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22 Abstract

23 Soil aggregates play an important function in soil carbon sequestration because larger 

24 aggregates have higher soil organic carbon contents. A field experiment was set up in 

25 2009 that included four treatments, i.e., B0, B30, B60, and B90 representing biochar 

26 application rates of 0, 30, 60, and 90 t ha−1, respectively. In 2017, we investigated the 

27 soil aggregate distribution, biochar and n-SOC contents in soil and different aggregate 

28 sizes using the ignition method, as well as the contribution of wheat and maize 

29 residues to n-SOC content in each aggregate by isotopic analysis. The results showed 

30 that, relative to B0, the n-SOC content presented an 14.0% decrease in B30, compared 

31 with an 18.8% and 8.2% increase in B60 and B90 (p<0.05), respectively. 

32 Furthermore, the decreased n-SOC content in B30 was due to the decreased 

33 proportions of < 53 μm and 1000-250 μm aggregates. The increased n-SOC content in 

34 B60 was due to the significantly enhanced proportion of 2000-1000 μm and 1000-250 

35 μm aggregates because the n-SOC contents of these two aggregates size classes were 

36 not changed by biochar. However, in B90, the increased n-SOC content was ascribed 

37 to the enhanced proportions of 2000-1000 μm and < 53 μm aggregates, although the 

38 n-SOC content in 2000-1000 μm aggregate was significantly decreased by biochar. 

39 Further analysis showed that the decreased n-SOC content in 2000-1000 μm 

40 aggregates was associated with decreased wheat-derived n-SOC content. In synthesis, 

mailto:lgtong@cau.edu.cn
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41 our study showed a long-term effect of biochar on the n-SOC content by mainly 

42 changing soil aggregation and native organic carbon derived from wheat residue, and 

43 this effect was dependent on the applied amount. The biochar rate of 60 t ha-1 is 

44 recommended for carbon sequestration in terms of the more pronounced negative 

45 priming of native SOC, while the feasible combination between other biochars and 

46 soils needs further clarification.

47 Key words: long-term field experiment, biochar rates, aggregate distribution, native 

48 SOC, wheat-maize cropping system.
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49 1. Introduction

50 Biochar is made by the pyrolysis of organic materials such as agricultural and forestry 

51 residues under low oxygen or anaerobic conditions (Lehmann and Joseph, 2015). Due 

52 to the richness of aromatic carbon, biochar is recalcitrant and therefore has 

53 considerable potential for increasing soil carbon sequestration (Lehmann et al., 2006; 

54 Smith, 2016). Studies have reported that biochar can significantly increase the total 

55 soil organic carbon content (including biochar itself) after its application to soils in 

56 several agroecosystems (Krull et al., 2006; Novak et al., 2009; Van Zwieten et al., 

57 2010; Wang et al., 2018). In addition, biochar has been reported to alter soil 

58 physico-chemical properties in terms of increased soil pH (Jeffery et al., 2011; Wang 

59 et al., 2018), enhanced soil moisture (Abel et al., 2013; Sun et al., 2013; Hardie et al., 

60 2014; Sun et al., 2015), and the increased microbiological activities (Lehmann et al., 

61 2011; Duan et al., 2017; Senbayram et al., 2019). However, more and more recent 

62 evidence has shown that biochar has a strong interaction with native soil organic 

63 carbon (n-SOC) (Herath et al., 2014; Lu et al., 2014; Singh and Cowie, 2014; Tian et 

64 al., 2016; Weng et al., 2017; Dong et al., 2018). For instance, it was found that 

65 biochar suppressed the decomposition of n-SOC within 1 year (Lu et al., 2014; Herath 

66 et al., 2014) while other studies reported that biochar stimulated the decomposition of 

67 n-SOC after 3.5-5 years application (Singh and Cowie, 2014; Dong et al., 2018). With 

68 respect to potential mechanisms, Zimmerman et al. (2011) proposed that at the early 

69 stage (first 90 d) of biochar application, the decomposition of labile-C in biochar was 
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70 stimulated due to cometabolism with soil organic carbon, whereas later, biochar 

71 suppressed n-SOC mineralization due to n-SOC sorption to biochar based on a 

72 one-year incubation trial. However, results from the incubation experiments may not 

73 be representative of field condition in terms of the input of residues, variations in 

74 moisture and temperature, and other management options that determine the soil 

75 carbon turnover. For instance, there were stochastic variations in temperatures and 

76 soil wetting-drying cycles in a field environment (Fierer and Schimel, 2002). In 

77 addition, there are complex interactions among roots, semi-decomposed plant residues 

78 and the applied fresh straw (Duong et al., 2009; Nguyen et al., 2016). A certain 

79 amount of biochar may be lost due to run-off and leaching in the field (Koide et al., 

80 2011; Dong et al., 2018), which in turn may affect the total soil organic carbon by 

81 potentially changing interactions with n-SOC. In addition, although the potential 

82 impact of biochar on agricultural ecosystems has been thoroughly investigated for 

83 many years (Lehmann et al., 2006), most of the current reported results on n-SOC are 

84 still limited to a relatively short-term period, and, to date, there is limited evidence on 

85 the effect of biochar on n-SOC content more than 5 years after its application. This, to 

86 a certain extent, hinders the understanding of how biochar affects soil carbon 

87 sequestration potential or soil fertility over the long term. Weng et al., (2017) 

88 conducted a more than 9-year field study on a rhodic ferralsol of subtropical grass 

89 land with 10 t ha-1 biochar and found that biochar decreased n-SOC degradation 

90 through accelerating the formation of micro-aggregates having a protection effect on 
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91 n-SOC. However, the long-term effect of biochar on n-SOC content in other soil types 

92 and in other regions remains unknown. In addition, the applied amounts of biochar 

93 largely ranged from less than 10 t ha-1 to more than 100 t ha-1 (Chan et al., 2008; 

94 Herath et al., 2014; Sun et al., 2015; Dong et al., 2018; Baiamonte et al., 2019), and it 

95 is still unclear about the response of n-SOC content to the applied biochar amounts 

96 over the long term.

97 Soil aggregates play a central role in soil carbon and nutrient turnover. The 

98 formation and stability of soil aggregates are affected by many factors, such as plant 

99 roots, microorganisms, and soil organic matter content, and their interactions (Six et 

100 al. 2006). For instance, SOC is an important cementitious substance that enhances the 

101 agglomeration of soil particles and promotes the formation of aggregate structures 

102 (Six et al., 2006). Larger soil aggregates have higher soil organic carbon contents 

103 (Gupta and Germida, 1988). Simultaneously, agglomeration can protect the internal 

104 organic carbon from the decomposition of microorganisms and can increase the 

105 stability of soil organic carbon. Therefore, there is a close relationship between soil 

106 aggregates and organic carbon. Previous studies have shown the effect of biochar 

107 application on the formation and stability of soil aggregates (Sun and Lu, 2014; 

108 Blanco-Canqui et al., 2017; Weng et al., 2017; Zhang et al., 2017; Baiamonte et al., 

109 2019). For instance, Sun and Lu (2014) found that 6% rice husk biochar application 

110 not only significantly increased the proportion of macro-aggregates (2000-5000 μm 

111 and 250-500 μm) in a clayey soil, but also reduced the micro-aggregates proportion (< 
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112 250 μm). A similar observation was reported for a Mollisol in Northeast China 

113 (Zhang et al., 2019). Zhang et al. (2017) reported that biochar application at a rate of 

114 16 t ha-1 increased the proportion of soil macro-aggregates (> 2000 μm) on the Loess 

115 Plateau of China, while no biochar application effect was observed at a rate of 8 t ha-1, 

116 indicating dependence on the amount of biochar applied. In addition, it has been 

117 indicated that biochar can increase wet aggregate stability more in sandy than in silty 

118 clay and clayey soils (Ouyang et al., 2013; Burrell et al., 2016). A long-term field trial  

119 showed biochar aging due to physical, chemical, and biological effects on biochar, 

120 which may in turn influence the effects of biochar on soil quality, such as carbon 

121 sequestration (Blanco-Canqui, 2017). In addition, the considerable loss of biochar in a 

122 field trial of North China Plain (Dong et al., 2016) highlights the need for assessing 

123 the long-term biochar effects on soil aggregation and soil carbon sequestration, as 

124 well as the underlying mechanisms in terms of the contributors to n-SOC in each 

125 aggregate size. The long-term biochar as well as the biochar amount effect on soil 

126 aggregation and n-SOC content in different aggregate size classes is still unknown 

127 and needs clarification, this would facilitate the understanding on how the use of 

128 biochar influence n-SOC at a scale of aggregates.

129 Based on a field experiment established on the North China Plain in 2009, we 

130 assessed the interaction between biochar and n-SOC in different aggregate size 

131 classes at various biochar rates (0, 30, 60, and 90 t ha-1) 8 years after application. The 



8

132 aim of this study was to investigate: under field conditions, (1) the total n-SOC 

133 content change 8 years after application of different rates of biochar, (2) change in 

134 soil aggregates size distribution and n-SOC content of each aggregates at different 

135 rates of biochar, and their contribution to total n-SOC content, and (3) the difference 

136 between contributions of wheat residue and maize residue to n-SOC content of each 

137 aggregate at different rates of biochar, and the association with changed n-SOC 

138 content. We hypothesized that biochar may change both soil aggregates size 

139 distribution and n-SOC content of aggregates with certain size class, and this scenario 

140 should depend on the applied biochar rates.
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142 2.  Materials and methods

143 2.1. Experimental site conditions and design

144 This experimental field was located at the Shangzhuang Experimental Station of 

145 China Agricultural University, Beijing, China (40°08′21′′N, 116°10′52′′E) (Liang et 

146 al., 2014). The field site has a typical continental monsoon climate, with an average 

147 annual air temperature of 11.6°C and an average annual precipitation of 400 mm. The 

148 highest and lowest air temperatures occur in July and January, respectively. Annual 

149 rainfall mainly occurs from July to August. The soil at the experimental field site is 

150 classified as a Fluvisol according to the FAO system. The soil particle distribution 

151 was measured following the method of Stemmer et al. (1998). Total organic carbon 

152 (TOC) and total nitrogen (TN) were analyzed using an elemental analyzer (vario EL 

153 III, CHNOS Elemental Analyzer, Elementar, Germany). Prior to the TOC and TN 

154 measurement, carbonates of all aggregates and biochar were removed by 

155 potentiometric titration (Loeppert and Suarez, 1996). In the soil-biochar mixtures, 

156 TOC represents n-SOC content plus the biochar C content. Soil pH was determined 

157 based on a soil-to-water ratio of 1:5 (w/v); the same ratio was used for electrical 

158 conductivity (EC) measurement (Fang et al., 2014). Cation exchange capacity (CEC) 

159 was measured by flame photometry (Rhoades, 1986). The soil bulk density was 

160 measured using a core (5 cm diameter × 5 cm length). The soil had SOC of 4.32 g 

161 kg-1, TN of 0.62 g kg-1, pH of 8.02, EC of 0.19 mS cm-1, and CEC of 10.00 cmol(+) 
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162 kg-1.

163 The field experiment was established in June 2009. Four treatments with three 

164 replicate plots for each treatment were set up following a completely random design. 

165 Each plot measured 11 m × 10 m (110 m2). The four treatments consisted of biochar 

166 application rates of 0, 30, 60, and 90 t ha−1, abbreviated as B0, B30, B60, and B90, 

167 respectively. The applied biochar rates refer to the results of our previous incubation 

168 up to 60 t ha-1 and the study of Chan et al., (2008). The biochar used was from a 

169 mixture of rice husks (70%) and cotton seed hulls (30%) used for mushroom 

170 production via a slow pyrolysis of 400°C for 4 h in a sealed oven. The conversion 

171 efficiency of the pyrolysis was approximately 35%. As a commercial 

172 biochar-producing system, the pyrolysis conditions between each oven were almost 

173 the same. The analytical procedures for most biochar properties, i.e., organic C, TN, 

174 pH, EC, and CEC, were the same as those used for the soil properties. The biochar 

175 surface area was analyzed following the Brunauer–Emmett–Teller (BET) method 

176 (Dai et al., 2013). The ash content was measured by heating biochar at 550°C in a 

177 muffle furnace for 4 h. More than 90% of the biochar particles were within the 0.5-5.0 

178 mm range. In addition, the biochar had an SOC of 491.30 g kg-1, TN of 12.20 g kg-1, 

179 pH of 10.64, EC of 1.02 mS cm-1, CEC of 12.51 cmol(+) kg-1, and surface area of 

180 15.68 m2 g-1.

181 At the experimental field site, all the treatments followed the traditional 

182 cultivation mode of winter wheat-summer maize rotation in the North China Plain, in 
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183 which the winter wheat was planted in October and harvested in June, and the 

184 summer maize was planted in June and harvested in October. Prior to the experiment, 

185 the wheat and maize straw residues were removed from the field after harvest. The 

186 field management during the experiment was identical for all the treatments. Briefly, 

187 winter wheat was flood-irrigated annually in early December and in the middle of the 

188 following May at a rate of 900 m3 ha−1 each time, and summer maize did not receive 

189 irrigation during the growing season. The different amount of biochar was applied 

190 once to the field at the beginning of the experiment. Briefly, the biochar was evenly 

191 spread by hand on the surface of the plots and then mixed well with the 0-20 cm soil 

192 layer using a rotary cultivator. The 0-20 cm soil layer was tilled after harvesting 

193 summer maize in early October. Both maize and wheat were fertilized once at sowing, 

194 i.e., 112.5 kg N ha−1, 112.5 kg P2O5 ha−1, and 112.5 kg K2O ha−1. The fertilizer was a 

195 compound fertilizer that included 15% N, P2O5, and K2O. The crop residue was 

196 mechanically chopped after harvest and then returned to the field site. The chopped 

197 wheat straw was 2-3 cm in length and was mulched on the soil surface from June to 

198 October, and the chopped maize straw was 1-2 cm in length, and was plowed into the 

199 0-20 cm soil layer.

200 The soil sampling was conducted before the wheat harvest in June 2017. Soil 

201 was collected from all three plots of each treatment by randomly selecting 5 sites, the 

202 0-20 cm soil layer in each plot was sampled and the soil samples were pooled together, 

203 resulting in approximately 2 kg for each plot. After 2 weeks of air-drying, visible 
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204 stones, plant roots, and soil fauna were manually removed, and all the samples were 

205 sieved through a 2 mm mesh for the various measurements mentioned below.

206 2.2 Soil water-stable aggregates, contents of biochar carbon and n-SOC in 

207 aggregates

208 The wet-sieving procedure proposed by Elliott (1986) was followed to separate soil 

209 water-stable aggregates. The sample in each plot of one treatment was used to 

210 separate the aggregates into four size classes, i.e., 2000-1000 μm, 1000-250 μm, 

211 250-53 μm, and < 53 μm.

212 To measure the organic carbon content of pure biochar, the pure biochar (> 0.5 

213 mm) from the B30, B60, and B90 treatments was picked out by hand until no visible 

214 biochar particles in the soil samples (Koide et al., 2011). Then, biochar particles were 

215 suspended in distilled water at a ratio of 1:10 (w/v), shaken vigorously to dislodge the 

216 soil particles, and dried at 60°C after rinsing the biochar four times with distilled 

217 water (Koide et al., 2011). The biochar C and n-SOC contents in aggregates of 

218 different sizes were measured following the ignition method of Koide et al. (2011). 

219 Briefly, 3.0 g subsamples of soil or each aggregate without biochar (B0) and with 

220 biochar (B30, B60 and B90) as well the above-mentioned picked pure biochar were 

221 weighed and placed into a 550°C muffle furnace for 4 h and were then weighed again 

222 to calculate the loss rate of the soil (Lsoil), biochar (Lbiochar) and soil-biochar mixture 

223 (Lmixture). The amounts of biochar and biochar C in aggregates were calculated as 

224 follows:



13

225 Biochar amount (g biochar kg-1 soil sample) = ×1000 (Eq. 1)
biocharsoil

soilmixture

LL
LL




226 where Lbiochar = 64.20% ± 0.08%. Lsoil indicates the aggregates of different sizes or the 

227 whole soil sample.

228 Biochar C amount (g C kg-1 soil sample) = Biochar amount × TOCbiochar  (Eq. 2)

229 where TOCbiochar is the total organic C content of biochar.

230 The n-SOC content was calculated by subtracting the biochar C amount from the 

231 TOC content in the soil-biochar mixture.

232 n-SOC (g C kg-1soil) = ×1000  (Eq. 3)
amountbiochar 1000
amountCbiochar 


TOC

233 2.3 δ13C of n-SOC and the contribution from wheat and maize

234 The δ13C values of the soil or soil-biochar mixture, straw residues, and pure biochar 

235 were measured using an isotope ratio mass spectrometer (IsoPrime IRMS, GV 

236 Instruments, Manchester, UK). The δ13C values of wheat straw (collected in 2016 and 

237 2017) and maize straw (collected in 2016 and 2017) were -27.47 ± 0.54‰ and -13.58 

238 ± 0.45‰ (n=3), respectively. The value for biochar collected in 2017 was -26.50‰ ± 

239 0.38‰ (n=3). The contents (g C kg−1 soil) of TOC, native SOC and biochar C, and 

240 the δ13C values of TOC (δ13CTOC) and biochar (δ13Cbiochar) in the soil or each 

241 aggregate were used to calculate the δ13C value of n-SOC (δ13Csoc) using the 

242 following equation:

243 (Eq. 4)
SOCnative

1313
13 biocharCCTOCC
C biocharTOC

SOC






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244 The contribution proportion of wheat straw and maize straw to native SOC was 

245 calculated by the following equations:

246 (Eq. 5)SOCCff 13258.13-147.27-  ‰‰

247 (Eq. 6)121  ff

248 where δ13Csoc is the δ13C value of native SOC, and f1 and f2 are the respective 

249 contribution proportions of wheat straw and maize straw to the native SOC in each 

250 aggregate.

251 2.4 Statistical analysis

252 Significant differences in TOC, n-SOC contents of total soil and aggregates of 

253 different sizes, the biochar and biochar-C amounts of aggregates of different sizes, 

254 and the contribution of wheat or maize straw to n-SOC of aggregates of different sizes 

255 among the treatments B0, B30, B60, B90 were assessed. First, the parameters were 

256 checked to determine whether they followed a normal distribution and homogeneity 

257 of variance, if so, two-way analysis of variance with Tukey’s test was used to conduct 

258 the comparison. For data that did not follow a normal distribution, a non-parametric 

259 test (Kruskal-Wallis test) was conducted to compare the treatment differences. The 

260 statistical analysis was carried out using SPSS 22.0 version (IBM Inc., Chicago, IL, 

261 USA).
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262 3 Results

263 3.1 Effect of biochar on soil aggregation

264 Among the treatments, the proportion of different aggregate sizes followed the order 

265 of < 53 μm > 250-53 μm > 1000-250 μm > 2000-1000 μm, except for the B30 

266 treatment (Table 1). The B0 and B60 treatments had similar proportions of 250-53 μm 

267 and < 53 μm aggregates based on the statistical analysis (result not shown here). In 

268 contrast, the B30 treatment had a significantly higher proportion of 250-53 μm than 

269 that of < 53 μm aggregates, while the opposite occurred in the B90 treatment. In the 

270 presence of biochar, the proportion of 2000-1000 μm aggregates was significantly 

271 higher relative to the treatment without biochar (p<0.05), i.e., the B30, B60, and B90 

272 treatment values were 1.81, 2.70, 2.96 times that of the B0 treatment, respectively. 

273 Furthermore, the difference between each of two biochar treatments reached 

274 significant level of p<0.05. The proportion of 1000-250 μm aggregates in the B60 

275 treatment was significantly higher than that in the B0, B30, and B90 treatments 

276 (p<0.05), but there was no difference between the later three treatments. The 

277 proportion of 250-53 μm aggregates was significantly higher in the B30 treatment 

278 than in the other three treatments (p<0.05) and that in the B60 and B90 treatments 

279 was significantly lower than that in the B0 treatment (p<0.05). The proportion of the 

280 < 53 μm aggregates in the B60 and B90 treatments was not significantly different 
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281 from that in the B0 treatment. The B30 treatment had a significantly lower proportion 

282 of < 53 μm aggregates compared with the B0, B60, and B90 treatments (p<0.05).

283 3.2 Biochar content in aggregates of different sizes

284 The result from the ignition method showed that the content of biochar and biochar C 

285 were higher in aggregates with a large size relative to smaller aggregates. In each 

286 aggregate, the biochar content consistently increased following an increased biochar 

287 rate. For instance, in aggregates of 2000-1000 μm, the biochar content in the B90 

288 treatment was 4.30 times and 3.21 times that of the B60 and B30 treatments, 

289 respectively (p<0.05) (Table 1). Similarly, the biochar content in the 1000-250 μm 

290 aggregates of the B90 treatment was 5.41 times and 3.04 times that of the B60 and 

291 B30 treatments, respectively (p<0.05) (Table 1). In aggregates of 250-53 μm, the 

292 biochar content presented an increasing trend following an increasing biochar rate, 

293 while there was no significant difference between each of the two biochar rates. There 

294 was no biochar in aggregates of < 53 μm.

295 3.3 TOC and n-SOC contents of total soil and aggregates of different sizes

296 TOC content had an increasing trend following increased biochar application rate, and 

297 was significantly higher at high biochar rates than at lower biochar rates (p<0.05) (Fig. 

298 1). In contrast, the n-SOC content in the treatments followed the order: B60 > B90 > 

299 B0 > B30. The n-SOC content in the B60 treatment was 18.8%, 38.2%, and 9.8% 

300 higher than that in the B0, B30, and B90 treatments (p<0.05), respectively (Fig. 1). 

301 The n-SOC content was significantly higher in the B90 treatment than in the B0 
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302 treatment, but was significantly lower in the B30 treatment than in the B0 treatment 

303 (p<0.05).

304 The TOC content consistently decreased following a decrease in the aggregate 

305 size from 2000-1000 μm to < 53 μm (Fig. 2). In each aggregate size class, the TOC 

306 content increased following an increase in the biochar application rate except for the < 

307 53 μm aggregates (Fig. 2). The TOC content in 2000-1000 μm, 1000-250 μm, and 

308 250-53 μm aggregates were 29.2, 21.9, and 4.16 g kg−1, respectively, in the B0 

309 treatment, compared with increase of 9.24% (11.2%), 10.6% (6.49%), and 5.29% 

310 (35.3%) in the B30 (B60) treatment and of 25.7%, 35.8%, and 80.3% in the B90 

311 treatment. However, only the TOC content of the B90 treatment was significantly 

312 higher than that in the other treatments (p<0.05).

313 In contrast to the increased TOC content following the increase in the biochar 

314 application rate, the applied biochar had contrasting effects on the n-SOC content in 

315 aggregates of different sizes, e.g., biochar decreased the content of n-SOC in 

316 macro-aggregates (> 250 μm) but increased the n-SOC content of 250-53 μm 

317 micro-aggregates. Briefly, in the 2000-1000 μm aggregates, the n-SOC content was 

318 28.61, 27.89, and 22.38 g kg−1 in the B30, B60, and B90 treatments, respectively; 

319 these values were 2.03%, 4.49%, and 23.4% lower than the value (29.20 g kg−1) 

320 measured in the B0 treatment (Fig. 2). There was a significant difference between the 

321 B90 treatment and the B0 treatment (p<0.05). Similarly, with respect to the  

322 1000-250 μm aggregates, the B30, B60, and B90 treatments decreased the n-SOC 
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323 content by 0.06%, 3.73% and 9.97%, respectively, compared with the B0 treatment. 

324 The B90 treatment had a significantly lower n-SOC content than the B0 and B30 

325 treatments (p<0.05). Conversely, with respect to the 250-53 μm aggregates, the 

326 presence of biochar increased the n-SOC content by 5.83% (B30), 32.6% (B60) and 

327 43.3% (B90) compared with the B0 treatment. The B60 and B90 treatments had 

328 significantly higher n-SOC contents compared with the B30 and B0 treatments 

329 (p<0.05). Across the treatments, the TOC and n-SOC contents in < 53 μm aggregates 

330 were not significantly different.

331 3.4 Contribution of wheat and maize straw residues to n-SOC in aggregates

332 The contribution of wheat and maize straw to the n-SOC in each aggregate size class 

333 is presented in Fig. 3. The wheat residue-derived C contributed 71.0% of the n-SOC 

334 in the 2000-1000 μm aggregates in the B0 treatment (Fig. 3), which decreased to 

335 68.5%, 65.3%, and 60.9%, respectively, in the B30, B60, and B90 treatments. 

336 Regarding the contribution, in contrast to the B0 treatment, the B30, B60, and B90 

337 treatments decreased the contribution of wheat residue-C by 5.5%, 8.6%, and 34.3%, 

338 respectively. The difference between each of the two treatments was significant 

339 (p<0.05). The same trend was observed in the 1000-250 μm aggregates, and the 

340 n-SOC content of the 1000-250 μm aggregates derived from wheat residue decreased 

341 by 4.9% (B30), 12.3% (B60) and 22.7% (B90) compared with the B0 treatment. The 

342 contribution of wheat residue to n-SOC was significantly lower in the B60 and B90 

343 treatments than in the B0 treatment (p<0.05). Furthermore, the contribution of wheat 
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344 residue to n-SOC between the B60 and B90 treatments was also significantly different 

345 (p<0.05). However, for the 250-53 μm aggregates, the n-SOC content derived from 

346 wheat residue in the B30, B60, and B90 treatments increased by 12.4%, 47.9% and 

347 70.7%, respectively, compared with the B0 treatment. The contribution amounts of 

348 wheat residue to n-SOC in the B60 and B90 treatments were significantly higher than 

349 those in the B0 and B30 treatments (p<0.05). Based on the correlation analysis, 

350 following the increase in the biochar application rate, the content of n-SOC was 

351 significantly and negatively correlated with the contribution of wheat C to n-SOC in 

352 the macro-aggregates (2000-1000 μm and 1000-250 μm) (p<0.01) (Fig. 3) but was 

353 positively correlated with the contribution of wheat C to n-SOC in the 

354 micro-aggregates (250-53 μm) (p<0.01) (Fig. 3). In addition, the n-SOC content of all 

355 sizes of aggregate derived from maize residue had an increasing trend following the 

356 increase in the biochar application rate, but no significant difference was observed 

357 among the treatments.
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358 4 Discussion

359 4.1 Effect of straw return and biochar on native SOC

360 Prior to the experiment, the wheat and maize residuals were removed after harvesting. 

361 Following 8-year crop residue return, the native SOC content increased from 4.32 g 

362 kg-1 to 7.87 g kg-1, illustrating the promising potential of crop residue for soil carbon 

363 sequestration. This scenario is in agreement with other findings (Lu et al., 2009; 

364 Wang et al., 2015). Following biochar addition, it is difficult to clarify the biochar 

365 effect on native SOC under field conditions; 14C can be used under laboratory control 

366 but is rarely recommended for application at a field site due to its radioactive nature. 

367 Furthermore, controlled laboratory conditions may create bias in the results compared 

368 with more complicated field conditions. One of the differences is the physical loss of 

369 biochar in the field due to run off or leaching, which has been shown to be significant 

370 (Dong et al., 2017). In this study, based on the ignition method (Koide et al., 2011), 

371 n-SOC content was significantly affected by the presence of biochar 8 years after 

372 application. We found that there was a notable effect of the amount of biochar on 

373 n-SOC content, e.g., a rate of 30 t ha-1 decreased n-SOC content while higher rates of 

374 60 t ha-1 and 90 t ha-1 increased n-SOC content. Previous studies on the biochar effect 

375 on n-SOC were generally conducted over short-term periods or under laboratory 

376 control, ranging from less than 1 year to 2 years (Smith et al., 2010; Zimmerman et al., 

377 2011; Rittl et al., 2015; Plaza et al., 2016; Zheng et al., 2018). For instance, Smith et 

378 al. (2010), using 13C natural abundance, confirmed that biochar, but not soil organic 
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379 carbon, was mineralized 6 days after its application, which was more related to the 

380 labile carbon in biochar promoting the microbial activity. Singh and Cowie (2014) 

381 conducted an incubation experiment and reported that the applied biochar caused an 

382 initial positive priming effect of n-SOC, and this effect diminished after a 5-year 

383 experiment due to the depletion of labile SOC or stabilization of SOC caused by 

384 biochar-induced organo-mineral interactions. In this field study with 8-year duration, 

385 the results provided evidence of the long-term effect of biochar on n-SOC, and this 

386 effect was dependent on the amount applied. Wardle et al. (2008) reported that 

387 fire-derived charcoal promoted the decomposition of organic carbon in forest soils 10 

388 years after occurring since the enhancement of soil microbial activity. However, the 

389 amount of charcoal in the soil was not quantified. In this study, the variation in n-SOC 

390 content following the different biochar application rates indicated the changes in 

391 related processes.

392 4.2 Effect of biochar on soil aggregation and SOC content of each aggregate size 

393 class

394 Soil aggregate size distribution plays an important role in turnover of soil organic 

395 carbon content (Tisdall and Oades, 1982). Larger soil aggregates have higher soil 

396 organic carbon contents (Gupta and Germida, 1988). Following long-term biochar 

397 application, it is still unclear how biochar affects the soil aggregate distribution and 

398 n-SOC content in aggregates of different size classes, as well as the potential 

399 interaction between biochar and n-SOC. In this study, the results showed that the 
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400 proportion of 2000-1000 μm aggregates was enhanced in the presence of biochar, and 

401 this enhancement was positively correlated with the biochar application rate. This 

402 finding is in accordance with a previous study conducted by Dong et al. (2016), who 

403 reported a similar phenomenon 5 years after biochar application. The highest biochar 

404 content was measured in the macro-aggregates (2000-1000 μm). Previous studies 

405 reported that biochar can form agglomerates with soil particles and organic-inorganic 

406 complexes (Brodowski, 2006; Zheng et al., 2018). Following biochar application, 

407 however, the enhanced 2000-1000 μm aggregate was not due to the direct effect of 

408 the applied biochar because internal biochar was less than 3.0% (Table 1), which 

409 cannot explain the 80.7%-196.4% increase in 2000-1000 μm soil aggregates relative 

410 to the treatment without biochar. The results therefore indicated an indirect effect of 

411 biochar on increased macro-aggregates. Ouyang et al., (2013) addressed that biochar 

412 can enhance the formation of macro-aggregates of sandy loam, similar soil texture to 

413 that in our study; the underlying mechanism could be ascribed to the intimate 

414 physic-chemical interaction between soil minerals and biochar particles by the recent 

415 study of Zheng et al. (2018) on aggregates of 2000-53 μm in a coastal soil. In addition, 

416 Zheng et al. (2018) reported that biochar induced obvious shift of the bacteria taxa 

417 responsible for stabilizing soil aggregates. A widely accepted theory of soil 

418 aggregation formation is the phase theory proposed by Tisdall and Oades (1982), 

419 which stated that soil micro-aggregates are generated from soil mineral particles 

420 through binding of multivalent ions and soil organic matter, and then the soil 
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421 micro-aggregates are held together by plant roots and fungal hyphae to gradually form 

422 larger aggregates. Fungi, through the spread of hyphae between aggregates and into 

423 pores, may increase fungal binding to enmesh fine particles into macro-aggregates 

424 (Tisdall et al., 1997). It has been shown that the interaction between the oxidized 

425 carboxylic acid groups of biochar and minerals (Glaser et al., 2002; Zheng et al., 2018) 

426 or sorption of soil organic matter on biochar can bind soil particles (Brodowski et al., 

427 2006; Joseph et al., 2010) to improve soil aggregation. Nevertheless, studies reported 

428 that the high C/N of biochar is favorable for the growth of fungi (Ouyang et al., 2013; 

429 Zheng et al., 2018), playing an important role in aggregate formation (De Gryze et al., 

430 2006; Zheng et al., 2018). In addition, as proposed by Six et al. (2000), soil aggregate 

431 turnover may occur due to the breakage of macro-aggregates, which are scattered by 

432 tillage mechanical forces to form micro-aggregates, or particulate organic matter in 

433 macro-aggregates are degraded by microorganisms to form new micro-aggregates, 

434 producing free micro-aggregates from the originally bounded micro-aggregates, or the 

435 above-mentioned micro-aggregates are transformed back into macro-aggregates 

436 following the addition of organic residues. Thus, following biochar application, the 

437 enhancement in the proportion of 2000-1000 μm aggregates may also be derived from 

438 aggregates breakdown or reorganization. The proportion of micro-aggregates (< 250 

439 μm) were not changed following biochar application at rates of 30 and 90 t ha-1, 

440 which is in accordance with Herath et al. (2014), who used a similar size biochar (> 

441 500 μm) as in our study and found that soil micro-aggregates (< 250 μm) were not 
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442 changed after 295-day biochar application at rates of ranging from 10.0 to 17.3 t ha-1. 

443 However, when dividing micro-aggregates into 250-53 μm and < 53 μm size classes, 

444 the results showed that 30 t ha-1 biochar significantly enhanced the proportion of 

445 250-53 μm aggregates and decreased the proportion of < 53 μm aggregates, while the 

446 trend was opposite for biochar with 90 t ha-1 biochar. This finding indicated that 

447 biochar application has already interacted with soil aggregate sizes smaller than 250 

448 μm. Dong et al., (2016) inferred that small amounts of biochar particle (e.g., 30 t ha-1) 

449 could cause contact with < 53 μm particles cemented into 250-53 μm and then lead a 

450 decrease of < 53 μm; while a large amount of biochar (90 t ha-1) would interact with 

451 all aggregates which can reorganize the aggregates distribution related to the reported 

452 aggregate turnover theories as mentioned before (Tisdall and Oades, 1982; Tisdall et 

453 al., 1997; Six et al., 2000). In addition, 60 t ha-1 biochar decreased the proportions of 

454 both 250-53 μm and < 53 μm aggregates, which is similar to the findings of Dong et 

455 al. (2016) based on a 5-year experiment which illustrated that the medium amount of 

456 biochar (e.g., 60 t ha-1) could interact with both 250-53μm and < 53 μm to form larger 

457 aggregates. Overall, these results indicated that the amount of biochar applied 

458 dramatically affected the soil aggregation, which may in turn have influenced the 

459 associated functions in terms of carbon cycling in each aggregate.

460 Although the variation in different soil aggregate proportions was not correlated 

461 with the amount of biochar applied, the n-SOC content in each aggregate size class 

462 was linearly correlated with the biochar application amount. Interestingly, the n-SOC 
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463 content in aggregates greater than 250 μm was significantly and negatively correlated 

464 with the amount of biochar applied (p<0.01), while that in 250-53 μm aggregates was 

465 significantly and positively correlated with the applied biochar amount (p<0.01). To 

466 our knowledge, this is first reported information on the quantified n-SOC content of 

467 different aggregates size classes following biochar application. For the underlying 

468 mechanisms, the reorganization of aggregates followed biochar application could 

469 cause the change in the n-SOC of reorganized aggregates size classes since the n-SOC 

470 is high in macro-aggregate than smaller size classes (Gupta and Germida, 1988). For 

471 instance, the increased macro-aggregates (2000-1000 μm) part could from binding of 

472 smaller aggregates, this would directly decrease n-SOC content because of the low 

473 n-SOC content in smaller aggregates. This assumption needs further clarification by 

474 putting emphasis on how the aggregates are reorganized. In addition, Gupta and 

475 Germida (1988) proposed the microbial biomass plays an important role in the 

476 formation of macro-aggregates and is the primary resource of labile organic carbon 

477 and nutrients. Relative to the macro-aggregates (> 250 μm), the micro-aggregates (< 

478 250 μm) contained lower organic carbon, microbial biomass, fungal biomass, and 

479 respiratory activity, with a slow turnover rate of organic carbon (Gupta and Germida, 

480 1988). Following biochar application, previous studies with a relatively short time 

481 scale from 4 months (Steinbeiss et al., 2009) to 140 days (Ye et al., 2017) reported 

482 that high application rates of biochar (≥ 5%) significantly increased the soil 

483 fungi/bacterial ratio with preferential stimulation of soil fungi. Soil hyphae also 



26

484 increased following biochar application (Lehmann et al., 2011). Additionally, Duan et 

485 al., (2017) found that biochar aged for 5 years after application stimulated the 

486 fungal-nirK gene abundance relative to fresh biochar. Mueller et al. (2014) reported a 

487 pronounced increase in bioavailability of SOC after aggregates disruption. The recent 

488 study of Zheng et al. (2018) on coastal soil found that biochar significantly increased 

489 microbial biomass C of two aggregates size classes (2000-53 μm and < 53 μm), and 

490 also changed the bacterial community. The presence of biochar may change the 

491 microbial biomass or diversity of soil in this study, which in turn changes the n-SOC 

492 turnover. Therefore, following biochar application, the reorganization of different 

493 aggregates size classes as well as the potential change in microbial activity in 

494 different aggregates size classes could all contribute to the n-SOC contents of 

495 different aggregates size classes, while these two potential mechanisms need further 

496 clarification. 

497 4.3 The variation of contribution origins to SOC in different aggregate size classes

498 The presence of biochar has altered the proportions of n-SOC origins. For instance, in 

499 micro-aggregates, the wheat residue contribution to n-SOC in 250-53 μm aggregates, 

500 increased from 2.33 g kg-1 in the treatment without biochar to 3.97 g kg-1 in the B90 

501 treatment. In this study, maize straw was incorporated into the soil immediately after 

502 harvest, while wheat straw is mulched until the next maize harvest. Based on the 

503 isotopic analysis, we found that the contribution of wheat residue to n-SOC in 

504 aggregates with different sizes was significantly changed by the applied biochar and 
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505 was correlated with the change in the n-SOC of soil aggregates (Fig. 3). It has been 

506 reported that wheat residue contributions to n-SOC was higher than those of maize 

507 residue (Buyanovsky and Wagner, 1996; Wynn and Bird, 2007) because maize 

508 residue have lower lignin contents and C:N ratios but higher decomposition rates 

509 relative to wheat residue (Zhang et al., 2008; Talbot and Treseder, 2012). Recent 

510 studies have reported that wheat residue with more effective at promoting the 

511 accumulation of native SOC than maize residue is due to their different 

512 decomposition dynamics (Wang et al., 2015). Other studies reported that the labile 

513 fraction of wheat-derived SOC were be higher and therefore more responsive to 

514 changed management practices than maize-derived SOC (Neff et al., 2002; 

515 Bhattacharyya et al., 2011). The result of the B0 treatment showed that the 

516 contribution of wheat to n-SOC notably decreased from aggregates of > 250 μm to 

517 aggregates of < 250 μm, and this illustrates different aggregates size classes have 

518 different contributions of wheat or maize to n-SOC. In this study, the input of biomass 

519 from wheat or maize was not different among the treatments (data not shown here), 

520 illustrating that the carbon input into soil was not different. Following biochar 

521 application, the varied wheat-C contribution to n-SOC may be due to the 

522 reorganization of different aggregates because smaller aggregates (< 250 μm) owning 

523 low wheat-C contribution (Fig. 3). For instance, the decreased wheat-C contribution 

524 to n-SOC of macro-aggregates (2000-1000 μm) may be related to the increased 

525 macro-aggregates from binding of smaller aggregates. Considering a potential 
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526 fractionation effect of n-SOC, advanced model is needed such as on the basis of 

527 two-end-member mixing model proposed by Balesdent et al. (1987). On the other 

528 hand, following increasing biochar rates, the N content (excluding biochar-N) in 

529 aggregates of above 250 μm showed an inverse relationship to the contents of n-SOC 

530 and wheat-derived n-SOC (Table A1, Fig. 3). This may be related to the enhanced 

531 wheat-derived SOC mineralization following increasing biochar rates causing more C 

532 loss and N left from wheat residue in these aggregates size classes. The aggregate size 

533 determines the microbial composition with micro-aggregates having higher bacterial 

534 biomass and lower fungal biomass and hyphal length relative to the macro-aggregates 

535 (Gupta and Germida, 1988). A study has found that biochar can provide labile 

536 substrates through the biochar itself or through the sorption of soil labile substrates to 

537 support the growth of both bacterial and fungal biomass, with a shift to the dominance 

538 of fungal biomass in an aged biochar soil system (Gul et al., 2015). Other studies also 

539 reported the changed microbial communities and activity following biochar 

540 application (Lehmann et al., 2011; Zhou et al., 2017; Chen et al., 2019; Senbayram et 

541 al., 2019). However, up to date, whether and how the use of biochar can trigger the 

542 change of the microbe biomass and composition in different aggregates is rarely 

543 known. In addition, based on a 5-year biochar application, Dong et al. (2017) found 

544 that the biochar had significantly aged, with a higher specific surface area and more 

545 formed small pores compared with the treatment without biochar. Nevertheless, 

546 whether the biochar in different aggregate sizes varies due to the known different 
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547 physico-chemical and biological micro-conditions remains as an open question for the 

548 further investigation.

549 In synthesis, following the biochar application, the change in the total n-SOC 

550 content was due to the changed soil aggregate proportion and the varied n-SOC 

551 content in different aggregates size classes (Fig. 1; Fig. 4). Relative to the B0 

552 treatment, n-SOC content in the B30 treatment was decreased, indicating a positive 

553 priming effect, and this scenario was also reported by Singh and Cowie (2014), who 

554 found a positive priming effect of biochar at a low rate of 8.17 g kg-1 (oven-dry basis) 

555 on a clayey soil based on a 5-year monitoring period. Here, the positive priming effect 

556 was due to the decreased n-SOC content in 1000-250 μm and < 53 μm aggregates, 

557 mainly due to the latter being significantly decreased and these aggregates being the 

558 predominant component of the investigated soil. Although the same increasing trend 

559 was observed in n-SOC content in the 60 and 90 t ha-1 treatments relative to the B0 

560 treatment, the reasons were contrasted, the B60 treatment increased total n-SOC 

561 content due to the increased n-SOC contents in 2000-1000 μm and 1000-250 μm 

562 aggregates, while the B90 treatment increased the n-SOC content due to the increased 

563 n-SOC contents in 2000-1000 μm and <250 μm aggregates (Fig.4).
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565 5. Conclusion

566 Based on an 8-year field-based study, the biochar rate of 30 t ha-1 caused a positive 

567 priming effect on n-SOC, while higher rates of 60 t ha-1 and 90 t ha-1 had a similar 

568 negative effect priming effect, indicating biochar rate lower than 30 t ha-1 may be not 

569 feasible on the investigated wheat-maize rotation system. Further, we found that, 

570 following biochar application, the altered soil aggregate distribution along with the 

571 change in n-SOC content in aggregates with different size classes leaded to the 

572 change in total n-SOC content. Moreover, following biochar application, in 

573 aggregates with different size classes (no biochar in aggregates of < 53 μm), the 

574 alteration of wheat-derived n-SOC was more pronounced compared with 

575 maize-derived n-SOC, which predominately accounted for the alteration of n-SOC. 

576 For the deeper mechanisms, how aggregates are reorganized and the change in 

577 microbial activity following different biochar rates could be potential keys, which 

578 needs further clarification. In addition, in the perspective of alleviating n-SOC 

579 degradation and increasing carbon sequestration, the feasible amount of applied 

580 biochar on other soil ecosystems should be investigated.
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775 Figure captions

776 Fig. 1. Total organic carbon (TOC) and native soil organic carbon (n-SOC) contents of soil in the  

777 B0, B30, B60, and B90 treatments, representing biochar application rate of 0, 30, 60 and 90 t ha-1, 

778 respectively. Data are shown as the mean ± standard error (n=3). Different letters indicate the 

779 significant differences in TOC or n-SOC content between the treatments (p<0.05)

780 Fig. 2. Total organic carbon (TOC) and native soil organic carbon (n-SOC) contents in different 

781 sized aggregates in the treatments (B0, B30, B60, B90, representing biochar application rate of 0, 

782 30, 60 and 90 t ha-1, respectively). Data are shown as the mean ± standard error (n=3). Different 

783 letters indicate the significant differences in TOC or n-SOC content between the treatments 

784 (p<0.05).

785 Fig. 3. The contribution of wheat and maize straw to native soil organic carbon (n-SOC) in  

786 aggregates of different sizes in the treatments with different biochar rates (B0, B30, B60, B90, 

787 representing biochar application rate of 0, 30, 60 and 90 t ha-1, respectively) and the relation 

788 between the n-SOC derived from wheat straw and n-SOC in aggregates of different sizes 

789 following increased biochar rates shown by the head of the dashed arrow. Data are shown as the 

790 mean ± standard error (n=3). Different letters indicate the significant differences in wheat-derived 

791 SOC between the treatments (p<0.05).

792 Fig. 4. The proportion of native soil organic carbon (n-SOC) in each aggregate size class to total 

793 soil (10-2 g kg-1) in different treatments (B0, B30, B60, and B90, representing biochar application 

794 rate of 0, 30, 60 and 90 t ha-1, respectively). Data are shown as the mean ± standard error (n=3). 

795 Different letters indicate the significant difference in the proportion of n-SOC in each aggregate 
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796 size class to total soil between the different biochar rates (p<0.05).

797

798

799  30 t ha-1 of Biochar biochar decreasedrates variedly altered native soil organic 

800 carbonSOC after 8-year application, but inverse in 60 t ha-1 and 90 t ha-1

801  Biochar concentration content was higher in aggregates with larger size

802  Increase in biochar rate increased proportion of aggregates of 2000-1000 μm

803  Biochar of 90 t ha-1 significantly altered native SOC in aggregates 

804 above 53 μm

805  Biochar altered native soil organic carbon by changing aggregation 

806 and inside SOC

807  The cChangedd wheat-derived organic carbonSOC mainly accounted for the 

808 native SOC content variation in aggregates

809

810

811
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826

827

828 Tables
829 Table 1. Soil aggregate size distribution of soil including biochar (BC) and excluding biochar at 
830 different biochar rates after 8-year application, i.e., B0, B30, B60, and B90 presenting the 
831 treatments of 0, 30, 60 and 90 t ha−1 biochar application rates, respectively.

2000-1000 μm (g 100g-1) 1000-250 μm (g 100g-1) 250-53 μm (g 100g-1) <53 μm (g 100g-1)†

Treatment
include BC  exclude BC include BC exclude BC include BC exclude BC

B0 2.23±0.09d 2.23±0.09d 12.83±0.35b 12.83±0.35b 41.43±1.80b 41.43±1.80b 43.50±1.36b

B30 4.03±0.18c 4.00±0.18c 11.47±0.18b 11.44±0.19bc 53.50±1.61a 53.47±1.55a 31.00±1.50d

B60 6.03±0.18b 5.98±0.17b 22.83±1.40a 22.68±1.40ab 33.23±1.30c 33.16±1.36c 37.90±2.47c

B90 6.61±0.15a 6.41±0.15a 10.43±0.41b 10.22±0.36ba 35.43±0.64c 35.33±0.66c 47.53±0.57a

832 †: no biochar detected in this aggregate size
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833 Table 2. The loss rate using the ignition method, biochar content, and biochar C content of 
834 different aggregates size in the treatments, i.e., B0, B30, B60, and B90 presenting the treatments 
835 of 0, 30, 60 and 90 t ha−1 biochar application rates, respectively.

Soil aggregates (μm)
Parameters Treatments

2000-1000 1000-250 250-53

Loss on ignition B0 4.59±0.04c 4.04±0.04b 2.17±0.02a

（%） B30 4.99±0.10b 4.18±0.11b 2.19±0.06a

B60 5.13±0.08b 4.44±0.06b 2.31±0.15a

B90 6.32±0.12a 5.25±0.20a 2.35±0.08a

Biochar content B0 0c 0b 0a

(g kg−1 soil) B30 6.77±1.30b 3.74±0.92b 1.45±0.32a

B60 9.06±1.65b 6.65±0.75b 2.31±2.23a

B90 29.08±0.86a 20.22±3.71a 3.01±1.54a

Biochar C content B0 0c 0b 0a

(g kg−1 soil) B30 3.47±0.68b 1.92±0.92b 0.75±0.17a

B60 4.65±0.86b 3.41±0.38b 1.19±1.15a

B90 14.91±0.63a 10.41±1.91a 1.55±0.79a

836

837


