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Abstract: The effect of biochar on soil structure and aggregate stability is controversial in the literature. To explore 15 

the effect of biochar on soil aggregates, a long-term field experiment (5 years) was conducted in the Brown Earth 16 

soil of Northeastern China involving three treatments: control (annual application of 120 kg N ha-1, 60 kg P2O5 ha-17 

1, and 60 kg K2O ha-1), biochar (control plus annual application of 2.625 t ha-1 maize stover biochar), and stover 18 

(control plus annual application of 7.5 t ha-1 maize stover). We determined the aggregate size distribution (>2000 19 

μm, 250-2000 μm, 53-250 μm, <53 μm), and organic carbon (OC) and organo-mineral complex contents both in 20 

the bulk soil and within the soil aggregates in the plow layer (0-20 cm). The biochar and stover applications 21 

decreased soil bulk and particle densities significantly (P<0.05), and increased soil total porosity. Both the 22 

amendments significantly (P<0.05) increased the total OC, heavy fraction OC and organo-mineral complex 23 

quantities in the bulk soil as well as in all the studied aggregate fractions. Biochar and stover applications promoted 24 

the formation of small macroaggregates. A greater amount of organic matter was contained in macroaggregates, 25 

leading to the formation of more organo-mineral complexes, and the soil aggregate stability thus improved. 26 

Compared to stover application, biochar had lower carbon input, but it had a stronger effect on the organo-mineral 27 

complexes in different soil aggregate fractions by a unit carbon applied. Therefore, biochar application proved 28 

more useful than stover in improving the soil structure in this study. 29 

 30 

Keywords: biochar, soil aggregates, organo-mineral complexes, soil structure, carbon sequestration 31 

 32 

1 Introduction 33 

Soil structure plays an important role in soil physical, chemical, and biological processes (Peng et al., 2015). Soil 34 

structure can influence plant growth and change the soil organic carbon (SOC) content; therefore, it is a key 35 

property affecting the soil fertility and quality (Peng et al., 2015). Soil aggregates are the basic units of soil structure, 36 
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and the composition and distribution of soil aggregates are important indicators of the soil structure (Baiamonte et 37 

al., 2019, Six et al., 2000). Soil aggregates may provide physical protection for SOC, which plays a binding agent 38 

role, and is a vital substance in the formation of aggregates.  39 

  40 

The organic carbon (OC) content in the soil is approximately 3.3 times than that in the air (Lal, 2004), and nearly 41 

90% of the SOC is situated in soil aggregates in the topsoil (Jastrow, 1996). Thus, stable aggregates protect SOC, 42 

and SOC serves as a binding agent in the formation of soil aggregates (Luna et al., 2016). Organic colloids can 43 

improve soil aggregation, and soil organo-mineral complexes are formed by organic colloids and mineral particles. 44 

Organo-mineral complexes can significantly enhance soil aggregates and retain soil fertility. Organo-mineral 45 

complexes can promote the ability of OC to resist decomposition by microorganisms, which allows it to stay in 46 

the soil for a long time (Weng et al., 2017). Accumulated OC can bind to the mineral fraction to form organo-47 

mineral complexes and then further polymerize to form soil aggregates (Jastrow, 1996). The soil organic matter 48 

stabilization occurs through several mechanisms, e.g., wrapping by mineral surfaces, embedding into layered 49 

mineral crystalline sheets, hydrophobic bonding, cation bridging, anion exchange, ligand exchange, coulombic 50 

attraction and van der Waals force (Bai et al., 2017, Sokol et al., 2019). But the binding capacity varies with 51 

different types of OM and minerals (Mikutta et al., 2007). Nevertheless, increasing soil organic matter and thus 52 

improving the formation of organo-mineral complexes and soil aggregates is a useful step for enhancing the soil 53 

quality (Zhang et al., 2015). 54 

 55 

The most popular practice of crop residue management in Northeast China is to burn them in the field. This practice 56 

produces large amounts of ash and smoke, which pollute the environment. An alternative environmental-friendly 57 

management approach can be turning crop straw into biochar and return the product to soils to improve the SOC 58 
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content. Biochar is the carbon-rich product of waste biomass pyrolysis performed in an oxygen-limited 59 

environment (Lehmann, 2011, Chen et al., 2019). Biochar can be used as a soil amendment to enhance carbon 60 

sequestration (Li et al., 2018) and reduce greenhouse gas emission (Lu et al., 2019). It has also been shown to 61 

reduce bioavailability of heavy metals (Yang et al., 2017; Xia et al., 2019) and organic contaminants (He et al., 62 

2018; Qin et al., 2018), and improve soil nutrient supply (Li et al., 2019), resulting in increased crop yields and 63 

quality (Nie et al., 2018). Biochar also increases the cation exchange capacity (CEC) (Wu et al., 2012) and pH 64 

(Chen et al., 2019) of soils, and improve soil enzymatic and microbial activities (Palansooriya et al., 2019), in 65 

turn promoting crop growth. Biochar as an amendment is known to enhance the soil structure by improving the 66 

aggregate stability (Wang et al., 2017). However, this is inconclusive as some reports suggested that biochar had 67 

no positive effect on soil aggregates (Borchard et al., 2014, Rahman et al., 2017). These contradictory results were 68 

attributed to different crop residue feedstocks, soil types and environments. Specially, the effects of maize stover 69 

and stover-derived biochar on different SOC fractions in differently sized soil aggregates remain largely unknown. 70 

 71 

The SOC content differs depending on aggregate size (Liu et al., 2014), and can be classified as light fraction 72 

organic carbon (LFOC) and heavy fraction organic carbon (HFOC) based on their density. The LFOC is free OC, 73 

an important component of labile OC, and is mainly derived from crop residues and decaying animal bodies 74 

(Christensen, 2010). The LFOC is not stored for long because it is easily degraded. The HFOC on the other hand 75 

exists in the form of organo-mineral complexes, which are not easily degraded, and are thus more stable than 76 

LFOC. The HFOC portion could account for up to 91% of total SOC (Kleber et al., 2015). It can therefore be 77 

assumed that different organic material inputs would have different effects on the formation of organo-mineral 78 

complexes in the field (Li and Wu, 2012).  79 

 80 
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Brown Earth (Gao et al., 2018) is the main soil type in the Liaoning province of China. This area is situated at one 81 

of the three gold maize (Zea mays L) belts of the world, and is the main grain-producing area in China (Yang et 82 

al., 2017). Historically, little organic amendments have been applied to the Brown Earth soil in this region. 83 

Although biochar as a soil amendment has many benefits, there was little information on the effect of biochar on 84 

soil structure in the Brown Earth region. How biochar affects the organo-mineral complexes in this soil was never 85 

studied before. Therefore, we designed a long-term field experiment (5 years) involving maize stover and stover-86 

derived biochar incorporation to assess the soil aggregates and organo-mineral complexes. The purpose of this 87 

research was to investigate the long-term effects of maize stover and its biochar on (1) soil bulk density (BD), 88 

particle density (PD) and soil total porosity (TP); (2) soil water-stable aggregates and their stability; (3) SOC and 89 

soil organo-mineral complexes; and (4) the SOC and organo-mineral complexes within differently sized aggregates. 90 

 91 

2 Materials and methods 92 

2.1 Experimental site. 93 

A 5-years long field experiment was conducted during May 2013 – October 2017 at Shenyang Agricultural 94 

University (41°49′N, 123°33′E). The site receives approximately 705 mm of annual precipitation. The average 95 

minimum and maximum temperatures were -25 and 35.3℃ during the experimental period. This region is situated 96 

in Northeast China, Liaoning Province. The experimental site has a semi-humid warm-temperature climate. The 97 

soil type in this region is Brown Earth, and the soil is classified as a Hapli-Udic Cambisol according to the Food 98 

and Agriculture Organization (FAO) classification system (An et al., 2015, Yang et al., 2017). The frost-free period 99 

is about 150 days, while the whole growth period is 130~150 days. The annual precipitation during the whole 100 

growth period is 547 mm, and the average temperature is 20.7 ℃ (Lan et al., 2015). The type of agriculture in the 101 

Liaoning Province is dry land rain-fed agriculture. The basic properties of the topsoil (0-20 cm) at the start of the 102 
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experiment are presented in Table 1. During the past five years, spring maize was continuously grown at this site 103 

with one harvest per year. The mineral NPK fertilizers applied annually contained urea (120 kg N ha-1), calcium 104 

superphosphate (60 kg P2O5 ha-1) and potassium sulfate (60 kg K2O ha-1). All fertilizers were applied once before 105 

sowing the seeds.  106 

 107 

2.2 Maize stover and biochar 108 

Maize stover was collected from the experimental field, and then chopped into sections with a length of 50~70 109 

mm. The maize stover biochar used in this experiment was produced by Jinhefu Agriculture Development 110 

Company, Liaoning, China. The biochar was produced in a vertical kiln at 350-550℃ temperature for 90 min. The 111 

properties of the maize stover and maize stover biochar are provided in Table 1. 112 

 113 

Table 1. Physico-chemical properties of the experimental soil and amendment materials 114 

 Topsoil (0-20 cm) Maize stover Biochar 

pH 7.4 7.8 9.2 

Bulk density (g cm-3) 1.31 / / 

Total C (g kg-1) 11.0 429.3 660.0 

Total N (g kg-1) 1.2 5.4 12.7 

Total P (g kg-1) 0.38 3.43 8.87 

Total K (g kg-1) 20.1 17.6 32.2 

Alkali-hydrolyzable N (mg kg-1) 84.5 / / 

Available P (mg kg-1) 15.9 / / 

Available K (mg kg-1) 158.7 / / 
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Ash content (%) / 3.78 15.57 

Surface area (m2 g-1) / 3.43 8.87 

Average pore size (nm) / 10.75 16.23 

Volatile matter (%) / 80.14 21.94 

 115 

2.3 Experimental design  116 

Three treatments were selected: control (only the application of mineral NPK fertilizers: 120 kg N ha-1, 60 kg P2O5 117 

ha-1, and 60 kg K2O ha-1), biochar (control plus annual application of 2.625 t.ha-1 maize stover biochar), and stover 118 

(control plus annual application of 7.5 t.ha-1 maize stover). On the carbon content basis, the applied amount of 119 

maize stover was almost equal to the stover biomass per year per hectare, and the biochar dosage was based on 120 

35% output ratio in the kiln after pyrolysis. Maize stover pieces and biochar powder (passed through 2 mm sieve) 121 

were applied annually before conducting rotary tillage of the plots. Spring maize was sown in May, and harvested 122 

at the end of September each year. The seeding rate was 60,000 plants per hectare. A randomized block design 123 

with three replicates was used in the field experiment, and each plot had an area of 3.6 m × 10 m. 124 

 125 

2.4 Soil sample preparation and analysis 126 

After five growing seasons, in October 2017, topsoil (0-20 cm) samples were collected. Undisturbed soil samples 127 

(0-20 cm) were used to analyze soil aggregates collected in each plot, and the undisturbed soils were collected by 128 

a profile method (first dug a profile, cut the undisturbed soil with a vertical depth of 20 cm, and then held in 129 

aluminum boxes). Sub-samples were collected from five randomly selected spots in each plot, and then mixed to 130 

make one composite sample. The undisturbed soils were taken to the laboratory and air dried during which visible 131 

stones and plant residues were removed. The soils then were passed through an 8-mm sieve. The wet-sieving 132 
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method was followed to assess the soil aggregate content (Elliott, 1986). Briefly, 50 g of air-dried soil was 133 

submerged in distilled water for 5 min on the top screen of the nested sieves. The sizes of the sieves were: 2000 134 

μm, 250 μm, and 53 μm. Four aggregate size fractions were acquired: large macroaggregates (>2000 μm), small 135 

macroaggregates (250-2000 μm), microaggregates (53-250 μm), and the silt and clay fraction (<53 μm). The sieves 136 

were moved up and down by approximately 3 cm for 15 min, with approximately 20 strokes min-1. The aggregate 137 

fractions remaining on each sieve were washed into aluminum boxes, oven dried at 60℃ for 48 h, weighed, and 138 

stored in plastic bags. The soil BD was determined by the soil core and cutting ring method (Luo et al., 2016). The 139 

liquid pycnometer method was used to analyze PD (Walia and Dick, 2018).  140 

The soil samples (0-20 cm) collected from five random spots in each plot were also subjected to physico-chemical 141 

analyses. The soil was air dried in the laboratory, and then passed through 2-mm and 1-mm sieves. Subsamples 142 

were also sieved through a 0.15-mm mesh to determine the SOC contents using an elemental analyzer (Elementar 143 

Macro Cube, Langenselbold, Germany). The soil organic fractions was determined using the relative density 144 

method (Fu et al., 1983). Briefly, 5 g of air-dried soil (<1 mm) was placed in a 100 ml centrifuge tube of known 145 

weight with 25 ml of sodium iodide aqueous solution (1.7 g.cm-3). After shaking the mixture for 1 h and 146 

centrifuging at 3000 rpm for 10 min, the supernatant with floating material was filtered, and washed with deionized 147 

water. The sodium iodide solution was collected for reuse. The process was repeated twice. The soil remaining in 148 

the centrifuge tube, which consisted of heavy fractions, was washed twice with deionized water, oven dried at 149 

40℃, weighed, and stored for further analysis. The SOC content in the heavy fraction was determined by an 150 

elemental analyzer as mentioned earlier.  151 

 152 

2.5 Calculation and statistical analysis 153 

The soil aggregate content was determined by using Eq. 1:  154 
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Ri=
Wi

50
                                                                                (Eq. 1) 155 

where, Ri stands for the soil aggregate fraction (%); Wi stands for the weight of each soil aggregate fraction (g). 156 

The stability of soil aggregates was traditionally assessed by calculating the mean weight diameter (MWD), 157 

geometric mean diameter (GMD), macroaggregate content (R>250 ), and fractal dimension (D). The formulae for 158 

these parameters are as follows (Eq. 2, 3, 4, 5): 159 

MWD=
∑ xiwi

n
i=1

∑ wi
n
i=1

                                                                      (Eq. 2) 160 

GMD=EXP [
∑ wi lnx̅i

n
i=1

∑ wi
n
i=1

]                                                                 (Eq. 3) 161 

R>250=
M>250

50
                                                                          (Eq. 4) 162 

M(r<xi)

20
= [

xi

xmax
]

3-D

                                                                       (Eq. 5) 163 

where, xi is the mean diameter of every soil aggregate size (mm), wi is the weight percentage of every soil 164 

aggregate size (%), and M>250 is the weight of the macroaggregates (g). 165 

Total porosity (TP) was calculated using Eq. 6: 166 

Total porosity= (1-
BD

PD
)×100%                                                            (Eq. 6) 167 

where, BD is the soil bulk density, and PD refers to soil particle density. 168 

The soil organo-mineral complex index was calculated using Eq. 7–10 according to Fu et al. (1978): 169 

QC=
HC×Hm

m
×100%                                                                     (Eq. 7) 170 

DC=
HC×Hm

SOC×m
×100%                                                                     (Eq. 8) 171 

QAC=MQ-SQ                                                                         (Eq. 9) 172 

DAC=
MQ-SQ

MC-SC
                                                                          (Eq. 10) 173 

where, HC is the heavy SOC (%), Hm is the content of the heavy fraction (g), m is the weight of the sample (g), 174 

QC refers to the quantity of organo-mineral complexes in the soil (%), DC is the degree of organo-mineral 175 

complexes (%), QAC refers to the quantity of additional complexes (%), DAC refers to the degree of additional 176 
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complexes (%), MQ represents the quantity of QCs under biochar and stover treatments (%), SQ represents the 177 

quantity of QCs under control (%), MC refers to the SOC under biochar and stover treatments (%), and SC refers 178 

to the SOC under control (%). 179 

The relative contribution of SOC within different aggregate fractions was calculated as follows (Eq. 11): 180 

Relative contribution=
SOC within aggregate×Aggregate content (%)

SOC
                                       (Eq. 11) 181 

All data gathered in this research are presented as the mean  standard deviation. We used one-way analysis of 182 

variance (ANOVA) to test the differences in soil parameters among the treatments. The least significant difference 183 

(LSD) method was used to test for differences among the treatments (p<0.05). 184 

 185 

3. Results 186 

3.1 Soil bulk density, particle density and total porosity 187 

Table 2 Effect of maize stover and its biochar on soil bulk density, particle density and total porosity 188 

Treatment BD (g.cm-3) PD (g.cm-3) TP (%) 

Control 1.31±0.01a 2.55±0.01a 48.63±0.41b 

Biochar 1.25±0.01b 2.48±0.01b 49.53±0.42b 

Stover 1.23±0.01b 2.49±0.01b 50.60±0.42a 

BD: bulk density; PD: particle density; TP: total porosity. Distinct lowercase letters indicate significant differences 189 

(p<0.05) among the treatments in each column. 190 

Maize stover biochar and maize stover returned to the soil both decreased the BD significantly (p<0.05) by 4.6 191 

and 6.1% lower respectively than that under control after the five-year experiment (Table 2). The PD also changed 192 

in these two ways: biochar and stover decreased the PD significantly (p<0.05) as compared to the control, but their 193 

effects were not significantly different among themselves (Table 2). Although biochar decreased the BD and PD, 194 
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the TP did not vary after the five-year experiment; conversely, stover returned increased the TP significantly after 195 

the experimental period (Table 2). 196 

 197 

3.2 Soil aggregates and their stability 198 

 199 

Figure 1. Effect of maize stover and its biochar on soil water-stable aggregates. Distinct lowercase letters indicate 200 

differences (p<0.05) among the treatments in one aggregate size class. 201 

 202 

Biochar and maize stover changed the water-stable aggregate size and soil aggregate stability (Figure 1 and Table 203 

3). The large macroaggregate (>2000 μm) fraction was not significantly different between biochar and stover 204 

returned treatments, but it was slightly lower under stover returned than under the control and biochar treatments. 205 

Compared to the control, biochar and stover enhanced the 250-2000 μm fraction by 14.91 and 55.69%, respectively. 206 
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However, the microaggregate fraction was the smallest under stover returned treatment, and not significantly 207 

different between control and biochar treatments. Finally, the silt and clay fractions (<53 μm) in the treatments 208 

followed the order: control > biochar = stover returned, indicating that biochar and stover returned to the soil both 209 

increased the large macroaggregates, and the effect of stover was stronger than that of biochar. 210 

 211 

Table 3. Effect of maize stover and its biochar on water-stable aggregate stability 212 

Treatment MWD (mm) GMD (mm) R>250μm (%) D 

Control 1.600.04b 0.430.04b 55.101.27c 2.470.04a 

Biochar 1.700.07a 0.560.04a 59.141.53b 2.400.03b 

Stover 1.660.02ab 0.590.01a 64.850.69a 2.300.01c 

MWD: mean weight diameter; GMD: geometric mean diameter; R>250μm: macroaggregate content; D: fractal 213 

dimension. Distinct lowercase letters indicate differences (p<0.05) among the treatments in one column. 214 

 215 

The MWD, GMD and R>250μm of soil aggregates are important indices of soil aggregate stability. The MWD was 216 

not significantly different among the treatments after the five-year experiment, and the values changed from 1.60 217 

to 1.70 mm (Table 3). The GMD in the treatments followed the order: stover returned = biochar > control 218 

treatments, and that under biochar and stover treatments was 23.91 and 37.72% higher than that under control, 219 

respectively, indicating that biochar and stover increased the soil aggregate stability. Biochar and stover returned 220 

treatments both increased the R>250μm values (macroaggregates), with the order of R>250μm values: stover returned > 221 

biochar > control, and the values under biochar and stover returned treatments were 7.98 and 22.52% higher than 222 

those under control (Table 3). The D values had a different trend from the other data, with an order of control > 223 

biochar > stover returned (Table 3). The order showed that organic input decreased the D value, and that stover 224 
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had a stronger effect on soil structure than biochar. 225 

 226 

3.3 Soil organic carbon, heavy fraction organic carbon and organo-mineral complexes 227 

Table 4. Effect of maize stover and its biochar on soil organic carbon (SOC) content, heavy fraction organic carbon 228 

(HFOC) content, quantity of organo-mineral complexes (QC), degree of organo-mineral complexes (DC), quantity 229 

of additional complexes (QAC) and degree of additional complexes (DAC) in the bulk soil.  230 

 231 

Treatment 

SOC 

(%) 

HFOC 

(%) 

QC 

(%) 

DC  

(%) 

QAC 

(%) 

DAC 

(%) 

Control 1.08±0.11c 0.91±0.12c 0.91±0.12c 84.54±1.15b -- -- 

Biochar 1.34±0.06b 1.09±0.16b 1.09±0.16b 81.30±1.21c 0.18±0.03b 67.91±6.24a 

Stover 1.45±0.12a 1.28±0.29a 1.28±0.29a 88.26±1.99a 0.37±0.03a 99.06±7.75b 

All data are shown as the mean  standard error (n=3). Different lowercase letters in the same column indicate 232 

significant differences (p<0.05). 233 

 234 

The SOC content was noticeably affected by biochar and maize stover applied as a soil amendment after five 235 

consecutive growing seasons. The SOC content increased by 24.21 and 34.49% under biochar and stover returned 236 

treatments, respectively (Table 4). The HFOC showed a trend similar to that of the SOC (stover returned > biochar > 237 

control), being 20.77 and 40.11% higher under biochar and stover returned than under control, respectively (Table 238 

4). Biochar and stover improved the QC by 19.45 and 40.42%, respectively (Table 4). The DC in the biochar 239 

treatment was the lowest, and that in the stover returned treatment was the highest. The QAC increased with 240 

increasing SOC concentration. The DAC had the same tendency as the QAC in the biochar and stover returned 241 
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treatments; the QAC under stover returned was approximately two times of that under biochar, and the DAC was 242 

significantly greater under stover than under biochar treatment (Table 4). 243 

 244 

3.4 SOC content and organo-mineral complexes within aggregate fractions 245 

 246 

Figure 2. Effect of maize stover and its biochar on organic carbon within soil aggregates. Distinct lowercase letters 247 

indicate differences (p<0.05) among the treatments in an aggregate size class. 248 

 249 

 250 
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 251 

Figure 3. Relative contributions of organic carbon in different aggregate fractions. The lowercase letters above 252 

columns indicate differences (p<0.05) among the treatments within each aggregate size class. 253 

 254 

The distribution of SOC in water-stable aggregates was significantly impacted by the biochar and stover returned 255 

treatments (Figure 2). Biochar and stover both significantly enhanced the SOC content in differently sized 256 

aggregates (p<0.05). The SOC within large macroaggregates (>2000 μm) increased by 21.22 and 35.68% in the 257 

biochar and stover returned treatments, respectively, and that within small macroaggregates by 49.19 and 45.13%, 258 

respectively. The microaggregate fraction had the lowest SOC content of all aggregate sizes, with a 10.82 and 259 

23.88% higher SOC under biochar and stover treatments than under control, respectively. The silt and clay fraction 260 

in the stover returned treatment had the highest SOC content, and the SOC concentration was improved by 64.99% 261 

compared to that under control. In contrast, the SOC concentration of this fraction under biochar improved by only 262 
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23.40% compared with that under control. 263 

In general, the SOC contribution in the large macroaggregate fraction followed the order: biochar = control > 264 

stover returned (Figure 3). For the small macroaggregates, the SOC contribution rate was the highest under stover 265 

returned, followed by control and biochar. For the microaggregate fraction, the SOC contribution rate followed 266 

the order: biochar > control > stover returned. Moreover, in the silt and clay fraction, the order was: biochar > 267 

stover = control. 268 

 269 

Table 5. Effect of maize stover and its biochar on heavy fraction organic carbon (HFOC) content, quantity of 270 

organo-mineral complexes (QC), degree of organo-mineral complexes (DC), quantity of additional complexes 271 

(QAC) and degree of additional complexes (DAC) in different aggregate size fractions. 272 

 273 

Aggregate 

size 

(μm) 

Treatment 

HFOC 

(%) 

QC 

(%) 

DC 

(%) 

QAC 

(%) 

DAC 

(%) 

>2000 

control 0.820.47c 0.820.05c 75.614.29a -- -- 

biochar 0.940.42b 0.940.04b 71.153.18a 0.150.04b 64.639.02a 

stover 1.030.53a 1.030.05a 69.813.58a 0.210.01a 52.993.04b 

250-2000 

control 0.870.32c 0.870.03c 78.082.86a -- -- 

biochar 1.010.30b 1.010.03b 60.731.83c 0.140.06b 25.462.16b 

stover 1.110.09a 1.110.01a 68.500.56b 0.240.04a 47.277.83a 

53-250 

control 0.810.09c 0.810.01c 83.860.95b -- -- 

biochar 0.920.19b 0.920.02b 86.771.83a 0.120.02b 113.657.59a 
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stover 1.010.15a 1.010.02a 84.491.29ab 0.200.02a 87.099.86b 

<53 

control 0.780.13c 0.780.01c 74.961.22a -- -- 

biochar 0.930.12b 0.930.01b 72.530.98a 0.150.01b 62.173.04b 

stover 1.030.12a 1.030.01a 60.100.72b 0.250.01a 37.250.39a 

 274 

The HFOC concentration in each aggregate fraction had the same tendency as the HFOC in the bulk soil. These 275 

data might be explained by the increased organic material input in the aggregates. The QC in different aggregate 276 

fractions had the same tendency as the HFOC. These results showed that biochar and stover addition both increased 277 

the QC in different aggregate fractions. The DC in the large macroaggregate fraction was not significantly different 278 

from that in other fractions, but the DC in the microaggregate fraction was the highest among all fractions. In each 279 

fraction, the QAC in the stover treatment was higher than that under biochar treatment. The change in DAC differed 280 

among fractions; in the small macroaggregate fraction, stover returned treatment had a higher DAC than biochar 281 

treatment, and in the other fractions, the DAC had a stronger effect under biochar than the stover treatment (Table 282 

5). 283 

 284 

Biochar and stover application had different applied carbon contents. Maize stover treatment applied about 3.24 t 285 

ha-1 carbon per year, whereas biochar treatment applied about 1.74 t ha-1 carbon per year. By calculating the ratio 286 

of QAC and DAC to the applied carbon content (Figure 4), we found that in all aggregate fractions, biochar 287 

treatment had a higher ratio of QAC/applied carbon content, and it was significant in macroaggregate fractions 288 

(P<0.05). Meanwhile, the ratio of DAC/applied carbon content was significantly higher than stover treatment in 289 

biochar treatment except the small macroaggregate fraction (P<0.05).  290 
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 292 

Figure 4. Ratio of QAC and DAC to carbon inputs within soil aggregates. 293 

 294 

4. Discussion 295 

4.1 Effect of maize stover and biochar on bulk density and total porosity 296 

Both maize stover and its biochar significantly decreased soil BD after the five-year field experiment (Table 2). 297 

The difference between the effects of biochar and maize stover incorporation was not significant. In previous 298 

studies, biochar used as a soil amendment (Li et al., 2018) and stover (Getahun et al., 2018, Xu et al., 2018) both 299 

decreased soil BD, and the results of our study corroborated with those reports. In this study, PD significantly 300 

decreased with biochar and stover inputs. However, there was no significant difference between the biochar and 301 

stover treatments. Soil porosity is important for crops because of its direct effect on soil aeration and root growth 302 

(Walia and Dick, 2018). Biochar addition enhanced soil porosity in some previous studies (Obia et al., 2016), and 303 
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biochar’s effect on soil TP mainly depended on the addition rate of biochar (Głąb et al., 2018). In this study, TP 304 

decreased significantly as the BD increased. The TP increased by 2.00 and 4.06% under the biochar and maize 305 

stover amendments, respectively.  306 

 307 

4.2 Effect of maize stover and biochar on soil aggregates and aggregate stability 308 

In recent years, biochar has become a popular soil amendment used to improve soil quality, enhance carbon 309 

sequestration, mitigate greenhouse gas emission, and increase crop production (Purakayastha et al., 2019). The 310 

effects of biochar on soil aggregates were variable. Biochar applied at a rate of 16 t ha-1 increased the soil 311 

macroaggregate content (Zhang et al., 2017). Applications of 4.5 and 9.0 t ha-1 per year enhanced the 312 

macroaggregate content, but the effect was limited compared to that of returning straw to the field (Du et al., 2016). 313 

Biochar had a different effect on different soil textures, and biochar had little effect on soil aggregate in coarse 314 

textured soils (Wang et al., 2017). Additionally, some research showed that biochar had no or a negative effect on 315 

soil aggregates and aggregate stability. In a one-year short-term experiment, biochar had a significant effect neither 316 

on the soil aggregate content nor aggregate stability (Zhang et al., 2015). A three-year field experiment revealed 317 

that biochar had no effect on the MWD in sandy and silty soils (Borchard et al., 2014). In this study, both biochar 318 

and maize stover significantly enhanced the small macroaggregate (250-2000 μm) content and macroaggregate 319 

(>250 μm) content relative to the control treatment (Table 3 and Figure 1), and no significant differences in large 320 

macroaggregates (>2000 μm) were observed. Moreover, biochar and stover incorporation both decreased the silt 321 

and clay fraction in this study. 322 

These results were similar to those of Du et al. (2016). Biochar serves as a binding agent in soil aggregate formation 323 

and enhances soil aggregate stability (Brodowski et al., 2005). Biochar has been proved to enhance soil organo-324 

mineral interactions via adsorption and/or ligand exchange reactions, and thus stabilize SOC (Weng et al., 2017).  325 
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 326 

Our results showed that soil aggregates could be better bound under stover application than under biochar 327 

application probably because stover could promote the formation of fungal hyphae and production of root exudates 328 

(Jastrow, 1996). Most of the OC from maize stover is bioavailable OC, which can be easily used by 329 

microorganisms (Huang et al., 2018). The formation of organo-mienral complexes in areas of high microbial 330 

density (i.e., the rhizosphere and other microbial hotspots) might occur through the microbial turnover pathway, 331 

and carbon might be biosynthesized with high microbial carbon-use efficiency before binding together with 332 

mineral to form complexes. But in the areas of low microbial density, direct sorption might be the main mechanism 333 

for the formation of organo-mineral complexes, and these two mechanisms are not mutually exclusive, but rather 334 

spatially dictated (Sokol et al., 2019).  335 

 336 

Biochar and maize stover also enhanced the soil aggregate stability, reflecting improved soil aggregates. Biochar 337 

amendment had a higher MWD, GMD, and R>250μm than control (Table 4), indicating that biochar could enhance 338 

soil structural stability. Stover also increased soil aggregate stability; however, the MWD and GMD did not differ 339 

significantly between the biochar and stover treatments. These results suggested that maize stover-derived biochar 340 

had an effect similar to that of stover on structural stability in the tested soil. Biochar significantly increased 341 

macroaggregates, but macroaggregates were more abundant in the stover treatment than in the biochar treatment 342 

in the present study, possibly because there was more inert carbon in biochar than in stover. Fractal dimension (D) 343 

is a proxy for soil particle size distribution (Tyler and Wheatcraft, 1992). Both biochar and stover decreased the D 344 

value in this study. The smaller the D value is, the more stable the soil aggregates are (Wu and Hong, 1999). The 345 

D value was significantly reduced by different biochar dosages, which might indicate that biochar could improve 346 

the resistance of soil aggregates to stress (Li et al., 2017). The D value is more appropriate than MWD and GMD 347 
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for evaluating soil aggregate stability (Zhou et al., 2007). Therefore, both biochar and stover decreased the D value 348 

and enhanced the soil aggregate stability. 349 

 350 

4.3 Effect of maize stover and its biochar on soil organic carbon, heavy fraction organic carbon and organo-351 

mineral complexes  352 

The SOC contents significantly increased with stover and biochar application in our study (Table 4). The highest 353 

SOC concentration was observed in the stover treatment during the current study because of the higher carbon 354 

input via the stover than its biochar. These results were similar to the results of previous studies (Huang et al., 355 

2018, Yang et al., 2017). Our results indicated that stover and biochar application both significantly enhanced SOC 356 

contents. However, in a straw-mulch study, rice straw had no significant effect on SOC during crop growth (Li et 357 

al., 2016). The SOC content did not change significantly under straw incorporation in the first two years, but after 358 

10 years, the SOC content increased significantly (Xu et al., 2011). This phenomenon was attributed to SOC being 359 

insensitive to short-term management, and the changes were slow, especially given the high background value of 360 

SOC (Xu et al., 2011). Therefore, the SOC content response to straw incorporation might differ depending on the 361 

type of straw, climate, soil type, geographical environment, tillage method and experimental duration.  362 

The differences in the HFOC content were the same as those in SOC among the treatments. The highest HFOC 363 

concentration was observed in the maize stover treatment (Table 4). HFOC refers to the SOC fraction consisting 364 

of organo-mineral complexes, accounting for approximately 50~90% of SOC (Whalen et al., 2000). HFOC is 365 

extremely important for the maintenance of soil fertility and carbon sequestration. In recent years, many studies 366 

have considered the effect of biochar on LFOC, finding that biochar can enhance LFOC and SOC (Yang et al., 367 

2017). However, little attention has been paid to HFOC. The HFOC content mainly consists of organo-mineral 368 

complexes, and the content is important for soil organo-mineral colloids (Weng et al., 2017). Due to the abundance 369 
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of oxygen-containing functional groups, biochar could interact with mineral surfaces (Fe-, Al-, Mn-oxides, and 370 

phyllosilicates) or with dissolved metal ions (such as Ca2+, Fe3+ and Al3+) to form organo-mineral complexes (Lin 371 

et al., 2012, Qayyum et al., 2012). In our study, biochar and maize stover application increased HFOC 372 

concentrations by 20.77 and 40.11%, respectively, compared to the control. 373 

Biochar application and stover treatment both increased the QC. The QC is an important quantitative index 374 

reflecting the organic matter and mineral particles in soils (Shi et al., 2002). Biochar increased the QC by 19.45%, 375 

and the stover treatment increased it by 40.42%. These results indicated that organic material inputs could enhance 376 

the QC, thereby promoting the formation of soil aggregates. However, the biochar treatment significantly 377 

decreased the DC, whereas the stover treatment increased the DC (p<0.05). These results were observed probably 378 

because biochar had refractory structure and poor accessibility to physically interact with the mineral matrix 379 

(Czimczik and Masiello, 2007). 380 

Biochar application decreased the DC by 3.83%, and stover application increased it by 4.40% compared to CK. 381 

Long-term application of inorganic fertilizer, organic manure, or both increased the QC of fluvo-aquic soil and 382 

arid red soil, and combined inorganic and organic manure increased the QC in paddy soil (Shi et al., 2002). Chi et 383 

al. (2014) reported that the heavy fraction and QC were increased under different long-term fertilization treatments, 384 

and the DC decreased in the same way. In the present study, maize stover and biochar both increased the SOC 385 

content, HFOC content and QC, and biochar decreased the DC, while stover increased it. These responses mainly 386 

depended on the composition of organic material inputs and became stronger with an increase in stover input (Gao 387 

et al., 2017). This study confirmed the previous results that increasing soil organic matter promoted the formation 388 

of organo-mineral complexes and clustered soil aggregates. 389 

 390 

4.4 SOC content and organo-mineral complexes within soil aggregate fractions 391 
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Soil macroaggregates and microaggregates affect the process of soil carbon sequestration (Six et al., 2004; Singh 392 

et al., 2019). SOC within soil aggregates has been regarded as a stable carbon sink in recent studies, and the 393 

formation and stability of aggregate are linked to soil C dynamics (Gao et al., 2017). On the one hand, soil 394 

aggregates provide physical protection to SOC against degradation, and then promotes soil C sequestration. The 395 

SOC could act as a binding agent in the formation of soil aggregates (Ghosh et al, 2018). In this study, almost all 396 

the size fractions in the stover retention treatment had higher OC concentrations than those in the biochar treatment 397 

because of more exogenous carbon input through the stover (Yang et al., 2017). Biochar and stover enhanced the 398 

relative carbon contributions in macroaggregates (>250 μm); in contrast, the relative contributions decreased in 399 

the <250 μm fractions, especially in the silt and clay fraction. These data further indicated that organic material 400 

input significantly increased carbon sequestration in macroaggregates, similar to a results reported by Du et al. 401 

(2016). Stable macroaggregates can protect SOC from degradation. This phenomenon indicated that biochar and 402 

stover amendments both increased the macroaggregate content, thus further promoted the stability of SOC. 403 

Macroaggregates could protect SOC from microbial degradation, and thus could contribute long-term storage of 404 

OC in soil (Grunwald et al, 2016). Therefore, biochar addition could stabilize SOC by macroaggregate formation, 405 

especially during the small macroaggregate formation process. 406 

The order of HFOC in the aggregate fractions was as follows: stover > biochar > control. These data might be 407 

explained by the increased organic material inputs through the amendments than the control treatment. Fang et al. 408 

(2018) reported that 72.9~85.9% of biochar carbon was distributed in the LFOC, and the same results were shown 409 

in several other studies (Dharmakeerthi et al., 2015, Nimisha et al., 2014). In the present study, biochar and stover 410 

treatments increased the small macroaggregates significantly. With the increase in OC in aggregates, the QC 411 

increased gradually, but the DC decreased. These results indicated that organic matter addition enhanced OC in 412 

the soil, in turn improving the QC and increasing the macroaggregate content. In the present study, biochar and 413 
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stover applications both increased the SOC and QC; ultimately, the macroaggregate content increased. The DC 414 

decreased. The QC increased in all aggregate fractions with organic material input, and stover retention had a more 415 

significant effect than biochar. However, biochar had a stronger effect on the DAC in the large macroaggregate, 416 

microaggregate, and silt and clay fractions than the stover treatment. A lower DC in macroaggregates could 417 

confirm that coarser OC was enclosed within the macroaggregates (Fu et al., 1983). In our study, the lower DC 418 

thus indicated that coarser OC was protected in the small macroaggregate fraction. 419 

To better elucidate the organo-mineral complexes in different aggregate fractions, we normalized the ratio of the 420 

QAC and DAC to OC inputs in different fractions (Figure 4). Because the QAC reflects the quantity of colloidal 421 

complexes, the DAC refers to the degree of colloidal complexes (Fu et al., 1983). Both the QC and DC were 422 

important for soil aggregates, and the ratios indicated that the relative contribution of stover retention affected the 423 

soil organo-mineral complexes, and thus had a remarkable effect on soil aggregates. Biochar had a higher ratio of 424 

large macroaggregates in the QAC to OC input. In the other fractions, the ratio did not differ between the biochar 425 

and stover treatments. However, the ratio of DAC to OC input exhibited a different trend, and almost all the 426 

fractions had higher values in biochar than stover treatment. Although stover returned more OC back to the soil 427 

than biochar did, the later formed a greater quantity of and more stable large macroaggregates in the soil. These 428 

results were consistent with those obtained in earlier studies in which biochar was shown to protect soil aggregates 429 

(Brodowski et al., 2005). Biochar particles can chemically interact with mineral phases (Brodowski et al., 2005) 430 

where the cation bridging effect may prove to be a key mechanism for the formation of biochar-mineral complexes 431 

(Glaser et al., 2000; Lin et al., 2012). Thus, biochar played a stronger role than stover in binding minerals to form 432 

organo-mineral complexes in the present study. 433 

 434 

5. Conclusions 435 
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The results of this long-term field study (five years) showed that maize stover and its biochar application had 436 

significant effects on the soil structure. Maize stover and its biochar increased the soil macroaggregate content, 437 

soil aggregate stability, and soil TP, but decreased soil BD and PD. The addition of biochar and maize stover 438 

resulted in an increased MWD, GMD, macroaggregate content, and a decreased D value. Both maize stover and 439 

its biochar increased the HFOC and SOC after the five-year experiment. Biochar and stover increased the QC, and 440 

enhanced the soil aggregate stability, but the DC was not affected by the SOC in the bulk soil. Biochar and stover 441 

both increased the OC in each aggregate fraction, and in the macroaggregate fraction, the relative contribution of 442 

SOC increased, indicating a positive role of biochar and stover in the process of soil aggregate formation. In this 443 

study, maize stover and equivalent stover-derived biochar both increased the SOC, soil aggregate stability, and 444 

organo-mineral complexes in different aggregate fractions, but due to higher OC input, maize stover had a stronger 445 

effect on soil aggregates and organo-mineral complexes. However, considering the amount of carbon input, biochar 446 

had a stronger effect on the QAC and DAC in different soil aggregate fractions. The present study suggests that 447 

maize stover and stover-derived biochar both improve soil aggregates and aggregate stability, and biochar 448 

application was a useful way to improve the soil structure.  449 

 450 

Acknowledgements 451 

This study was financially supported by the National Key Research and Development Project (No. 452 

2017YFD0200800), the Earmarked Fund for Modern Agroindustry Technology Research System (No. CARS-01-453 

46), the Innovative Talents Promotion Plan of Ministry of Science and Technology (No. 2017RA2211), the Project 454 

of Promoting Talents in Liaoning Province, China (XLYC1802094). 455 

 456 

References 457 



27 

An T., Schaeffer S., Li S., Fu S., Pei J., Li H., Zhuang J., Radosevich M., Wang J., 2015. Carbon fluxes from plants 458 

to soil and dynamics of microbial immobilization under plastic film mulching and fertilizer application using 459 

13C pulse-labeling. Soil Biol. and Biochem. 80, 53-61. 460 

Bai Y., Xue W., Yan Y., Zuo W., Shan Y., Feng K., 2017. The challenge of improving coastal mudflat soil: formation 461 

and stability of organo-mineral complexes. Land Degrad. Dev. 29(4). 462 

Baiamonte G., Crescimanno G., Parrino F., De Pasquale C., 2019. Effect of biochar on the physical and structural 463 

properties of a sandy soil. Catena. 175, 294-303. 464 

Borchard N., Siemens J., Ladd B., Möller A., Amelung W., 2014. Application of biochars to sandy and silty soil 465 

failed to increase maize yield under common agricultural practice. Soil Till. Res. 144, 184-194. 466 

Brodowski S., Amelung W., Haumaier L., Abetz C., Zech W., 2005. Morphological and chemical properties of 467 

black carbon in physical soil fractions as revealed by scanning electron microscopy and energy-dispersive X-468 

ray spectroscopy. Geoderma. 128(1-2), 116-129. 469 

Chen W., Meng J., Han X., Lan Y., Zhang W., 2019. Past, present, and future of biochar. Biochar. 10.1007/s42773-470 

019-00008-3,  471 

Chi F., Cai S., Kuang E., Zhang J., Zhou B., 2014. Effect of long-term fertilization on the organo-mineral 472 

complexation and the combined forms of humus of black soil. J. Northeast Agri. University. 45(8), 20-26. 473 

Christensen B.T., 2010. Physical fractionation of soil and structural and functional complexity in organic matter 474 

turnover. Eur. J. Soil Sci. 52(3), 345-353. 475 

Czimczik C.I., Masiello C.A., 2007. Controls on black carbon storage in soils. Glob. Biogeochemical Cycles. 476 

21(3). 477 

Dharmakeerthi R.S., Hanley K., Whitman T., Woolf D., Lehmann J., 2015. Organic carbon dynamics in soils with 478 

pyrogenic organic matter that received plant residue additions over seven years. Soil Biol. and Biochem. 88, 479 



28 

268-274. 480 

Du Z., Zhao J., Wang Y., Zhang Q., 2016. Biochar addition drives soil aggregation and carbon sequestration in 481 

aggregate fractions from an intensive agricultural system. J. Soils Sediments 17(3), 581-589. 482 

Elliott E.T., 1986. Aggregate Structure and Carbon, Nitrogen, and Phosphorus in Native and Cultivated Soils. Soil 483 

Sci. Soc. Am. J. 50(3), 627-633. 484 

Fang Y., Singh B.P., Luo Y., Boersma M., Zwieten L.V., 2018. Biochar carbon dynamics in physically separated 485 

fractions and microbial use efficiency in contrasting soils under temperate pastures. Soil Biol. Biochem. 399-486 

409. 487 

Fu J., Zhang J., Yi H., 1983. The properties of colloidal complexes of paddy soils in Taihu lake Region. Acta 488 

Pedologica Sinica. 20(2), 112-128. 489 

Gao L., Becker E., Liang G., Houssou A.A., Wu H., Wu X., Cai D., DegréA., 2017. Effect of different tillage 490 

systems on aggregate structure and inner distribution of organic carbon. Geoderma. 288, 97-104. 491 

Gao M., Jiang T., Han X., Yang J., 2018. Effects of applying biochar-based fertilizer and biochar on organic 492 

carbon fractions and contents of brown soil. Scientia Agricultura Sinica. 51(11), 2126-2135. 493 

Gao X., Sun Y., Zhao X., Sui B., Wang H., Zhao L., 2017. Effects of adding corn straw on heavy fraction organic 494 

matter and organic-mineral complex of chernozem. Journal of Agro-Environment Science. 36(9), 18292-1835. 495 

Getahun G.T., Kätterer T., Munkholm L.J., Parvage M.M., Keller T., Rychel K., Kirchmann H., 2018. Short-term 496 

effects of loosening and incorporation of straw slurry into the upper subsoil on soil physical properties and 497 

crop yield. Soil Till. Res. 184, 62-67. 498 

Ghosh B.N., Meena V.S., Singh R.J., Alam N.M., Patra S., Bhattacharyya R., Sharma N.K., Dadhwal K.S., Mishra 499 

P.K., 2018. Effects of fertilization on soil aggregation, carbon distribution and carbon management index 500 

of maize-wheat rotation in the north-western Indian Himalayas. Ecol. Indic. 501 



29 

10.1016/j.ecolind.2018.02.050,  502 

Głąb T., Żabiński A., Sadowska U., Gondek K., Kopeć M., Mierzwa–Hersztek M., Tabor S., 2018. Effects of co-503 

composted maize, sewage sludge, and biochar mixtures on hydrological and physical qualities of sandy soil. 504 

Geoderma. 315, 27-35. 505 

Glaser B., Balashov E., Haumaier L., Guggenberger G., Zech W., 2000. Black carbon in density fractions of 506 

anthropogenic soils of the Brazilian Amazon region. Org. Geochem. (31), 669-678. 507 

Grunwald D., Kaiser M., Ludwig B., 2016. Effect of biochar and organic fertilizers on C mineralization and macro-508 

aggregate dynamics under different incubation temperatures. Soil and Tillage Research. 164, 11-17. 509 

He L., Fan S., Müller K., Wang H., Che L., Xu S., Song Z., Yuan G., Rinklebe J., Tsang D.C.W., Ok Y.S., Bolan 510 

N., 2018. Comparative analysis biochar and compost-induced degradation of di-(2-ethylhexyl) phthalate in 511 

soils. Sci. Total Environ. 625:987-993. 512 

Huang R., Tian D., Liu J., Lv S., He X., Gao M., 2018. Responses of soil carbon pool and soil aggregates associated 513 

organic carbon to straw and straw-derived biochar addition in a dryland cropping mesocosm system. Agr. 514 

Ecosyst. Environ. 265, 576-586. 515 

Jastrow J.D., 1996. Soil aggregate formatin and the accrual of particulate and mineral-associated organic matter. 516 

Soil Bio. Biochem. 28(4-5), 665-676. 517 

Kleber M., Eusterhues K., Keiluweit M., Mikutta C., Mikutta R., Nico P.S., 2015. Mineral–Organic Associations: 518 

Formation, Properties, and Relevance in Soil Environments. 130, 1-140. 519 

Lal R., 2004. Soil carbon sequestration impacts on global climate change and food security. Science. 304(5677), 520 

1623-1627. 521 

Lan Y., Meng J., Yang X., Jiang L., Liu Z., Liu S., Chen W., 2015. Effects of different straw incorporation ways 522 

on N2O emission and soil physicochemical properties of brown soil. Chinese Journal of Ecology. 34(3), 790-523 



30 

796. 524 

Lehmann J., Rillig M.C., Thies J., Masiello C.A., Hockaday W.C., Crowley D., 2011. Biochar effects on soil biota 525 

– A review. Soil Bio. Biochem. 43(9), 1812-1836. 526 

Li C., Xiong Y., Qu Z., Xu X., Huang Q., Huang G., 2018. Impact of biochar addition on soil properties and water-527 

fertilizer productivity of tomato in semi-arid region of Inner Mongolia, China. Geoderma. 331, 100-108. 528 

Li J., Wu J., 2012. Effect of different organic materials on specific surface area and charge property of black soil 529 

colloid. Chinese Journal of Eco-Agriculture. 20(7), 850-854. 530 

Li Q., Jin Z., Chen X., Jing Y., Huang Q., Zhang J., 2017. Effects of biochar on aggregate characteristics of upland 531 

red soil in subtropical China. Environ. Earth Sci. 76(10) 532 

Li S., Zhang S., Pu Y., Li T., Xu X., Jia Y., Deng O., Gong G., 2016. Dynamics of soil labile organic carbon 533 

fractions and C-cycle enzyme activities under straw mulch in Chengdu Plain. Soil Till. Res. 155, 289-297. 534 

Li Z., Song Z., Singh B.P., Wang H., 2019. The impact of crop residue biochars on silicon and nutrient cycles in 535 

croplands. Sci. Total Environ. 659, 673-680. 536 

Lin Y., Munroe P., Joseph S., Kimber S., Van Zwieten L., 2012. Nanoscale organo-mineral reactions of biochars 537 

in ferrosol: an investigation using microscopy. Plant.Soil. 357(1-2), 369-380. 538 

Liu Z., X. Chen, Y. Jing, Q. Li, J. Zhang, Q. Huang, 2014. Effects of biochar amendment on rapeseed and sweet 539 

potato yields and water stable aggregate in upland red soil. Catena. 123, 45-51. 540 

Lu X., Li Y., Wang H., Singh B.P., Hu S., Luo Y., Li J., Xiao Y., Cai X., Li Y., 2019. Responses of soil greenhouse 541 

gas emissions to different application rates of biochar in a subtropical Chinese chestnut plantation. Agric. For. 542 

Meteorol. 271, 168-179. 543 

Luna L., Miralles I., Andrenelli M.C., Gispert M., Pellegrini S., Vignozzi N., Solé-Benet A., 2016. Restoration 544 

techniques affect soil organic carbon, glomalin and aggregate stability in degraded soils of a semiarid 545 



31 

Mediterranean region. Catena. 143, 256-264. 546 

Luo X., Wang L., Liu G., Wang X., Wang Z., Zheng H., 2016. Effects of biochar on carbon mineralization of 547 

coastal wetland soils in the Yellow River Delta, China. Ecol. Eng. 94, 329-336. 548 

Mikutta R., Mikutta C., Kalbitz K., Scheel T., Kaiser K., Jahn R., 2007. Biodegradation of forest floor organic 549 

matter bound to minerals via different binding mechanisms. Geochim. Cosmochim. Ac. 71(10), 2569-2590. 550 

Nie C., Yang X., Niazi N.K., Xu X., Wen Y., Rinklebe J., Ok Y.S., Xu S., Wang, H., 2018. Impact of sugarcane 551 

bagasse-derived biochar on heavy metal availability and microbial activity: A field study. Chemosphere 200, 552 

274-282. 553 

Nimisha S., Samuel A., Bernardo M., Bird J.A., Torn M.S., Schmidt M.W.I., 2014. Transformation and 554 

stabilization of pyrogenic organic matter in a temperate forest field experiment. Global Change Biol. 20(5), 555 

1629-1642. 556 

Obia A., Mulder J., Martinsen V., Cornelissen G., Børresen T., 2016. In situ effects of biochar on aggregation, 557 

water retention and porosity in light-textured tropical soils. Soil. Till. Res. 155, 35-44. 558 

Palansooriya K.N., Wong J.T.F., Hashimoto Y., Huang L., Rinklebe J., Chang S.X., Bolan N., Wang H., Ok 559 

Y.S., 2019. Response of microbial communities to biochar-amended soils: a critical review. Biochar. 560 

10.1007/s42773-019-00009-2, 561 

Peng X., Horn R., Hallett P., 2015. Soil structure and its functions in ecosystems: Phase matter & scale matter. 562 

Soil. Till. Res. 146, 1-3. 563 

Purakayastha, T.J., Bera, T., Bhaduri, D., Sarkar, B., Mandal, S., Wade, P., Kumari, S., Biswas, S., Menon, M., 564 

Pathak, H., Tsang, D.C.W., 2019. A review on biochar modulated soil condition improvements and nutrient 565 

dynamics concerning crop yields: Pathways to climate change mitigation and global food security. 566 

Chemosphere 227, 345-365. 567 



32 

Qayyum M.F., Steffens D., Reisenauer H.P., Schubert S., 2012. Kinetics of carbon mineralization of biochars 568 

compared with wheat straw in three soils. J Environ Qual. 41(4), 1210-1220. 569 

Qin P., Wang H., Yang X., He L., Müller K., Shaheen S.M., Xu S., Rinklebe J., Tsang D.C.W., Ok Y.S., Bolan N., 570 

Song Z., Che L., Xu X., 2018. Bamboo- and pig-derived biochars reduce leaching losses of dibutyl phthalate, 571 

cadmium, and lead from co-contaminated soils. Chemosphere 198: 450-459. 572 

Rahman M., Zhu Q., Zhang Z., Zhou H., Peng X., 2017. The roles of organic amendments and microbial 573 

community in the improvement of soil structure of a Vertisol. Appl. Soil Ecol. 111, 84-93. 574 

Shi J., Zhang F., Lin B., 2002. Effects of long-term fertilization on organo-mineral complex status in soils. Plant 575 

Nutr. Fert. Sci. 8(2), 131-136. 576 

Singh, M., Sarkar, B., Bolan, N.S., Ok, Y.S., Churchman, G.J., 2019. Decomposition of soil organic matter as 577 

affected by clay types, pedogenic oxides and plant residue addition rates. Journal of Hazardous Materials 374, 578 

11-19. 579 

Six J., Elliott E.T., Paustian K., 2000. Soil macroaggregate turnover and microaggregate formation: a mechanism 580 

for C sequestration under no-tillage agriculture. Soil Bio. Biochem. 32(14), 2099-2103. 581 

Six J., Bossuyt H., Degryze S., Denef K., 2004. A history of research on the link between (micro) aggregates, soil 582 

biota, and soil organic matter dynamics. Soil. Till. Res. 1(79), 7-31. 583 

Sokol N.W., Sanderman J., Bradford M.A., 2019. Pathways of mineral-associated soil organic matter formation: 584 

Integrating the role of plant carbon source, chemistry, and point of entry. Glob Chang Biol. 25(1), 12-24. 585 

Tyler S.W., Wheatcraft S.W., 1992. Fractal Scaling of Soil Particle-Size Distributions: Analysis and Limitations. 586 

Soil Sci. Soc. A. J. 56(2), 362-369. 587 

Walia M.K., Dick W.A., 2018. Selected soil physical properties and aggregate-associated carbon and nitrogen as 588 

influenced by gypsum, crop residue, and glucose. Geoderma. 320, 67-73. 589 



33 

Wang D., Fonte S.J., Parikh S.J., Six J., Scow K.M., 2017. Biochar additions can enhance soil structure and the 590 

physical stabilization of C in aggregates. Geoderma. 303, 110-117. 591 

Weng Z., Van Zwieten L., Singh B.P., Tavakkoli E., Joseph S., Macdonald L.M., Rose T.J., Rose M.T., Kimber 592 

S.W.L., Morris S., Cozzolino D., Araujo J.R., Archanjo B.S., Cowie A., 2017. Biochar built soil carbon over 593 

a decade by stabilizing rhizodeposits. Nat. Clim. Change. 7(5), 371-376. 594 

Whalen J.K., Bottomley P.J., Myrold D.D., 2000. Carbon and nitrogen mineralization from light- and heavy-595 

fraction additions to soil. Soil Bio. Biochem. 32(10), 1345-1352. 596 

Wu C., Hong W., 1999. Study on fractal features of soil aggregate structure under different management patterns. 597 

Acta Pedologica Sinica. 36(2), 162-167. 598 

Wu W., Yang M., Feng Q., Mcgrouther K., Wang H., Lu H., Chen Y., 2012. Chemical characterization of rice 599 

straw-derived biochar for soil amendment. Biomass. Bioenerg. 47, 268-276.  600 

Xia S., Song Z., Jeyakumar P., Shaheen S.M., Rinklebe J., Ok Y.S., Bolan N., Wang H., 2019. A critical review on 601 

bioremediation technologies for Cr (VI)-contaminated soils and wastewater. Crit. Rev. Environ. Sci. Technol., 602 

49, 1027-1078. 603 

Xu M., Lou Y., Sun X., Wang W., Baniyamuddin M., Zhao K., 2011. Soil organic carbon active fractions as early 604 

indicators for total carbon change under straw incorporation. Biol. Fert. Soils. 47(7), 745-752. 605 

Xu X., Pang D., Chen J., Luo Y., Zheng M., Yin Y., Li Y., Li Y., Wang Z., 2018. Straw return accompany with low 606 

nitrogen moderately promoted deep root. Field Crops Res. 221, 71-80. 607 

Yang X., Meng J., Lan Y., Chen W., Yang T., Yuan J., Liu S., Han J., 2017. Effects of maize stover and its biochar 608 

on soil CO 2 emissions and labile organic carbon fractions in Northeast China. Agr. Ecosyst. Environ. 240, 609 

24-31. 610 

Yang X., Lu K., Mcgrouther K., Che L., Hu G., Wang Q., Liu X., Shen L., Huang H., Ye Z., 2017a. Bioavailability 611 



34 

of Cd and Zn in soils treated with biochars derived from tobacco stalk and dead pigs. J. Soils Sediments. 17, 612 

751-762. 613 

Zhang M., Cheng G., Feng H., Sun B., Zhao Y., Chen H., Chen J., Dyck M., Wang X., Zhang J., Zhang A., 2017. 614 

Effects of straw and biochar amendments on aggregate stability, soil organic carbon, and enzyme activities in 615 

the Loess Plateau, China. Environ Sci Pollut Res Int. 24(11), 10108-10120. 616 

Zhang Q., Du Z., Lou Y., He X., 2015. A one-year short-term biochar application improved carbon accumulation 617 

in large macroaggregate fractions. Catena. 127, 26-31. 618 

Zhang T., Wang T., Liu K., Wang L., Wang K., Zhou Y., 2015. Effects of different amendments for the reclamation 619 

of coastal saline soil on soil nutrient dynamics and electrical conductivity responses. Agr. Water Manage. 159, 620 

115-122. 621 

Zhou H, Lv Y, Yang Z, Li B, 2007. Effects of conservation tillage on soil aggregates in Huabei plain, China. 622 

Scientia Agricultura sinica. 40(9), 1973-1979. 623 


