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Abstract. This study used a potted experiment to apply biochar to black soil (BCS) and saline-alkali soil 

(BSAS) in Northeast China, with a dosage of 0 and 300 g biochar/pot applied, respectively. The original 

black soil (CS) and saline-alkali soil (SAS) were used as controls to investigate the effects of different 

particle sizes of soil aggregates on the activity of enzymes related to carbon, nitrogen, and phosphorus 

cycle. Compared with CS and SAS, the soil organic matter (SOM) values for biochar added into the black 

soil (BCS) and saline-alkali soil (BSAS) treatments were increased significantly by 41.86 % and 31.98 %. 

Compared with CS, BCS significantly increased the polyphenol oxidase and β-1,4-glucosidase activity. 

Polyphenol oxidation activity, endo-1,4-β-D-glucanohydrolase activity, β-1,4-glucosidase activity and 

xylanase activity are more active in particles with a diameter of >2 mm. The alkaline phase activity and 

Coenzyme activity with BCS treatment was highest in soil aggregates with sizes of 1~2 mm and >5 mm, 

respectively. Mantel test analysis shows a highly significant effects between SOM and total nitrogen 

content (TN) with soil nitrogen, phosphorus, and potassium cycling. Therefore, from the perspective of soil 

enzyme activities, application of biochar is more effective in promoting soil bio-fertility in northeastern 

soil of China. Biochar to the soil is more likely to promote the improvement of soil biological fertility. 
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Introduction 

The northeast region of China is a crucial grain production area in the country, known 

for its prime soil types that provide favorable growth conditions for major cereal crops. 

With abundant farmland resources and a favorable climate, the northeast region has 

become a significant contributor to grain production in China (He and Mao, 2023). Its 

significance lies in its role in ensuring national food security, promoting sustainable 

agricultural development, and fostering regional economic prosperity (Wu et al., 2016; 

Long et al., 2018). 

Biochar has the potential to be applied in various ways to improve agricultural soils 

(Baiamonte et al., 2019). In the specific context of protecting black soil and promoting 

green agricultural development in Northeast China, biochar can play a crucial role (Chen 

et al., 2019). It can help preserve and enhance the quality of black soil, promote 

sustainable agricultural practices, support the growth of organic farming, reduce the 

environmental impact of pesticides and fertilizers, and facilitate carbon sequestration to 

mitigate climate change (Wen and Liang, 2001). Biochar also shows promise in 

improving saline-alkali soils. Its highly porous structure and negatively charged surface 

allow it to adsorb and immobilize salts, thereby reducing soil salinity (Liang et al., 2021). 

Additionally, it can neutralize soil alkalinity by reducing the content of alkaline 

substances, leading to an improved soil pH balance (Zhao et al., 2020; Wang et al., 2022; 

Shi et al., 2022). Another advantage of biochar is its ability to retain water, which 
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enhances the retention capacity of the soil, reduces water evaporation, and minimizes 

leaching (He et al., 2020). Furthermore, biochar can adsorb and retain nutrients, providing 

essential plant nutrients and contributing to improved fertility in saline-alkali soils (Gong 

et al., 2021). Lastly, biochar creates a favorable habitat for microbial growth, increasing 

the quantity and diversity of soil microorganisms. These microorganisms play a crucial 

role in degrading harmful substances, improving soil structure, and supplying plant 

nutrients, thereby mitigating the adverse effects of saline-alkali soils (Shi et al., 2019). 

Soil enzymes play a crucial role in soil energy metabolism and the transformation of 

organic and inorganic substances (Rao et al., 2014). They are involved in various 

biochemical processes, including nutrient cycling (Burke et al., 2011), organic matter 

decomposition (Štursová and Baldrian, 2011), and pollutant degradation (Wołejko et al., 

2020). The activity level of soil enzymes serves as a significant indicator of soil biological 

characteristics and fertility status. Therefore, studying the response of soil enzyme 

activity to biochar can provide a better understanding of how biochar influences soil 

biological fertility mechanisms (Khadem and Raiesi, 2017). This knowledge can guide 

the application of biochar by selecting appropriate types, application rates, and methods 

to maximize soil fertility and improve soil quality (Awad et al., 2018). Additionally, it is 

crucial to investigate the application effects and suitability of biochar in protecting typical 

soils in Northeast China to ensure their sustainable use and healthy development. 

Soil aggregates are integral to the structure of soil and have a significant impact on the 

soil ecosystem (Tisdall, 2020). Understanding the relationship between soil aggregate 

size and enzyme activity is a crucial area of research. The characteristics of soil 

aggregates, such as pore structure and water-holding capacity, have a direct effect on the 

survival and activity of soil microorganisms, which includes enzyme-producing 

microorganisms (Kumar et al., 2017). Coarser soil aggregates typically have larger pores 

and lower water-holding capacity, allowing for better oxygen permeability and faster 

water drainage (Qiao et al., 2019). This creates favorable conditions for aerobic 

microorganisms and enzymes. On the other hand, finer soil aggregates have smaller pores 

and higher water-holding capacity, which provide suitable conditions for moisture-

dependent microbial populations and enzyme activity (Zhang et al., 2017). Therefore, the 

objective of this study is to investigate the impact of biochar on enzyme activity related 

to soil nutrient cycling at the scale of soil aggregates. The findings of this research will 

contribute to the theoretical foundations and provide data support for the effective 

utilization and enhancement of fertility in agricultural soils in Northeast China. 

Materials and Methods 

Site description 

This study was conducted in the pot experiment area of the Modern Agricultural 

Demonstration Park at Harbin University in Harbin (126°50' E, 45°50' N), Heilongjiang 

Province in 2022. The area of soil is black soil (Chernozem). The study site is classified 

as a typical temperate and monsoonal climate with a maximum potential rainfall of 

557 mm and mean annual temperature is ≥10 °C (Ding, 2023a). 

The sampling area for saline-alkali soil testing is located within the Sifang Mountain 

Farm in Zhaodong City, Heilongjiang Province (125° 45’ E, 46° 12’ N), with flat terrain 

and a single type of landform. The area of soil is carbonate meadow alkaline soil. The 

average annual temperature is 2.4 °C, the annual evaporation is 1662 mm, the average 

annual rainfall is 396 mm. According to the USDA soil taxonomy system, the soil was 
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predominantly loamy and saline-alkaline experimental, which is a soda saline soil 

dominated by sodium carbonate bicarbonate (Ding, 2023b). 

Tested materials 

Biochar is a stable, carbon-rich product made from agricultural waste biomass, such 

as crop straw and peanut shells, via pyrolysis under low temperature and anoxic 

conditions. The tested biochar was commercially supplied by Liao Ning Golden Future 

Agriculture Technology Co., Ltd. The biochar presented pH 8.69 and N:P2O5:K2O ratio 

equal to 8:11:15. 

Experimental design 

The experiment started on June 5 and ended on September 10, in 2022. Pot 

experiments were performed using polypropylene plastic pots with a height and diameter 

of 44 × 110 cm. Biochar and air-dried soil were well mixed and placed into the pot 

experiments. Four treatments were set as follows: (1) no biochar was added into the black 

soil (CS); (2) 40 g of biochar were added into 1 kg of black soil (BCS), i.e., 300 g 

biochar/pot; (3) no biochar was added into the saline-alkali soil (SAS); (4) 40 g of biochar 

were added into 1 kg saline-alkali soil (BSAS), i.e., 300 g biochar/pot. Each treatment is 

repeated three times, soil samples were collected on the 60th day of culture, a total of 12 

soil samples were collected (Ding, 2023a). 

Soil sampling 

All collected soil samples should be stored in sterilized plastic containers, labeled, and 

brought back to the laboratory for storage at 4°C. In the laboratory, a portion of the soil 

samples will be mixed and ground, sieved through a 2 mm sieve, and used to determine 

the physical and chemical properties as well as soil enzyme activity. The remaining soil 

samples will be air-dried and stored in a 4°C refrigerator for determining the soil 

aggregate content using the improved dry sieving method (Zhang et al., 2021; Ding et al., 

2021). The soil moisture content will be measured every 6 hours until the mass moisture 

content reaches approximately 10% to 15%. Once the soil reaches this moisture range, it 

will be sieved through an 8 mm sieve and placed into a nested set of sieves with aperture 

sizes of 5 mm, 2 mm, 1 mm, and 0.25 mm, from top to bottom. Each sieving process will 

involve 200 g of soil and will be conducted for 5 minutes. The aggregates of particle 

sizes > 5 mm, 5-2 mm, 2-1 mm, 1-0.25 mm, and < 0.25 mm will be obtained, and their 

respective masses will be measured. 

Soil chemical analysis 

Soil pH was determined in a 2.5:1 water/soil suspension using a pH meter. Soil 

exchange capacity (EC) was determined by the BaCl2 compulsive exchange method. The 

Walkley-Black titration method was carried out to determine the soil’s organic matter 

(SOM) content. The methods of concentrated H2SO4 digestion and Kjeldahl were used to 

determine the total nitrogen content (TN) of the soil samples (Abujabhah et al., 2016). 

Total phosphorus content (TP) of the soil samples was determined by HClO4 and H2SO4 

digestion molybdenum antimony anti-colorimetry (Pan et al., 2016). Total potassium 

content (TK) was determined by atomic absorption spectrophotometry (Guan, 1986). The 

soil’s available nitrogen (AN) was measured using the Alkali-diffusion method (Deng et 

al., 2016). Determination of the available phosphorus (AP) in soil was measured by using 
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NaHCO3 extraction- Mo-Sb Anti-colorimetry (Mehlich, 1984). Available potassium 

content (AK) was extracted with 1 mol·L−1 NH4OAc, and then determined by flame 

absorption spectroscopy (Bao, 2005). According to the manufacturer's instructions, the 

enzyme activities of 16 different enzymes will be determined using an enzyme-linked 

immunosorbent assay (ELISA) kit (manufactured by Jiangsu Enzyme Immunoassay Co., 

Ltd.), Including Polyphenol oxidase activity, Lignin peroxidase activity, Endo-1,4-β-D-

glucanohydrolase activity, Xylanase activity, β-1,4-glucosidase activity, Nitrogenase 

activity, Ammonia monooxygenase activity, Nitrite reductase activity, Nitrate reductase 

activity, Nirtric oxide reductase activity, Nitrous oxide reductase activity, N-acetyl-

glucosaminidase activity, Leucine aminopeptidase activity, Alkaline phosphatase 

activity, Fluorescein diacetate activity and Coenzyme activity (Shi et al., 2023). 

Statistical analysis 

We used R v. 3.1.2 (R Core Team, 2013) and SPSS version 16.0 for Windows (SPSS 

Inc., USA) to generate thermographs and Venn diagrams, and for one-way analysis of 

variance (ANOVA). Graphs were generated using Origin 2019. We adopted a 0.05 level 

of probability to test main effects and interactions. Pairwise comparison of means was 

tested via Tukey honestly significant difference (HSD) procedure, also at α = 0.05. 

Herein, “significant” is reserved to mean statistically significant; effect magnitudes are 

expressed with other descriptors. The geometric mean (GEA) of all enzyme activities in 

each soil sample was calculated as the comprehensive enzyme activity index of soil 

quality (García-Ruiz et al., 2008). 

Results 

Soil physical and chemical properties 

When biochar was applied, it resulted in changes in the physical and chemical 

properties of the soil (Table 1). The BCS treatment led to an increase in SOM, TN, TP, 

TK, AN, AP, AK, and EC (p < 0.05). Additionally, the SOM content in the BCS and 

BSAS treatments showed a significant increase of 41.86% and 31.98% respectively, when 

compared to the CS and SAS treatments (p < 0.05). While the AN, AP, and AK levels in 

the SAS treatment were significantly higher than in the CS treatment, these soil indicators 

showed a significant increase in the BCS treatment. 

Effect of biochar on soil carbon cycling related enzyme activity 

The enzyme activities related to carbon cycling in soil aggregates of different particle 

sizes under biochar treatments are shown in Figure 1. Compared to CS and SAS, both 

BCS and BSAS treatments have a notable enhancing effect on the Polyphenol oxidation 

activity of soil aggregates with <0.25 mm, 0.25~1 mm, 1~2 mm, and >5 mm. There was 

no significant difference in the Polyphenol oxidation activity between CS and BCS 

treatments in soil aggregates with a particle size of 2~5 mm. However, the application of 

biochar increased the Polyphenol oxidation activity in soil aggregates with all particle 

sizes in saline-alkali soil. In the particle size range of <0.25 mm, the β-1,4-glucosidase 

activity in BCS treatment decreased by 9.21% compared to CS. However, in the particle 

size range of 0.25~1 mm, both BCS and BSAS treatments showed a significant increase 

in β-1,4-glucosidase activity (p < 0.05) compared to CS and SAS treatments, with 

increases of 39.17% and 14.82%, respectively.  
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Table 1. Soil physical and chemical properties in different treatments (means ± S.D., n = 3) 

Index 
Sample plot 

CS BCS SAS BSAS 

pH 7.31±0.09 b 7.38± 0.11 b 9.80±0.44 a 9.61±0.08 a 

SOM 

(g·kg−1) 
21.14±1.51 c 50.49±1.08 a 12.63±0.58 b 33.25±1.04 b 

TN 

 (g·kg−1) 
0.41±0.08 b 6.12±0.57 a 3.44±0.10 c 4.64±0.70 b 

AN 

(mg·kg−1) 
95.23±5.12 b 111.96±4.20 a 48.64±5.88 d 70.44±8.81 c 

TP 

 (g·kg−1) 
0.41±0.08 b 0.53±0.09 a 0.36±0.01 c 0.51±0.07 a 

AP 

 (mg·kg−1) 
29.31±0.55 c 41.13±2.47 a 32.23±1.17 b 29.37±2.84 c 

TK 

 (g·kg−1) 
1.73±0.71 c 5.10±0.38 a 3.72±0.16 b 3.77±0.32 b 

AK 

(mg·kg−1) 
1733.23±12.82 d 3097.23±18.91 a 2631.55±13.92 c 2858.35±65.38 b 

EC 

(mS·cm−1) 
7.67±0.47 b 14.11±3.22 a 6.11±1.13 b 12.56±4.38 a 

Note: data represent the mean ± standard deviations. Analysis of variance (Duncan’s multiple comparison 

test) was used to test the significance of differences. The different lowercase letters represent significant 

differences (p < 0.05), the same below. pH, the soil pH value. TN, the total nitrogen content of the soil 

samples. TP, the total phosphorus content of the soil samples. AN, the available nitrogen of the soil 

samples. AP, the available phosphorus content of the soil samples. SOM, the soil’s organic matter 

content. EC, the exchange capacity in soils. The soil available phosphorus (AP) and TK, the total 

potassium content of the soil samples. AK, the available potassium content of the soil samples 

 

 

Figure 1. Effects of biochar on soil carbon cycling enzyme activities. Note: different letters 

above the bars indicate statistical differences among treatments in the same size, the horizontal 

line indicates the difference between two groups (p <0.05, n = 3), “*” indicates a significant 

interaction at the 0.05 level; “**” indicates a significant interaction at the 0.01 level; “***” 

indicates a significant interaction at the 0.001 level, the same below 
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Conversely, the BSAS treatment exhibited a decrease of 5.63%, 37.27%, and 6.11% 

in polyphenol oxidation activity in soil aggregates with particle sizes of 1~2 mm, 2~5 

mm, and >5 mm, respectively, when compared to SAS. Compared to CS and SAS 

treatments, both BCS and BSAS treatments significantly increased Lignin peroxidation 

activity with <0.25 mm, 0.25~1 mm, 1~2 mm, and >5 mm. In the 1~2 mm particle size, 

the activity of BCS treatment is higher than that of CS. The application of biochar (BCS) 

can increase Xylanase activity and Endo-1, 4-β-D-glucanohydrolase activity in soil 

aggregates across all particle sizes. As the soil particle size increases, the Xylanase 

activity gradually decreases when biochar (BSAS) is applied to saline-alkali soil. 

Effect of biochar on the activity of enzymes related to the soil nitrogen cycle 

Nitrate reductase, nitrite reductase, nitric oxide reductase, and nitrous oxide reductase 

are key enzymes that control soil denitrification processes. The enzyme activities related 

to nitrogen cycling in soil aggregates of different particle sizes under biochar treatments 

are shown in Figure 2. BCS and BSAS were significantly increased the activity of 

ammonia monooxygenase, nitrate reductase, nitrate oxide reductase, nitrate oxide 

reductase, N-acetyl-glucosaminidase, and leucine aminopeptidase in full particle size 

aggregates. There is no significant difference in Nitrogenase activity between SAS and 

BSAS treatments in saline-alkali soil. After applying biochar treatment to black soil, the 

enzyme activity related to nitrogen cycling in each soil was highest with a particle size 

of >5 mm. 

 

Figure 2. Effects of biochar on soil nitrogen cycling enzyme activities 

 

 

Effect of biochar on the activity of enzymes related to the soil phosphorus cycle 

As shown in Figure 3. Compared with CS, the application of biochar (BCS) in black 

soil significantly improved the Alkaline phosphatase activity, Fluorescein diacetate 

activity, and Coenzyme activity, and increased by 25.96%, 36.88%, and 24.25% in the 

1~2mm particle size range, respectively. Application of biochar (BSAS) in saline-alkali 

soil resulted in significantly higher Alkaline phosphatase activity and Coenzyme activity 

in particles with a diameter of <0.25 mm compared to SAS. BSAS treatment increased 
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Coenzyme activity by 13.16% compared to SAS treatment in particle sizes >5 mm. 

Overall, the Alkaline phase activity and Coenzyme activity with BCS treatment were the 

highest in particle sizes of 1-2 mm and >5 mm, respectively. 

 

Figure 3. Effects of biochar on the activities of alkaline phosphatase, Fluorescein diacetate 

activity and Coenzyme activity in soil 

 

 

Comprehensive index of soil enzyme activity in aggregates of each particle size under 

different treatments 

Compared with CS and SAS, BCS and BSAS treatments were significantly increased 

GMea in all particle size aggregates (Table 2). The enzyme activity of particles with a 

diameter of<0.25 mm and >5 mm in BCS treatment increased by 24.85% and 32.96% 

compared to CS treatment. The enzyme activity of particles with a diameter of<0.25 mm 

and >5 mm in BSAS treatment increased by 18.71% and 2.73% compared to SAS 

treatment. 

 
Table 2. Comprehensive index of enzyme activities of each treatment (means ± S.D., n = 3) 

Treatment 
Comprehensive index of enzyme activities 

CS BCS SAS BSAS 

<0.25 mm 904.72±11.25 c 1204.01±21.62 a 807.40±17.71 d 993.35±34.38 b 

0.25~1 mm 842.04±17.55 c 1241.43±28.42 a 799.11±11.05 d 950.68±27.72 b 

1~2 mm 904.24±10.04 b 1272.68±21.25 a 824.58±15.79 c 925.21±13.68 b 

2~5 mm 834.95±7.61 c 1205.75±36.66 a 922.55±14.14 b 924.68±24.11 b 

>5 mm 819.72±4.50 c 1222.86±35.61 a 911.28±10.71 b 936.91±13.34 b 

 

 

Mantel test analysis of soil enzyme activity with soil physicochemical properties 

As shown in Figure 4, SOM had highly significant effects on the soil carbon cycling 

and soil nitrogen cycling. EC, TP, TK and AK had significant effects on soil carbon 

cycling. SOM and TN had highly significant effects on soil phosphorous cycling and pH 

and AN were significant effects. EC, TN and AN on soil nitrogen cycling were significant 

effect, but pH and AK were not significant. 
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Figure 4. Mantel test analysis based on the relative activity of key enzymes of the soil nutrient 

cycling 

 

 

Discussion 

Biochar may contain a certain amount of nitrogen and phosphorus during its 

production process. When biochar is applied to the soil, these nutrients can be released 

into the soil through the decomposition and degradation of biochar. Microorganisms and 

other soil organisms break down biochar and release nitrogen and phosphorus in forms 

that are available for plant absorption. Biochar has a highly porous structure and a 

negatively charged surface, which enables it to adsorb nitrogen and phosphorus in the 

soil. These nutrients exist in the form of ions in the soil solution, and biochar, through ion 

exchange, adsorbs these nutrients on its surface, reducing nutrient loss and leaching. 

Biochar forms a stable carbon structure in the soil, which can protect organic matter and 

nutrients from microbial decomposition and leaching. Nitrogen and phosphorus are 

typically bound to organic matter, and the presence of biochar can prevent the loss of 

these nutrients along with organic matter. In this study, the application of biochar in 

saline-alkali soil reduced soil pH by 8.06% compared to the CS treatment. However, some 

studies have suggested that biochar may not effectively improve the pH of saline-alkali 

soil due to the leaching of alkaline metal ions and carbonates present in biochar. Research 

has found that the changes in pH of saline-alkali soil are influenced by the biochar 

feedstock and pyrolysis temperature. For example, Sun et al. (2016) found that when 

wheat straw biochar (pH=6.9), corn straw biochar (pH=8.0), and peanut shell biochar 

(pH=7.7) were added to coastal saline soil with high chloride content (pH=8.6), only the 

wheat straw biochar significantly increased the soil pH, while the other two did not cause 

significant changes in soil pH. Further studies have confirmed that as the pyrolysis 

temperature increases, the ash content of biochar increases, leading to stronger alkalinity. 

Biochar produced at lower temperatures (<500 °C) tends to be neutral or weakly alkaline, 

making it more suitable for the improvement of saline-alkali soils (Tang et al., 2020). 
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β-1,4-glucosidase is a common enzyme that plays an important role in soil carbon 

cycling. It belongs to the glycosidase family and is capable of hydrolyzing β-1,4-

glycosidic bonds, releasing glucose units from substrates. β-1,4-glucosidase is primarily 

found in various microorganisms (bacteria, fungi, etc.) as well as plant roots. β-1,4-

glucosidase is involved in the breakdown of soil organic matter. It can degrade complex 

organic compounds such as plant residues, roots, and lignin, breaking them down into 

soluble glucose and other simple sugar compounds. This enables the carbon in organic 

matter to be utilized by microorganisms, releasing it as carbon dioxide (CO2) and 

participating in soil carbon cycling. β-1,4-glucosidase hydrolyzes the glycosidic bonds in 

substrates, releasing glucose. This glucose can be utilized by microorganisms as an 

energy and carbon source, promoting microbial growth and metabolic activities, further 

facilitating carbon cycling in the soil. Soil aggregates, as the fundamental units of soil 

structure, serve as important sites for the cycling of carbon, nitrogen, phosphorus, and 

microbial activities. The specific microenvironments formed within soil aggregates have 

a significant influence on the distribution and activity of soil enzymes, consequently 

leading to variations in key nutrient transformation processes such as carbon, nitrogen, 

and phosphorus cycling (Parwada and Van Tol, 2019). This study indicates that β-1,4-

glucosidase activity is higher in aggregates with a particle size of <5 mm. This could be 

attributed to the application of straw and biochar, which reduce the proportion of organic 

carbon in the intermediate-sized particles and increase the proportion of organic carbon 

in large and small aggregates (Guo et al., 2020). As a result, β-1,4-glucosidase activity is 

enhanced. Xylanase plays a crucial role in soil carbon cycling. Xylan is one of the major 

polysaccharides present in plant cell walls, composed of complex structures of cellulose 

molecules (Blonska et al., 2020). Xylanase enzymes found in soil can break down xylan 

into smaller xylose and glucose monomers (Wang et al., 2021). The released glucose can 

be utilized by soil microorganisms as a carbon source, promoting microbial growth and 

activity (Trivedi et al., 2016). The activity of xylanase can influence the rate and processes 

of carbon transformation in soil. High activity of xylanase can accelerate the degradation 

of xylan, providing more available carbon sources for soil microorganisms. This is 

essential for organic matter decomposition and carbon cycling in soil, as it can impact the 

stability and persistence of organic carbon (Blonska et al., 2020). Xylanase shows its main 

activity in aggregates with particle sizes ranging from 0.25~2 mm in black soil types. 

However, in saline-alkali soil types, compared to the SAS treatment, the BSAS treatment 

significantly reduces the xylanase activity in aggregates with particle sizes ranging from 

0.25~5 mm. This indicates that the application of biochar in this experiment may 

significantly decrease certain soil enzyme activities related to soil carbon cycling 

processes (Laird et al., 2010). Polyphenol oxidase activity plays a role in promoting 

carbon transformation processes in the soil. It catalyzes the oxidation of polyphenolic 

compounds, converting them into higher molecular weight polymers (Sinsabaugh, 2010). 

This process alters the structure and properties of polyphenolic compounds, making them 

more resistant to degradation and stable in the soil (Toberman et al., 2008). Additionally, 

the activity of polyphenol oxidase can reduce the concentration of phenolic substances in 

the soil, thereby decreasing their toxicity to microorganisms. Furthermore, polyphenol 

oxidase is closely involved in interactions with other soil enzymes and microorganisms 

(Du et al., 2014). It can influence the growth and activity of soil microorganisms, thereby 

further regulating soil carbon cycling. The activity of polyphenol oxidase is also closely 

related to environmental factors such as SOM, pH, and temperature, which can affect the 

rate and efficacy of its catalytic reactions (Zheng et al., 2018). In this study, the addition 
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of biochar increased the activity of polyphenol oxidase in the total particle size fraction 

of both black soil and saline-alkali soil. The application of biochar has a significant impact 

on the activity of soil hydrolytic enzymes related to carbon cycling. While the addition of 

biochar can enhance enzyme activity by adsorbing reactive substrates that are utilized by 

soil microorganisms, biochar can also adsorb various molecules in the soil and inhibit the 

activity of certain enzymes or their substrate reactions by affecting the reaction sites 

(Houssou et al., 2022). Wang et al.'s study found that the activity of polyphenol oxidase 

is higher in large aggregate fractions, and its activity is negatively correlated with the 

degree of humification of soil organic matter (Wang et al., 2000). Some studies have 

suggested that fungi may be the primary contributors to polyphenol oxidase in the soil 

(Jastrow et al., 2007). Marhan et al. (2007) found that a significant proportion of fungi is 

present in large particle aggregates, indicating that fungi are more abundant in coarse 

particle fractions. This significantly enhances the activities of cellulase and polyphenol 

oxidase in this fraction, which may lead to a decrease in the efficiency of lignin 

conversion to quinones in the soil. On the other hand, Lignin peroxidase and 

Endoglucanase show different responses to biochar, which could be due to the alteration 

of carbon distribution in soil aggregates caused by the application of biochar (Zhang et 

al., 2017). 

Soil nitrogenase is the key enzyme involved in biological nitrogen fixation and is 

composed of a complex of iron protein and molybdenum-iron protein. Most 

microorganisms utilize the molybdenum-iron nitrogenase system for nitrogen fixation. 

Nitrogenase has the ability to reduce molecular nitrogen to ammonia, converting it into a 

nitrogen source for the synthesis of amino acids and proteins (Mikha and Rice, 2004). 

Research has found that high oxygen content in black soil can promote nitrogenase 

activity in the soil (Hao et al., 2021). In this study, the nitrogenase activity in >0.25 mm 

was significantly higher than in <0.25 mm. This could be attributed to the larger pore 

spaces and higher oxygen content in larger aggregates, which facilitate higher nitrogenase 

activity compared to smaller aggregates. In this study, the addition of biochar 

significantly increased the activity of nitrite reductase and nitrous oxide reductase in the 

1~2 mm aggregate fraction, as well as the activity of nitrate reductase in the >2 mm 

aggregate fraction and nitric oxide reductase in the <5 mm fraction. This indicates that 

the application of biochar has a significant impact on soil denitrification (Yang et al., 

2022). Nitrous oxide reductase is responsible for the conversion of N2O to N2 in the 

denitrification pathway, which is the final stage of soil denitrification. Therefore, 

increasing the activity of nitrous oxide reductase may contribute to limiting N2O 

emissions from the soil. The results suggest that biochar application can influence the 

activity of denitrification enzymes, potentially affecting the nitrogen cycle and reducing 

greenhouse gas emissions from agricultural soils. However, it is important to consider the 

specific conditions and context of each study, as the effects of biochar on soil processes 

can vary depending on factors such as biochar characteristics, soil type, and 

environmental conditions. N-acetyl-glucosaminidase and Leucine aminopeptidase both 

play important roles in soil nitrogen cycling, participating in organic matter 

decomposition, nitrogen transformation in the soil (Piotrowska-Długosz et al., 2022). N-

acetyl-glucosaminidase and Leucine aminopeptidase, both belonging to the nitrogen 

assimilation enzymes, exhibit completely different responses to biochar (Ma et al., 2021). 

This study shows that N-acetyl-glucosaminidase demonstrates higher activity in 

aggregates with a particle size >0.25 mm. This could be attributed to the differences in 

hydrolytic substrates between the two enzymes and the subsequent alteration in microbial 
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community strategies. In other words, smaller-sized aggregates are more suitable for 

microorganisms capable of producing N-acetyl-glucosaminidase, while aggregates with 

particle sizes 2~5 mm are more favorable for microorganisms producing Leucine 

aminopeptidase. According to the Michaelis-Menten theory, the activity of extracellular 

enzymes depends on the availability of substrates, thus the differences in substrate 

composition within different-sized aggregates may also contribute to these divergent 

responses (Chen et al., 2023). 

This study found that the application of biochar significantly increased alkaline 

phosphatase activity across all particle sizes. This is because although biochar does not 

contain high levels of phosphorus, it alters the soil microbial habitat, indirectly 

influencing enzyme activity. In this study, alkaline phosphatase exhibited higher activity 

in <2 mm, indicating that there is less available substrate for phosphatase utilization in 

medium-sized aggregates. Microorganisms need to produce more enzymes to compensate 

for this, suggesting that phosphorus effectiveness is higher in this particle size range. 

Fluorescein diacetate and Coenzyme are effective indicators for reflecting changes in soil 

microbial activity and are important metrics for assessing overall microbial activity in 

soil. Coenzyme activity shows higher activity in <2 mm, indicating an increasing trend 

in overall microbial activity from small to large aggregates. Although larger aggregates 

have larger pore sizes, allowing faster diffusion of water and nutrients, they are less stable 

compared to smaller aggregates and are more susceptible to external influences (Zhu et 

al., 2020). 

Compared with CS and SAS, BCS and BSAS treatments were significantly increased 

GMea in all particle size aggregates. This indicates that the nature of carbon inputs into 

the soil has a significant impact on enzyme activity, and the mechanisms that maintain 

enzyme activity in soil particles vary. Organic carbon in smaller particle sizes is typically 

composed of aromatic and lipid compounds with a higher degree of humification, which 

are less readily utilized by microorganisms (Rao et al., 2019). The higher enzyme activity 

observed in smaller particles may be attributed to enzyme protection through adsorption 

by biochar or complex formation with organic carbon, indicating potential enzyme 

activity. 

The content and quality of soil organic matter have a significant impact on soil enzyme 

activity. Higher organic matter content is often associated with a more abundant supply 

of carbon sources and nutrients, providing more substrates to support enzyme activity. 

Additionally, organic compounds within the organic matter can directly serve as 

substrates for enzymes, participating in the enzymatic reaction processes. The addition of 

biochar can affect the decomposition of organic matter and microbial activity in the soil, 

thereby influencing the cycling of phosphorus and nitrogen. Biochar can provide 

additional carbon sources, stimulating the decomposition and mineralization of organic 

matter, leading to the release of phosphorus and nitrogen. Moreover, the addition of 

biochar can enhance the growth environment of soil microorganisms, thereby increasing 

microbial activity and promoting the conversion and release of phosphorus and nitrogen 

(Asadyar et al., 2021). Although biochar can affect the adsorption and release of certain 

nutrients such as phosphorus, its impact on the availability of available potassium and 

nitrogen may not be significant (Barman et al., 2019). The availability of potassium is 

primarily influenced by soil minerals and cation exchange capacity, while nitrogen 

availability is influenced by various factors including microbial activity, organic matter 

decomposition, and the presence of nitrifying and denitrifying bacteria. Therefore, while 

biochar can influence soil properties and nutrient dynamics, its direct effects on nitrogen 
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cycling and available potassium content may not be as pronounced as other soil factors. 

When applying biochar, it is important to combine it with other soil management practices 

to optimize nutrient availability and overall soil health. 

Conclusions 

There are significant differences in the response of enzyme activities in different 

particle-size aggregates to biochar. Under the experimental conditions of this study, 

biochar significantly increased the activity of β-1,4-glucosidase in various particle-size 

aggregates of both black soil and saline-alkali soil. In the denitrification enzyme system, 

biochar significantly increased the activity of nitrite reductase, nitrate reductase, and 

nitrous oxide reductase in the >2 mm particle-size aggregates. Overall, biochar 

significantly increased the activity of enzymes in soil aggregates of various particle sizes 

in the tested soils. The soil nutrient cycling processes showed significant correlations with 

environmental factors such as SOM and TN. Therefore, considering the enzyme activity 

involved in carbon, nitrogen, and phosphorus nutrient cycling in typical black soil and 

saline-alkali soil in Northeast China, the application of biochar is beneficial for improving 

soil biological fertility. 

Acknowledgements. This study was supported by grants from the College Student Innovation and 

Entrepreneurship Training Program Project of Heilongjaing Privince, China (Grant No. 202310234017, 

S202310234078) and Natural Science Foundation of Heilongjiang Province, China (Grant No. 

LH2021D014). 

Conflict of interests. The authors confirms that this article content has no conflict of interests. 

REFERENCES 

[1] Abujabhah, I. S., Bound, S. A., Doyle, R., Bowman, J. P. (2016): Effects of biochar and 

compost amendments on soil physico-chemical properties and the total community within 

a temperate agricultural soil. – Applied Soil Ecology 98: 243-253. 

[2] Asadyar, L., Xu, C. Y., Wallace, H. M., Xu, Z., Reverchon, F., Bai, S. H. (2021): Soil-plant 

nitrogen isotope composition and nitrogen cycling after biochar applications. – 

Environmental Science and Pollution Research 28: 6684-6690. 

[3] Awad, Y. M., Lee, S. S., Kim, K. H., Ok, Y. S., Kuzyakov, Y. (2018): Carbon and nitrogen 

mineralization and enzyme activities in soil aggregate-size classes: Effects of biochar, 

oyster shells, and polymers. – Chemosphere 198: 40-48. 

[4] Baiamonte, G., Crescimanno, G., Parrino, F., De Pasquale, C. (2019): Effect of biochar on 

the physical and structural properties of a desert sandy soil. – Catena 175: 294-303. 

[5] Bao, S. D. (2005): Soil agrochemical analysis. – Beijing: China Agriculture Press. 

[6] Barman, R., Gupta, A., Kandpal, G. (2019): Combined Application of Biochar with 

Fertilizers Influence available Nitrogen, Phosphorus and Potassium Quantity in Soil. – 

International Journal of Current Microbiology and Applied Science 5: 1218-1224. 

[7] Blonska, E., Lasota, J., da Silva, G. R. V., Vanguelova, E., Ashwood, F., Tibbett, M., 

Lukac, M. (2020): Soil organic matter stabilization and carbon-cycling enzyme activity are 

affected by land management. – Annals of Forest Research 63: 71-86. 

[8] Burke, D. J., Weintraub, M. N., Hewins, C. R., Kalisz, S. (2011): Relationship between soil 

enzyme activities, nutrient cycling and soil fungal communities in a northern hardwood 

forest. – Soil Biology and Biochemistry 43: 795-803. 



Ding et al.: Effect of biochar on the activity of enzyme in the nutrient cycle of typical soil aggregates in northeast China 

- 3739 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(4):3727-3741. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2204_37273741 

© 2024, ALÖKI Kft., Budapest, Hungary 

[9] Chen, W., Meng, J., Han, X., Lan, Y., Zhang, W. (2019): Past, present, and future of 

biochar. – Biochar 1: 75-87. 

[10] Chen, P., Yuan, X. L., Li, L. Y., Li, J. Y., Zhang, R. Q., Li, Z. G., Liu, Y. (2023): 

Aggregational differentiation of soil-respired CO2 and its δ13C variation across land-use 

types. – Geoderma 432: 116384. 

[11] Deng, Z., Mo, Y. F., Ong, S. P. (2016): Computational studies of solid-state alkali 

conduction in rechargeable alkali-ion batteries. – NPG Asia Mater 8: e254. 

[12] Ding, J., Yu, S., Shi, C., Wang, H. (2021): Effects of land use types on soil physicochemical 

properties and aggregates stability in cold region wetland. – Chinese Journal of Ecology 

40: 3543-3551. 

[13] Ding, J. (2023a): Soil nitrogen transformation and functional microbial abundance in an 

agricultural soil amended with biochar. – Revista Brasileira de Ciência do Solo 47: 

e0220156. 

[14] Ding, J., Li, X. (2023b): Effects of straw returning and biochar on soil bacterial community 

diversity and co-occurrence network in paddy field. – Soil and Tillage Research 21: 5675-

5691. 

[15] Du, Y., Guo, P., Liu, J., Wang, C., Yang, N., Jiao, Z. (2014): Different types of nitrogen 

deposition show variable effects on the soil carbon cycle process of temperate forests. – 

Global Change Biology 20: 3222-3228. 

[16] García-Ruiz, R., Ochoa, V., Hinojosa, M. B., Carreira, J. A. (2008): Suitability of enzyme 

activities for the monitoring of soil quality improvement in organic agricultural systems. – 

Soil Biology and Biochemistry 40: 2137-2145. 

[17] Gong, H., Li, Y., Li, S. (2021): Effects of the interaction between biochar and nutrients on 

soil organic carbon sequestration in soda saline-alkali grassland: A review. – Global 

Ecology and Conservation 26: e01449. 

[18] Guan, S. (1986): Soil enzymes and their research method. – Higher Education Press: 

Beijing, China. 

[19] Guo, K., Zhao, Y., Liu, Y., Chen, J., Wu, Q., Ruan, Y., Qin, H. (2020): Pyrolysis 

temperature of biochar affects ecoenzymatic stoichiometry and microbial nutrient-use 

efficiency in a bamboo forest soil. – Geoderma 363: 114162. 

[20] Hao, D. C., Wang, L., Gao, W., Xie, H., Bao, X., Jia, Z., Wang, L. (2021): Disentangling 

effects of moisture/gas regimes on microbial community, network configuration and 

nitrogen turnover of black soil. – Eurasian Soil Science 54(Suppl 1): S42-S61. 

[21] He, K., He, G., Wang, C., Zhang, H., Xu, Y., Wang, S., Hu, R. (2020): Biochar amendment 

ameliorates soil properties and promotes Miscanthus growth in a coastal saline-alkali soil. 

– Applied Soil Ecology 155: 103674. 

[22] He, L., Mao, L. (2023): Change of soybean climatic suitability in Northeast China under 

climate change. – Chinese Journal of Eco-Agriculture 31: 690-698. 

[23] Houssou, A. A., Jeyakumar, P., Niazi, N. K., Van Zwieten, L., Li, X., Huang, L., Huang, 

Z. (2022): Biochar and soil properties limit the phytoavailability of lead and cadmium by 

Brassica chinensis L. in contaminated soils. – Biochar 4: 5. 

[24] Jastrow, J. D., Amonette, J. E., Bailey, V. L. (2007): Mechanisms controlling soil carbon 

turnover and their potential application for enhancing carbon sequestration. – Climatic 

Change 80: 5-23. 

[25] Khadem, A., Raiesi, F. (2017): Influence of biochar on potential enzyme activities in two 

calcareous soils of contrasting texture. – Geoderma 308: 149-158. 

[26] Kumar, A., Dorodnikov, M., Splettstößer, T., Kuzyakov, Y., Pausch, J. (2017): Effects of 

maize roots on aggregate stability and enzyme activities in soil. – Geoderma 306: 50-57. 

[27] Laird, D. A., Fleming, P., Davis, D. D., Horton, R., Wang, B., Karlen, D. L. (2010): Impact 

of biochar amendments on the quality of a typical Midwestern agricultural soil. – Geoderma 

158: 443-449. 



Ding et al.: Effect of biochar on the activity of enzyme in the nutrient cycle of typical soil aggregates in northeast China 

- 3740 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(4):3727-3741. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2204_37273741 

© 2024, ALÖKI Kft., Budapest, Hungary 

[28] Liang, J., Li, Y., Si, B., Wang, Y., Chen, X., Wang, X., Biswas, A. (2021): Optimizing 

biochar application to improve soil physical and hydraulic properties in saline-alkali soils. 

– Science of the Total Environment 771: 144802. 

[29] Long, H., Ge, D., Zhang, Y., Tu, S., Qu, Y., Ma, L. (2018): Changing man-land 

interrelations in China's farming area under urbanization and its implications for food 

security. – Journal of Environmental Management 209: 440-451. 

[30] Ma, H., Hu, H., Li, Y., Guo, Y., Ren, C., Zhao, F. (2021): Stability of soil aggregates at 

different altitudes in Qinling Mountains and its coupling relationship with soil enzyme 

activities. – Environment Science 42: 4510-4519. 

[31] Marhan, S., Kandeler, E., Scheu, S. (2007): Phospholipid fatty acid proiles and xylanase 

activity in particle size fractions of forest soil and casts of Lumbricus terrestris L. (Oli-

gochaeta, Lumbricidae). – Applied Soil Ecology 35: 412-422. 

[32] Mehlich, A. (1984): Mehlich 3 soil test extractant: a modification of Mehlich 2 extractant. 

– Communications in Soil Science and Plant Analysis 15: 1409-1416. 

[33] Mikha, M. M., Rice, C. W. (2004): Tillage and manure effects on soil and aggregate-

associated carbon and nitrogen. – Soil Science Society of America Journal 68: 809-816. 

[34] Pan, F., Li, Y., Chapman, S. J., Khan, S., Yao, H. (2016): Microbial utilization of rice straw 

and its derived biochar in a paddy soil. – Science of the Total Environment 559: 15-23. 

[35] Parwada, C., Van Tol, J. (2019): Effects of litter quality on macroaggregates reformation 

and soil stability in different soil horizons. – Environment, Development and Sustainability 

21: 1321-1339. 

[36] Piotrowska-Długosz, A., Długosz, J., Gryta, A., Frąc, M. (2022): Responses of N-cycling 

enzyme activities and functional diversity of soil microorganisms to soil depth, pedogenic 

processes and cultivated plants. – Agronomy 12: 264. 

[37] Qiao, L., Li, Y., Song, Y., Zhai, J., Wu, Y., Chen, W., Xue, S. (2019): Effects of vegetation 

restoration on the distribution of nutrients, glomalin-related soil protein, and enzyme 

activity in soil aggregates on the loess plateau, China. – Forests 10: 796. 

[38] R Core Team. (2013): R: a language and environment for statistical computing. – Vienna: 

R Foundation for Statistical Computing. Available at https://www.R-project.org/. 

[39] Rao, M., Scelza, R., Gianfreda, L. (2014): Soil enzymes. Enzymes in agricultural sciences. 

– Foster City: OMICS Group eBooks, pp. 10-43. 

[40] Rao, D. L. N., Aparna, K., Mohanty, S. R. (2019): Microbiology and biochemistry of soil 

organic matter, carbon sequestration and soil health. – Indian Journal of Fertilisers 15: 124-

138. 

[41] Shi, Y., Liu, X., Zhang, Q. (2019): Effects of combined biochar and organic fertilizer on 

nitrous oxide fluxes and the related nitrifier and denitrifier communities in a saline-alkali 

soil. – Science of the Total Environment 686: 199-211. 

[42] Shi, Y., Liu, X., Zhang, Q., Li, G., Wang, P. (2022): Biochar rather than organic fertilizer 

mitigated the global warming potential in a saline-alkali farmland. – Soil and Tillage 

Research 219: 105337. 

[43] Shi, Z., Deng, C., Luo, S., Wang, S., Gao, Q. (2023): Effects of straw and biochar on the 

activities of key enzymes in carbon, nitrogen and phosphorus cycle of aggregates in 

northeast black soil. – Chinese Journal of Soil Science 54: 1128-1136. 

[44] Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison, S. D., Crenshaw, 

C., Zeglin, L. H. (2008): Stoichiometry of soil enzyme activity at global scale. – Ecology 

letters 11: 1252-1264. 

[45] Sun, J., He, F., Shao, H., Zhang, Z., Xu, G. (2016): Effects of biochar application on Suaeda 

salsa growth and saline soil properties. – Environmental Earth Sciences 75: 1-6. 

[46] Štursová, M., Baldrian, P. (2011): Effects of soil properties and management on the activity 

of soil organic matter transforming enzymes and the quantification of soil-bound and free 

activity. – Plant and Soil 338: 99-110. 

https://www.r-project.org/


Ding et al.: Effect of biochar on the activity of enzyme in the nutrient cycle of typical soil aggregates in northeast China 

- 3741 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(4):3727-3741. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/2204_37273741 

© 2024, ALÖKI Kft., Budapest, Hungary 

[47] Tang, J., Zhang, S., Zhang, X., Chen, J., He, X., Zhang, Q. (2020): Effects of pyrolysis 

temperature on soil-plant-microbe responses to Solidago canadensis L.-derived biochar in 

coastal saline-alkali soil. – Science of the Total Environment 731: 138938. 

[48] Tisdall, J. M. (2020): Formation of soil aggregates and accumulation of soil organic matter. 

In Structure and organic matter storage in agricultural soils. – CRC Press, pp. 57-96. 

[49] Toberman, H., Evans, C. D., Freeman, C., Fenner, N., White, M., Emmett, B. A., Artz, R. 

R. (2008): Summer drought effects upon soil and litter extracellular phenol oxidase activity 

and soluble carbon release in an upland Calluna heathland. – Soil Biology and 

Biochemistry 40: 1519-1532. 

[50] Trivedi, P., Delgado-Baquerizo, M., Trivedi, C., Hu, H., Anderson, I. C., Jeffries, T. C., 

Singh, B. K. (2016): Microbial regulation of the soil carbon cycle: evidence from gene–

enzyme relationships. – The ISME Journal 10: 2593-2604. 

[51] Wang, J., Tang, F., Zhang, J., Su, J., Wang, T., Chen, E. (2000): Enzyme activities in 

fractions of microaggregates in brown earths with different fertility levels in Liaoning 

province. – Journal of Shenyang Agriculture University 31: 185-189. 

[52] Wang, C., Xue, L., Dong, Y., Jiao, R. (2021): Soil organic carbon fractions, C-cycling 

hydrolytic enzymes, and microbial carbon metabolism in Chinese fir plantations. – Science 

of the Total Environment 758: 143695. 

[53] Wang, S., Gao, P., Zhang, Q., Shi, Y., Guo, X., Lv, Q., Meng, Q. (2022): Application of 

biochar and organic fertilizer to saline‐alkali soil in the Yellow River Delta: Effects on soil 

water, salinity, nutrients, and maize yield. – Soil Use and Management 38: 1679-1692. 

[54] Wen, D., Liang, W. (2001): Soil fertility quality and agricultural sustainable development 

in the black soil region of northeast China. – Environment, Development and Sustainability 

3: 31-43. 

[55] Wołejko, E., Jabłońska-Trypuć, A., Wydro, U., Butarewicz, A., Łozowicka, B. (2020): Soil 

biological activity as an indicator of soil pollution with pesticides–a review. – Applied Soil 

Ecology 147: 103356. 

[56] Wu, J., Zhang, J., Wang, S., Kong, F. (2016): Assessment of food security in China: A new 

perspective based on production-consumption coordination. – Sustainability 8: 183. 

[57] Yang, X., Sun, Q., Yuan, J., Fu, S., Lan, Y., Jiang, X., Chen, W. (2022): Successive corn 

stover and biochar applications mitigate N2O emissions by altering soil physicochemical 

properties and N-cycling-related enzyme activities: A five-year field study in Northeast 

China. – Agriculture, Ecosystems & Environment 340: 108183. 

[58] Zhang, M., Cheng, G., Feng, H., Sun, B., Zhao, Y., Chen, H., Zhang, A. (2017): Effects of 

straw and biochar amendments on aggregate stability, soil organic carbon, and enzyme 

activities in the Loess Plateau, China. – Environmental Science and Pollution Research 24: 

10108-10120. 

[59] Zhang, H., Wang, S., Zhang, J., Tian, C., Luo, S. (2021): Biochar application enhances 

microbial interactions in mega-aggregates of farmland black soil. – Soil and Tillage 

Research 213: 105145. 

[60] Zhao, W., Zhou, Q., Tian, Z., Cui, Y., Liang, Y., Wang, H. (2020): Apply biochar to 

ameliorate soda saline-alkali land, improve soil function and increase corn nutrient 

availability in the Songnen Plain. – Science of the Total Environment 722: 137428. 

[61] Zheng, H., Liu, Y., Zhang, J., Chen, Y., Yang, L., Li, H., Wang, L. (2018): Factors 

influencing soil enzyme activity in China’s forest ecosystems. – Plant ecology 219: 31-44. 

[62] Zhu, M., Liu, X., Wang, J., Liu, Z., Zheng, J., Bian, R., Wang, G., Zhang, X. (2020): Effects 

of biochar application on soil microbial diversity in soil aggregates from paddy soil. – Acta 

Ecologica Sinica 40: 1505-1516. 

 

 

 


