soil CEC increased by 125.74, 165.85, and 207.80%, respectively, and the difference between different applied proportions was significant. OBC-Mg was more effective in enhancing soil CEC compared to other treatments.

[image: Figure 3]

FIGURE. 3
 Changes in soil cation exchange capacity (CEC) after the amendment of OBC and OBC-Mg.




3.2.3. Impact of OBC and OBC-Mg on soil available phosphorus (AP)

The effects of OBC and OBC-Mg application on AP in citrus orchard soil are shown in Figure 4. After the application of OBC, the AP content of each treatment first increased, then decreased and gradually stabilized, reaching the highest level at the 15th day of incubation. At the end of the incubation, the AP content was higher than that of CK under different rates of OBC. The size of AP content in different rates of OBC application was 4% > 2% > 1% > CK. With the increase of application rate, the AP content increased by 28.62, 44.52 and 48.82% compared with CK. The trend of AP content in each treatment was similar to that of OBC, which first increased, then decreased and gradually stabilized, and reached the highest value at day 20 of incubation. The AP content of OBC-Mg applied at different rates was positively correlated with the application rate. Compared with CK, the AP content increased by 96.98, 108.11 and 114.47%, respectively. In a comprehensive comparison, OBC-Mg applied to citrus orchard soil increased the AP content better than OBC.

[image: Figure 4]

FIGURE 4
 Changes in soil available phosphorus (AP) after the amendment of OBC and OBC-Mg.




3.2.4. Impact of OBC and OBC-Mg on soil available potassium (AK)

The effects of OBC and OBC-Mg application on AK in citrus orchard soil are shown in Figure 5. After applying OBC-Mg to the soil, the AK content in the soil increased with the increase of the applied proportion. The AK content was 4% OBC > 2% OBC > 1% OBC > CK from the largest to the smallest. Compared with CK, at the end of the incubation, the AK content increased by 14.98, 18.61, and 19.12%, respectively, with the increase of the applied proportion. After applying different proportions of OBC-Mg to the soil, the AK content in the soil was CK > 1% OBC-Mg > 2% OBC-Mg > 4% OBC-Mg. Compared with CK, at the end of the incubation, the CK content decreased by 14.98, 18.61, and 19.12%, respectively, with the increase of the applied proportion.

[image: Figure 5]

FIGURE 5
 Changes in soil available potassium (AK) after the amendment of OBC and OBC-Mg.





3.3. Effect of the OBC and OBC-Mg on soil mineralization


3.3.1. Impact of OBC and OBC-Mg on soil mineralization rate

As shown in Figure 6, the application of OBC and OBC-Mg to citrus orchard soil significantly affected the rate of soil organic carbon mineralization in citrus orchards. Throughout the incubation period, the soil organic carbon mineralization rates after applying different rates of OBC and OBC-Mg were higher than those of the CK. On the first day of incubation, the rates of soil organic carbon mineralization with 1, 2 and 4% OBC were 1.32, 1.58 and 1.52 times higher than those with CK, respectively. And the rates of soil organic carbon mineralization with 1, 2 and 4% OBC-Mg were 1.39, 1.52 and 1.65 times higher than those with CK. The soil mineralization rate decreased in all treatments from 0 to 10 days of incubation, and showed an increasing trend in all treatments from 10 to 20 days of incubation. The organic carbon mineralization rate decreased with increasing incubation time in all treatments after 20 days of incubation. At the end of incubation, compared with CK, soil organic carbon mineralization rates increased by 11.72, 41.21, and 78.45% with 1, 2, and 4% OBC applied; and increased by 33.45, 55.17, and 55.17% with 1, 2, and 4% OBC-Mg applied. In summary, all soil organic carbon mineralization rates decreased with increasing incubation time. The rates were at a high level in the early incubation period, decreased with increasing time, and stabilized in the late incubation period.

[image: Figure 6]

FIGURE 6
 Changes in soil mineralization rate after the amendment of OBC and OBC-Mg.




3.3.2. Impact of OBC and OBC-Mg on soil cumulative mineralization

As shown in Figure 7, the application of OBC and OBC-Mg significantly increased the cumulative soil organic carbon mineralization. The cumulative mineralization of soil organic carbon in CK was the lowest among the treatments from 0 to 40 days of incubation, and after 40 days of incubation, the cumulative mineralization of soil organic carbon in CK was higher than that in 1% OBC and 1% OBC-Mg. The cumulative mineralization of soil organic carbon in each treatment increased with the increase of incubation time. After the application of OBC, the cumulative mineralization of 1% OBC decreased by 5.11, 2% OBC and 4% OBC increased by 6.18 and 15.68%, respectively, compared with CK. The cumulative mineralization of soil organic carbon showed an overall increase of 4% OBC > 2% OBC > 1% OBC with the increase of the application ratio. At the end of incubation, the cumulative mineralization of 1% OBC-Mg decreased by 2.14, 2% OBC-Mg and 4% OBC-Mg increased by 15.20 and 10.93%, respectively. The cumulative mineralization showed 4% OBC-Mg > 2% OBC-Mg > 1% OBC-Mg at days 0–40 of incubation, and 2% OBC-Mg > 4% OBC-Mg > 1% OBC-Mg at days 40–100 of incubation. The application of 1% of two biochar to citrus orchard soils could slow down the emission of soil CO2 to some extent.

[image: Figure 7]

FIGURE 7
 Changes in soil cumulative mineralization after the amendment of OBC and OBC-Mg.


The dynamic changes between the cumulative mineralization of soil organic carbon and incubation days in citrus orchards after the application of OBC and OBC-Mg were fitted using the quasi-level kinetic equation Ct = C0(1–e–kt), and the model fitted well with a correlation coefficient R2 > 0.933 (Table 4). The results showed that after the application of OBC, the C0 of potential mineralization of organic carbon in 1% OBC and 2% OBC soils was lower than that of CK. The potential mineralization of organic carbon in 4% OBC soils was higher than that of CK. The organic carbon turnover rate constant k was significantly higher than that of CK, its C0 increased with the increase of the application ratio. After the application of OBC-Mg, the potential mineralization of organic carbon in 1% OBC-Mg soil C0 was lower than that of CK, the potential mineralization of organic carbon in 2% OBC-Mg and 4% OBC-Mg soil was higher than that of CK, the organic carbon turnover rate constant k was significantly higher than that of CK, its C0 increased with the increase of the application rate.



TABLE 4 Soil carbon mineralization kinetic parameters.
[image: Table4]




3.4. Effect of the OBC and OBC-Mg on soil active organic carbon components


3.4.1. Impact of OBC and OBC-Mg on soil organic carbon

Application of OBC and OBC-Mg to citrus orchard soil was able to significantly increase SOC content (Figure 8). The overall effect of OBC and OBC-Mg on the dynamics of soil SOC content showed 4% > 2% > 1% > CK, and the difference in the same application rate was not significant with increasing incubation time. Compared with CK, at the end of incubation, 1% OBC was 1.20 times, 2% OBC was 1.28 times and 4% OBC was 1.43 times of CK, 1% OBC-Mg was 1.64 times, 2% OBC-Mg was 1.89 times and 4% OBC-Mg was 2.14 times of CK. Compared with OBC, OBC-Mg applied to citrus orchard soil could better improve the SOC content in the soil.

[image: Figure 8]

FIGURE 8
 Changes in soil organic carbon (SOC) after the amendment of OBC and OBC-Mg.




3.4.2. Impact of OBC and OBC-Mg on soil microbial biomass carbon

As shown in Figure 9, the application of OBC and OBC-Mg to citrus orchard soil significantly changed the soil MBC content. After applying OBC to citrus orchard soils, soil MBC content gradually decreased from 0 to 20 days of incubation and gradually increased after 20 days, but some treatments still had less MBC than CK. At the end of incubation, 1% OBC increased by 6.77, 2% OBC increased by 9.92, and 4% OBC increased by 5.12% compared to CK. Overall, the application of 2% OBC could better increase soil MBC. After applying OBC-Mg to citrus orchard soil, soil MBC content changed repeatedly during the first 20 days of incubation and gradually increased from 30 to 100 days of incubation. At the end of incubation, the MBC content was greater than CK at all rates. At the end of incubation, 1% OBC-Mg increased by 18.95, 2% OBC-Mg increased by 17.50, and 4% OBC-Mg increased by 18.78% compared to CK.

[image: Figure 9]

FIGURE 9
 Changes in microbial biomass carbon (MBC) after the amendment of OBC and OBC-Mg.




3.4.3. Impact of OBC and OBC-Mg on soil dissolved organic carbon

As shown in Figure 10, the application of OBC and OBC-Mg to citrus orchard soil changed the DOC content in the soil. All treatments showed a decreasing trend with the increase of incubation time. After the application of OBC, each proportion of DOC showed a decreasing trend, but there were still some treatments with DOC less than CK, and at the end of incubation each applied proportion of DOC was greater than CK. Compared with CK, the DOC content increased by 25.67% (1% OBC), 17.26% (2% OBC), and 22.58% (4% OBC), respectively. After the application of OBC-Mg, DOC gradually increased in all ratios and at the end of the incubation, all treatments were greater than CK, and DOC content increased by 12.26% (1% OBC-Mg), 20.91% (2% OBC-Mg), and 25.28% (4% OBC-Mg), respectively.

[image: Figure 10]

FIGURE 10
 Changes in dissolved organic carbon (DOC) after the amendment of OBC and OBC-Mg.




3.4.4. Impact of OBC and OBC-Mg on soil readily oxidized organic carbon

As shown in Figure 11, the application of OBC and OBC-Mg to citrus orchard soil significantly changed the soil ROC content. After applying OBC to citrus orchard soils, the soil ROC content showed a decreasing trend throughout the incubation period, but some treatments still had less ROC than CK. At the end of incubation, the ROC content in 1% OBC soil was the same as CK, while 2% OBC increased by 26.56 and 4% OBC increased by 43.75% compared to CK. After applying OBC-Mg to citrus orchard soils, soil ROC content decreased on 0–5 days of incubation, gradually increased on 5–20 days, and increased after decreasing on 20–60 days. At the end of incubation, the ROC content of each treatment was greater than that of CK, 1% OBC-Mg increased by 151.56, 2% OBC-Mg increased by 87.50, and 4% OBC-Mg increased by 187.50% compared to CK.

[image: Figure 11]

FIGURE 11
 Changes in readily oxidized organic carbon (ROC) after the amendment of OBC and OBC-Mg.





3.5. Effect of the OBC and OBC-Mg on soil enzyme activity


3.5.1. Impact of OBC and OBC-Mg on soil catalase activity

As shown in Figure 12, application of OBC and OBC-Mg to citrus orchard soils increased the activity of catalase in the soil. Compared with CK, after the application of OBC, the catalase activity in soil increased from 0 to 30 days of incubation, but some treatments still had less catalase activity than CK. Throughout the incubation period, the catalase activity first increased to reach the highest value at 30th day, then decreased and then stabilized. At the end of incubation, with the application ratio with an overall performance of 4% OBC > 2% OBC > 1% OBC > CK, it increased by 26.67, 40 and 56.67%, respectively, with the increase of applied ratio. After the application of OBC-Mg, the catalase activity in the soil increased significantly compared with CK, and the change trend was similar to that of OBC. With the increase of incubation time, the catalase activity first increased to reach the highest value at 30th day and then decreased and then stabilized. At the end of incubation, 1% OBC-Mg, 2% OBC-Mg, and 4% OBC-Mg increased by 73.33, 100.00, and 116.67%, respectively, and the catalase activity increased with the increase of applied percentage.

[image: Figure 12]

FIGURE 12
 Changes in soil catalase activity after the amendment of OBC and OBC-Mg.




3.5.2. Impact of OBC and OBC-Mg on soil urease activity

As shown in Figure 13, the application of OBC and OBC-Mg to citrus orchard soils significantly increased the urease activity in the soil. After the application of OBC, the overall trend of increasing urease activity of each proportion with incubation time was observed, and at the end of incubation, the urease activity of each proportion was higher than that of CK, 1% OBC was 1.61 times, 2% OBC was 1.72 times, and 4% OBC was 1.92 times than that of CK. Throughout the incubation period, the urease activity of each applied ratio showed 4% OBC > 2% OBC > 1% OBC > CK. After the application of OBC-Mg, the urease activity of each ratio gradually increased after decreasing from 0 to 5 days. At the end of the incubation, the urease activity increased by 252.49% for 1% OBC-Mg, 279.91% for 2% OBC-Mg and 206.80% for 4% OBC-Mg compared to CK. The urease activity of each treatment showed 4% OBC-Mg > 2% OBC-Mg > 1% OBC-Mg > CK on 0–10 days of incubation, and the urease activity of each applied percentage showed 2% OBC-Mg > 1% OBC-Mg > 4% OBC > CK after 20 days of incubation.

[image: Figure 13]

FIGURE 13
 Changes in soil urease activity after the amendment of OBC and OBC-Mg.




3.5.3. Impact of OBC and OBC-Mg on soil sucrase activity

As shown in Figure 14, the application of OBC and OBC-Mg to citrus orchard soils increased the sucrase activity in the soil. The application of OBC showed an overall trend of increasing sucrase activity with incubation time. At the end of incubation, the urease activity was higher than that of CK for all proportions, with an increase of 108.21 for 1% OBC, 158.03 for 2% OBC, and 243.05% for 4% OBC compared to CK. The sucrase activity of each treatment increased with the applied percentage throughout the incubation period. After the application of OBC-Mg, the sucrase activity increased with the increase of incubation time for each percentage. At the end of incubation, such enzyme activity increased by 517.60% for 1% OBC-Mg, 490.18% for 2% OBC-Mg and 489.65% for 4% OBC-Mg compared to CK. The sucrase activity of each ratio decreased with the increase of applied ratio, 1% OBC-Mg > 2% OBC-Mg > 4% OBC > CK.

[image: Figure 14]

FIGURE 14
 Changes in soil sucrase activity after the amendment of OBC and OBC-Mg.





3.6. Correlation analysis

In Figure 15A, it can be seen that after applying OBC to citrus orchard soils, soil pH was significantly positively correlated (p < = 0.05) with AK, SOC and DOC, and negatively correlated with AP. Soil CEC content was positively correlated with DOC, ROC, and organic carbon mineralization rate. It was negatively correlated with MBC, cumulative mineralization of organic carbon, catalase, urease, and sucrase. AP content was negatively correlated with AK, SOC, urease and sucrase. DOC was positively correlated with ROC and organic carbon mineralization rate, and negatively correlated with MBC, organic carbon mineralization, catalase, urease and sucrase. MBC was positively correlated with organic carbon mineralization, urease and sucrase, and negatively correlated with ROC. The ROC was positively correlated with the rate of organic carbon mineralization and negatively correlated with the cumulative mineralization of organic carbon, catalase and sucrase. The rate of organic carbon mineralization was negatively correlated with the cumulative mineralization of organic carbon, catalase, and sucrase. Cumulative mineralization of organic carbon was positively correlated with catalase, urease and sucrase. Catalase was positively correlated with urease and sucrase. Urease was positively correlated with sucrase.
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FIGURE 15
 Correlation between physical and chemical properties, carbon composition, enzyme activity and mineralization of (A) OBC-Mg and (B) OBC-Mg.


As seen in Figure 15B, soil pH was significantly and positively correlated (p < = 0.05) with CEC after application of OBC-Mg to citrus orchard soil. Soil CEC content was positively correlated with DOC and ROC, and negatively correlated with AK, MBC, accumulated organic carbon mineralization and sucrose. AP was positively correlated with catalase and negatively correlated with AK, MBC and organic carbon mineralization rate. SOC was negatively correlated with ROC and organic carbon mineralization rate. DOC was positively correlated with ROC and organic carbon mineralization rate, and negatively correlated with MBC, organic carbon mineralization, urease and sucrase. The ROC was positively correlated with the rate of organic carbon mineralization and negatively correlated with the cumulative mineralization of organic carbon and sucrase. The organic carbon mineralization rate was negatively correlated with the accumulated organic carbon mineralization, catalase, and sucrase. The cumulative mineralization of organic carbon was positively correlated with catalase, urease and sucrase. Meanwhile, urease was positively correlated with sucrase.




4. Discussion


4.1. Effect of biochar on soil physicochemical properties

The application of OBC and OBC-Mg significantly increased soil pH compared to CK. The increase in pH after OBC application may be due to the fact that biochar contains soluble organic and inorganic bases, making it highly alkaline (Fidel et al., 2017; Shi et al., 2019). Applying biochar to acidic soil neutralized soil acidity, thus increasing soil pH. Whereas the increase in pH after OBC-Mg application was greater than that of OBC, probably due to the fact that the Mg-modified biochar surface was loaded with more Mg2+ and other alkaline cations, which are converted to oxides, hydroxides and carbonates after pyrolysis, resulting in higher pH of Mg-modified biochar and thus better increase in soil pH. Similarly, Khan et al. (2022) used pristine and Mg-modified rice straw biochar applied to the soil and an increase in soil pH occurred, which is consistent with the results of this study. In this study, the application of OBC and OBC-Mg to citrus soils significantly increased soil pH, which was mainly due to the alkalinity of biochar, indicating that both applications could improve soil acidity.

Cation exchange capacity (CEC) reflects the amount of negative charge in the soil that can be neutralized by exchangeable cations such as Mg and Ca (Wu et al., 2020). Application of OBC-Mg to citrus orchard soils increased the CEC content of the soil, partly because of the adsorption of oxides such as Al and Fe by biochar and the decrease in the zero point charge of the soil (Hailegnaw et al., 2019), and partly because of the presence of oxygen-containing functional groups on the surface of biochar (Yadav et al., 2019). The application of OBC to citrus orchard soils reduced the CEC content of the soil, and a similar phenomenon was found in the study of Seokjoon’s (2005), which suggested that the reduction of CEC after biochar application might be mainly due to the enrichment of humic and xanthic acids in the soil by organic matter, thus blocking the internal pores of the biochar from the next physical sorption step and thus reducing the CEC. OBC and OBC-Mg applied to the soil differed in their effect on cation exchange mainly due to the higher Mg content in OBC-Mg, which can neutralize more with negative charges and increase soil CEC. The effect of OBC-Mg on pH and CEC in this study was significantly positively correlated, with higher pH and higher CEC in OBC-Mg soil, which is consistent with the findings of Heikkinen et al. (2019). Also correlation analysis showed that soil CEC was significantly negatively correlated with cumulative mineralization, indicating that the elevated cumulative mineralization of soil organic carbon by OBC and OBC-Mg applied to the soil led to a decrease in CEC.

A study by Li, S. et al. (2018) found that the application of biochar to the soil was effective in reducing N leaching and increasing K content. The application of OBC and OBC-Mg resulted in a significant increase in AP content, which is consistent with the findings of other studies. Kamran et al. (2018) applied three types of biochar, chicken manure bochar, pig manure biochar and peat moss biochar to soil, the results showed a significant increase in soil AP, and the change in AP content was related to the amount of biochar applied. The increase in AP was due to three reasons. On the one hand, biochar contains a certain amount of phosphorus itself and thus directly increases soil effective phosphorus (Hong and Lu, 2018). On the other hand, biochar increases soil pH and changes the activity of cations such as Al3+, Fe3+, and Ca2+, thus reducing P adsorption or increasing P desorption, making phosphorus more effective (Yang and Lu, 2022). Finally, because biochar applied to the soil, causing changes in the soil microbial environment and increasing the phosphorus fixation capacity of the soil (Tian et al., 2021). The main reason of the decrease in AP content with increasing incubation time is that the fixation of phosphorus by the soil leads to a decrease in effective phosphorus (Kahura et al., 2018). The application of alkaline biochar in acidic soils can better improve the bioeffectiveness of phosphorus (Chintala et al., 2014), and the difference in the effect of OBC and OBC-Mg application to soil on AP content may be due to the inconsistent chemical composition and surface characteristics of biochar. In this study, the application of OBC-Mg could better increase the content of fast-acting phosphorus, mainly because OBC-Mg was loaded with more cations on the surface, which increased the effectiveness of phosphorus. Furthermore, it is also reported that biochar can improve the relative abundance of proteobacteria in soil which plays a significant role in improving soil properties (Zhang et al., 2022). Correlation analysis showed that AP content was significantly and negatively correlated with AK content, indicating that AP content increased with the decrease of AK in the soil.

Citrus peel biochar (OBC) application to soil significantly increased soil AK content and increased with increasing application rate. This is consistent with the findings of Yao et al. (2021), which found a significant increase in AK after biochar application in heavily salinized paddy fields. The increase in AK content may be due to the interaction of biochar with soil minerals that affects the release of nutrients from the soil, which results in an increase in AK (El-Naggar et al., 2019). Analysis of the EDS of biochar showed that the K content of Mg-modified biochar was significantly lower, which led to a better increase of the AK content by OBC, while the effect of OBC-Mg on AK was smaller.



4.2. Effect of biochar on soil organic carbon mineralization in citrus orchards

The stimulatory effect of biochar on soil CO2 emissions is governed by various factors, such as biochar physicochemical properties, biochar stability and soil properties (Song et al., 2019), and microorganisms in biochar may also affect soil CO2 emissions (Wang, L. et al., 2021). Some studies have shown that, the more biochar applied, the faster respiration rate of soil microorganisms was and the more total CO2 released at the beginning of incubation (Steiner et al., 2008). And when the amount of biochar applied is higher, soil microorganisms are more likely to decompose water-soluble organic matter in biochar for microbial activity, thus releasing more CO2 (Zhang et al., 2020). The rate of soil organic carbon mineralization in different treatments has a similar pattern. And in this study, the application of OBC and OBC-Mg in citrus orchard soil promoted CO2 emission in the early incubation period, then decreased and stabilized with increasing incubation time, it is consistent with the findings of Ameloot et al. (2013). This is due to the application of biochar to the soil, which stimulates the native carbon pool, and the stimulation of soil organisms leading to the biodegradation of biochar components, resulting in enhanced CO2 release (Blagodatskaya and Kuzyakov, 2008). Similarly, Orlova et al. (2019) made biochar from birch and poplar wood at 550°C and injected it into the soil, showing that 1% biochar increased mineralization by 15–18%, while a study by El-Naggar et al. (2018) showed that rice straw biochar and sludge biochar promoted mineralization for 3 and 1.5 months. Whereas CO2 emissions decreased in the later stages of incubation due to biochar, which added higher carbon content and richer aromatic structure, thus enhancing resistance to biodegradation and ultimately leading to a potential negative excitation effect. Also, the inhibition of soil mineralization by biochar generally occurred in the later stages of incubation (Rasul et al., 2022), which is consistent with our findings. Similar effective reduction of soil CO2 emissions by biochar has been reported in other studies (Hua et al., 2014; Rubin et al., 2020). The cumulative mineralization of organic carbon was significantly and positively correlated with catalase, urease, and sucrase activities. In this study, the stimulation of microbial activity in the soil led to the increase in soil organic carbon mineralization, which resulted in an increase in soil enzyme activity.



4.3. Effect of biochar on different carbon fractions in citrus orchard soils

The application of OBC and OBC-Mg to citrus orchard soils not only increased soil SOC content, but also showed a positive correlation with the percentage of biochar application, which is consistent with the findings of Novak et al. (2010). The increase in soil SOC content may be due to the high carbon content of biochar itself, and the application of biochar to soil is equivalent to the application of exogenous organic carbon (Li, Y. et al., 2018). The refractory nature of biochar allows it to persist in the soil, which contributes to the increase in organic carbon (Rasul et al., 2022). Similarly, Dong et al. (2018) applied different amounts of rice husk and cotton seed hull biochar to the soil to observe organic carbon changes and showed that biochar significantly increased SOC content and SOC increased with increasing biochar amount.

Soil microbial biomass carbon (MBC), DOC, and ROC are reactive organic carbon in soils and usually respond rapidly to soil changes (Wang, X. et al., 2021). Soil MBC is derived from the hydrolysis of soil organic matter, soil microorganisms themselves and their metabolites (Zhang et al., 2018). In this study, application of OBC and OBC-Mg to citrus orchard soil increased or decreased MBC content compared to CK. The decrease in MBC in the early stages of incubation was mainly due to the depletion and mineralization of unstable components of organic carbon, resulting in a decrease in MBC (Huang et al., 2021). While the gradual increase in MBC in the later stages may be due to a stable and less disturbed soil environment in the later stages, where microbial activity increases leading to an increase in MBC. In this study, the MBC was significantly and positively correlated with the cumulative mineralization of organic carbon, indicating that the mineralization of soil organic carbon also affects the MBC.

Soil dissolved organic carbon (DOC) is the most active component of SOC and an important source of organic carbon and an important indicator of soil microbial effectiveness (Hu et al., 2022). In this study, application of OBC and OBC-Mg to citrus orchard soil increased DOC content and showed an overall decreasing trend with increasing incubation time. The increase in DOC content may be due to the release of the active organic carbon fraction from biochar into the soil after biochar application. This induced the conversion of SOC to DOC, thus leading to an increase in soil DOC content (Ye and Horwath, 2017). And the decrease in DOC content with increasing incubation time is because the stabilized organic carbon from biochar makes the soil SOC increase. And the decomposed active organic carbon, leading to a decrease in DOC content (Zhang et al., 2017). Compared with OBC, OBC-Mg has a better effect on the enhancement of soil DOC content mainly because OBC-Mg has a better effect on the improvement of soil acidity. And the increase of soil pH leads to the deprotonation process of weakly acidic functional groups in soluble organic carbon molecules. This increases the surface charge density of soil soluble organic carbon molecules and enhances hydrophilicity, promoting the solubilization of soil soluble organic carbon (Smebye et al., 2016). In this study, DOC content was significantly and negatively correlated with the accumulated mineralization of organic carbon.

Soil readily oxidized organic carbon (ROC) is the more reactive and easily oxidized carbon fraction of the organic carbon pool (Yang et al., 2017). In this study, OBC and OBC-Mg increased the ROC content in the soil compared to CK, and the ROC content decreased with increasing incubation time. ROC is the same active organic carbon as DOC, and the reason for its change is similar to DOC. Biochar applied to citrus orchard soil increased the soil microbial activity leading to an increase in ROC (Abiven et al., 2015). With increasing incubation time, the active organic carbon of biochar was decomposed and the ROC content decreased. In this study, the ROC content was significantly and negatively correlated with the cumulative mineralization of organic carbon. The ROC content decreased as the cumulative mineralization of organic carbon increased, which is consistent with the changes in DOC in the previous paper. This indicated that the active organic carbon components such as soil DOC and ROC are susceptible to the cumulative mineralization of organic carbon.



4.4. Effect of biochar on soil enzyme activity in citrus orchards

Soil enzyme activity is an important biological indicator of soil quality, and changes in microbial activity are mainly due to changes in the physicochemical properties of the soil. Biochar surface has a high potential to adsorb organic molecules, including enzymes and substrates, thus altering enzyme activity (Foster et al., 2018). Application of OBC and OBC-Mg to citrus orchard soil resulted in a significant increase in soil enzyme activity compared to the CK. Catalase is an important enzyme that indicates the redox potential of soil (Yang et al., 2016). And biochar as an additional carbon source effectively improves the survival environment of microorganisms in soil by providing more nutrients and increasing the number and activity of microorganisms, which leads to more secretion of catalase by microorganisms. Masto et al. (2013b) applied water hyacinth biochar to soil, the results showed that catalase activity increased with the amount of biochar applied, which is consistent with the findings of this study. The effect of OBC on soil catalase was less than that of OBC-Mg because catalase is stable and not easily affected by environmental conditions, but OBC-Mg caused changes in the physicochemical properties of biochar and increased the impact on the soil environment (Yang et al., 2016). The catalase activity of the 1% OBC and 2% OBC fractions was lower than that of CK on 0–30 days of incubation, which may be due to the large availability of soil organic matter and microbial community in the pre-culture period, resulting in lower catalase activity (Ullah et al., 2020). Soil urease catalyzes the hydrolysis of phthalate bonds in organic molecules and promotes the conversion of soil organic N to active N (Gao et al., 2017). Application of OBC and OBC-Mg significantly increased urease activity compared to CK because urease activity is associated with microbial growth and the application of biochar stimulated soil microbial activity, thus leading to an increase in soil urease activity (Yadav et al., 2019). Jing et al. (2020) studied the application of three types of straw biochar from wheat, rice, and maize to soil and showed an increase in urease activity of 42.5–94.2%. Both biochar applied to soil also increased soil sucrase activity, this is because sucrose can be broken down by sucrase into glucose and fructose. Glucose and fructose are important carbon source for microorganisms, and the higher carbon to nitrogen ratio in soil is, the more enzyme substrate it can provide, thus increasing sucrase activity (Tang et al., 2022). Meanwhile, catalase, urease and sucrase activities were all significantly and positively correlated with the cumulative mineralization of soil organic carbon, and soil enzyme activity increased with the increase in cumulative mineralization of organic carbon.




5. Conclusion

In this study, we investigated the effects of OBC and OBC-Mg on soil organic carbon mineralization in citrus orchards by applying them to citrus orchard soils at different rate. The results showed that there was a significant difference between OBC and OBC-Mg on soil organic carbon mineralization, and OBC-Mg significantly increased soil organic carbon content with a significantly higher enhancement effect than OBC. 1% OBC-Mg reduced soil organic carbon mineralization and had good potential for soil carbon sequestration and reduction. Meanwhile, with the increase of cumulative soil organic carbon mineralization, OBC-Mg treatment more significantly increased the activities of soil catalase, urease and sucrase than OBC treatment. In conclusion, Mg-modified citrus peel biochar had better carbon sequestration effect on citrus orchard soil. We will continue our metagenomic measurements and conduct an in-depth mechanistic study on the application of Mg-modified citrus peel biochar to citrus soil.
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