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ABSTRACT 28 

To improve C sequestration in soils and mitigate climate change, it is essential to 29 

understand how nutrient management strategies impact on soil organic carbon (SOC) 30 

stocks and labile fractions. This study was designed to explore changes in soil bulk 31 

density (BD), SOC concentrations, SOC stocks and soil labile organic C fractions 32 

(mineralizable C (Cmin), microbial biomass C (MBC), dissolved organic C (DOC), 33 

particulate organic C (POC), light fraction organic C (LFOC) and permanganate 34 

oxidizable C (KMnO4-C)) under 26-year fertilization regimes in a wheat-maize 35 

rotation system in the North China Plain. Soil from the following six treatments was 36 

analyzed: (1) Control with no amendment addition (CK); (2) Standard rate of mineral 37 

fertilizer treatment (SMF) reflecting local farmers' practice; (3) Standard rate of 38 

organic manure treatment (SMA) with total N input equal to SMF; (4) Half the 39 

standard rate of mineral fertilizer plus half the standard rate of organic manure 40 

treatment (1/2 SMF+1/2 SMA); (5) Double standard rate of mineral fertilizer 41 

treatment (DMF); (6) Double standard rate of organic manure treatment (DMA). 42 

Results showed that all long-term fertilization regimes significantly decreased BD in 43 

topsoil compared to CK except for SMF, with treatments that included organic 44 

manure resulting in the lowest BDs. Treatments that included organic manure had 45 

significantly higher SOC concentrations and stocks than mineral or unfertilized 46 

treatments. The organic manure treatments also had higher concentrations of non-47 

labile C but at the same time a higher proportion of labile C than the mineral or 48 

unfertilized treatments. This was confirmed by the carbon management index (CMI) 49 

which was significantly increased by organic manure addition. Control and mineral 50 

fertilized treatments had higher efficiencies of C retention (RE) from added inputs 51 

(crop residues only). Differences in Cmin, POC and KMnO4-C were affected by 52 
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differences in MA-C, however, changes in rhizodeposition-C, stubble-C and root-C 53 

significantly affected DOC, MBC and LFOC. This study demonstrates that 54 

fertilization strategies that include organic manure can increase the pool of stable C in 55 

the surface soil layer, while at the same time increasing concentrations and 56 

proportions of labile C. Organic manure use can therefore contribute to improved 57 

nutrient cycling services and higher soil quality in the North China Plain. 58 

Keywords: long-term fertilization; soil organic carbon; labile organic carbon 59 

fractions 60 

Abbreviations 61 

BD: bulk density; 62 

SOC: soil organic carbon; 63 

MBC: microbial biomass carbon; 64 

DOC: dissolved organic carbon; 65 

POC: particulate organic carbon; 66 

KMnO4-C: permanganate oxidizable carbon; 67 

NCP: North China Plain; 68 

L: Lability; 69 

LI: Lability Index; 70 

CPI: Carbon Pool Index; 71 

CMI: Carbon Management Index;  72 

RE: retention efficiency;  73 
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1. Introduction 74 

The accumulation of carbon (C) in soils is a function of the relationship between C 75 

inputs in the form of crop residues and organic fertilizers, and the rate of soil C 76 

breakdown (decomposition) as mediated by soil microorganisms and the environment 77 

(soil type, temperature) (Cooper et al., 2011). Regular inputs of residues, compost, or 78 

manure can increase total soil organic C (SOC) until it reaches a higher equilibrium 79 

level, related to the balance between C inputs and decomposition processes. This 80 

equilibrium level is also affected by the types of C inputs to the system and how these 81 

are converted into stable C in the soil by microbial communities (Kallenbach et al., 82 

2016). Crop residues may be relatively labile and not increase levels of stable C in the 83 

soil, while materials like biochar are recalcitrant and can have a much longer half-life 84 

in the soil (Lorenz et al., 2007; Steinbess et al., 2009). The impacts of historic 85 

additions of different quantities and qualities of C inputs have been observed in long-86 

term organic matter addition experiments including the Broadbalk Experiment at 87 

Rothamsted, UK (Blair et al., 2006a), the DOK trial in Switzerland (Mäder et al., 88 

2002) and various experiments in China (Cai and Qin 2006; Lou et al., 2011; Ding et 89 

al., 2012; Yang et al., 2012; Liu et al., 2013). 90 

SOC is recognized as vital for the delivery of multiple ecosystem services including 91 

not only climate regulation i.e. soil C sequestration (Plaza-Bonilla et al., 2014), but 92 

also the supporting service of nutrient cycling (Duru et al., 2015). However, the 93 

properties of the SOC pool required for these two ecosystem services may not be the 94 

same. For soil C to contribute to climate regulation by sequestration, it needs to be in 95 

a stable, non-labile form that will not be susceptible to losses should the system be 96 

perturbed by a change in tillage (Powlson et al., 2012), small changes in C inputs (Liu 97 

et al., 2013), or by climatic changes that increase microbial activity e.g. rising 98 
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temperatures (Lal et al., 2004). 99 

Soil C pools that promote microbial activity and nutrient cycling are primarily the 100 

labile pools (Kaye and Hart, 1997), a series of small, but variable, proportions of SOC 101 

with turnover times of a few days to months. These pools have been suggested as 102 

early sensitive indicators of soil quality which influence soil function in specific ways 103 

(Cambardella et al., 1998; Yang et al., 2005; Rudrappa et al., 2006; Xu et al., 2011; 104 

Blanco-Moure et al., 2016). Various techniques are used to estimate the size of the 105 

labile C pools. Cmin, which is biologically respired CO2, indicates the total metabolic 106 

activity of the heterotrophic microorganisms in the soil that are decomposing organic 107 

matter (Haynes, 2005). Accurate identification of the mineralizable C pool is essential 108 

for modelling soil C dynamics and ecosystem responses to changing environmental 109 

factors (Saviozzi et al., 2014). POC and LFOC obtained by particle size or density 110 

fractionation methods have been used to identify the effects of fertilization practices 111 

on soil organic matter in many studies (Wander, 2004). The POC and LFOC 112 

concentrations have been found to be elevated in farming systems relying on organic 113 

fertility compared with those using synthetic fertilizers (Wander et al., 1994; Fortuna 114 

et al., 2003; Nissen and Wander, 2003). Dissolved organic C can be extracted using a 115 

weak salt solution (Jensen et al., 1997), and is a measure of carbon easily 116 

transportable within ecosystems and the formation of SOC (Neff and Asner, 2001). 117 

Organic matter (organic manure or crop residues) additions to soil over time have 118 

been demonstrated to increase DOC contents (Gong et al., 2009a; Xu et al., 2011; Liu 119 

et al., 2013; Li et al., 2015). Microbial biomass measurement, particularly MBC, 120 

which serves as a sink for labile nutrients or a source of nutrients for biota, has been 121 

extensively used to assess soil fertility under long-term fertilization regimes (Li et al., 122 

2008; Liu et al., 2013). KMnO4-C, the fraction of labile C which is obtained from 123 
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chemical oxidation methods using KMnO4 (Blair et al., 1995), has since been 124 

considered as an early sensitive index for the impacts of long-term applications of 125 

fertilizers or organic resources on the dynamics of the active SOC fraction 126 

(Mtambanengwe and Mapfumo, 2008; Xu et al., 2011). 127 

Non-labile C can be estimated as the difference between SOC and KMnO4-C 128 

(Blair et al., 2006a). The Carbon Management Index (CMI) can be calculated to give 129 

an indication of the changes in the C dynamics of each system and ecosystem 130 

response relative to a paired reference soil (Blair et al., 1995). The CMI increases 131 

when either or both the treatment total C or labile C increase as a proportion of the 132 

reference. The CMI can also be a useful parameter for assessing the potential of long-133 

term manure addition, straw incorporation or conservation agriculture to improve soil 134 

quality and thus optimizing practices that impede soil degradation (Xu et al., 2011; 135 

Wang et al., 2015a; Ghosh et al., 2016).  136 

The North China Plain (NCP) region, referred to as “China's breadbasket” is a 137 

highly productive agricultural area with the main cropping system of a winter wheat-138 

summer maize double-cropping rotation. It is essential to optimize fertilization to 139 

maintain crop yields while reducing negative impacts on environment in this region 140 

with many researchers focusing on this challenge (Chen et al., 2014). Lin et al. (2009) 141 

showed that substituting 100% or 50% of mineral fertilizers with organic manure over 142 

15 years could maintain crop yields and increase SOC compared to equivalent mineral 143 

fertilizer treatments in a trial in the NCP region. However it is currently still not 144 

known how the different fertilizer treatments in this trial have affected soil labile and 145 

non-labile organic C fractions under the 26-year fertilization regimes. Therefore, this 146 

study was conducted to investigate how different fertilizer treatments over the 26 year 147 

experiment had impacted on the proportions of labile (Cmin, MBC, DOC, POC, 148 
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LFOC and KMnO4-C) and non-labile C fractions in each treatment.  149 

2. Materials and methods 150 

2.1. Site description and experimental design 151 

This study was carried out on a long-term fertilization experiment started in 1986 at 152 

Dezhou Experimental Station (116°34′ E，36°50′ N, altitude: 20m), Chinese 153 

Academy of Agricultural Sciences (CAAS), Yucheng, Shandong, China. The full site 154 

description and experimental design are described in Li et al. (2015). Briefly, this 155 

region belongs to a semi-humid warm temperate continental monsoon climate zone 156 

with an average annual temperature of 13.4℃. The annual average sunshine period is 157 

2640 h and the annual average period free of frost is 206 days. The mean annual 158 

precipitation is 569.6 mm, and more than 70% of the rainfall falls between June and 159 

September. The soil is a Fluvo-aquic type formed from the sediments of the Yellow 160 

River with light loam texture (clay 21.4%; silt 65.6%; sand 13.0%). Soil initial 161 

chemical properties prior to the beginning of the experiment in 1986 were 3.93 g total 162 

soil organic carbon kg-1, 0.51 g total nitrogen kg-1, 7.50 mg Olsen P kg-1, 73.00 mg 163 

ammonium acetate-extractable K kg-1 and 0.96 g soluble salt kg-1. The experiment 164 

mimics the standard winter wheat-summer maize double cropping system which is 165 

widely used in the NCP. Standard commercial tillage and irrigation regimes are used.  166 

Six treatments are arranged in a randomized complete block design with four 167 

replications (total 24 plots). Each plot is 28 m2 (4 m×7 m) with a 0.8 m concrete slab 168 

separating the plots. The six treatments are: (1) Control with no amendment addition 169 

(CK); (2) Standard rate of mineral fertilizer treatment (SMF) that reflects local 170 

farmers' practice; (3) Standard rate of organic manure treatment (SMA) with N input 171 

rate equal to SMF; (4) Half the standard rate of mineral fertilizer plus half the 172 

standard rate of organic manure treatment (1/2 SMF+1/2 SMA); (5) Double standard 173 
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rate of mineral fertilizer treatment (DMF); (6) Double standard rate of organic manure 174 

treatment (DMA). The organic manure is cattle manure from the dairy industry nearby 175 

and it is composted by regular turning (3-4 times) over a 4 month period before 176 

application. Typical compost nutrient concentrations are 1.00-1.84% N, 0.58-1.02% 177 

P2O5 and 0.98-1.15% K2O. All N (mineral fertilizer or cattle manure) application rates 178 

are based on total N contents. Fertilizer N, P and K sources are urea (47% N), mono-179 

calcium phosphate (17% P2O5) and potassium sulphate (50% K2O) with the standard 180 

application rates of 375-450 kg N ha−1, 225-300 kg P2O5 ha−1 and 150 kg K2O ha−1 181 

per year, respectively. Organic manure and total mineral fertilizer P and K are applied 182 

once before winter wheat sowing. Total mineral fertilizer N is applied twice per year: 183 

half is applied in October before winter wheat sowing and the other half is applied in 184 

June before summer maize sowing. For winter wheat, the N application is split with 185 

40% N applied before sowing and 60% N applied to the soil surface between the rows 186 

at jointing stage of winter wheat. For summer maize, 40% N is applied before sowing, 187 

and 60% N is applied to the soil surface between the rows at the elongation stage. The 188 

basal application of N, total P, total K and organic manure are uniformly broadcast 189 

onto the topsoil before plowing the soil.  190 

2.2 Soil sampling, chemical analysis and calculations 191 

Soil samples were collected from the surface soil layer (0-20 cm soil depth) of each 192 

plot at the end of September 2012 after summer maize harvest. At least 5 soil cores 193 

were taken with a 5 cm diameter auger per plot and mixed together, and immediately 194 

stored in an ice chest until they were transported to the laboratory. After removing the 195 

visible organic materials, stones and fine roots by hand, the samples were divided into 196 

two parts. One part of the fresh soil sample was passed through a 2mm mesh sieve 197 

and was kept at 4°C for measurement of soil DOC, MBC and Cmin within 2 weeks, 198 
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and the other part was air-dried and sieved through either a 0.15mm mesh for the 199 

estimation of SOC and KMnO4-C (Shang et al., 2011) or a 2mm mesh prior to the 200 

measurement of POC and LFOC.  201 

For bulk density (BD) measurement soil cores (0-20 cm, 3 replicates in each plot) 202 

were collected using a soil core sampler (the volume is 100 cm3) and were dried in an 203 

oven at 105°C for 24 h before weighing. BD was calculated as the ratio of the dry 204 

weight of the soil core and the internal volume of the metallic core (Lu, 2000). 205 

SOC was determined using vitriol acid-potassium dichromate wet oxidation method 206 

(Walkey and Black, 1934) with additional heat provided (170-180oC for 5 minutes) 207 

and application of a correction factor of 1.1 to account for incomplete digestion 208 

(Heanes, 1984). SOC stocks (Mg C ha-1) in the corresponding soil layer were 209 

calculated as:  210 

SOC stocks (Mg ha-1) = SOC concentration (g kg-1) × bulk density (Mg m-3) × soil 211 

depth (m) × 10 (Liu et al., 2013).  212 

Permanganate oxidizable C (KMnO4-C) was measured as described by Blair et al. 213 

(1995) with the change in concentration of KMnO4 used to estimate the amount of 214 

carbon oxidized assuming that 1.0 mmol L-1 of MnO4
– was consumed (Mn7+→ Mn2+) 215 

in the oxidation of 0.75 mmol L-1 (9.0 mg) of carbon. 216 

  Particulate organic C (POC) was determined with modifications of the method 217 

described by Cambardella and Elliott (1992). In brief, 10 g air-dry soil and 30 mL Na 218 

hexametaphosphate solution (5g L-1) were added to a 100 mL centrifuge tube, and 219 

shaken for approximately 18 h. The soil suspension was poured over a 53-µm screen 220 

and the retained coarse fraction was rinsed with a weak stream of distilled water. All 221 

material remaining on the screen was washed into a dry dish, oven dried at 60 °C for 222 

48 h, and ground to determine C content using the modified Walkley-Black method 223 
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described above.  224 

Microbial biomass C (MBC) was determined by the CHCl3 fumigation–extraction 225 

method (Vance et al., 1987). Extract C concentration was determined using a Multi 226 

2011 N/C TOC analyzer (Analytik Jena, Germany). Extracted C was converted to 227 

microbial biomass C as follows: MBC (mg C kg-1) = (fumigated C-non fumigated 228 

C)/0.38 (Vance et al., 1987). 229 

Dissolved organic C (DOC) was determined by the method of Jones and Willett 230 

(2006). C concentrations in the extracts were measured using the Multi N/C 2100 231 

Analyzer as described above.  232 

Light fraction organic C (LFOC) was determined using the density fractionation 233 

method as described by Janzen and Campbell (1992).  C concentrations in the extracts 234 

were measured using the Multi N/C 2100 Analyzer as described above. 235 

The carbon management index (CMI) was obtained according to the method of 236 

Blair et al. (1995). CMI was calculated as follows: 237 

CMI=Carbon Pool Index (CPI) × Lability Index (LI) ×100, where 238 

CPI = Total C content of sample soil / Total C content of reference soil  239 

LI =Lability of C in sample soil / Lability of C in reference soil  240 

The C lability is the ratio of labile C (KMnO4-C) to non-labile C, and non-labile 241 

C is determined as the difference between total C content and labile C (KMnO4-C) 242 

content of soil. In this study, the soil sampled in CK is used as the reference soil. 243 

2.3 Annual carbon input calculations 244 

The mean annual carbon input supplied by each source was estimated by summing 245 

up manure additions from the beginning of the experiment as well as estimated inputs 246 

from rhizodeposition, stubble (above-ground residues below harvest height), roots and 247 

straw (Table 1). In this experiment, straw refers to above-ground crop residues above 248 
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harvest height, which are typically removed from the field in this region, so the C 249 

input from straw was zero.  250 

Both grain (wheat and maize) yields and organic manure C (MA-C) were measured 251 

annually; the biomass of above-ground residues (straw and stubble) and below-ground 252 

residues (mainly root biomass) were assumed to be proportional to the crop grain 253 

yield using the ratio of 43:37:20 for grain:above-ground residues:below-ground 254 

residues for both wheat and maize, as reported by Tang et al. (2012). Stubble was 255 

assumed to represent 10% of the straw (Liu et al., 2013). Hence the above-ground 256 

residues, root biomass and stubble were calculated as 86%, 47% and 8% of the grain 257 

yields, respectively. According to the local crop management protocol, the stubble and 258 

roots of wheat are left in the soil while the stubble and roots of maize are removed 259 

from the ground; hence, we only included the average root and stubble biomass of the 260 

wheat. Total rhizodeposition (root exudates) represented 15% of above-ground 261 

biomass (crop grain yield plus above-ground residues) at maturity (Liu et al., 2013). 262 

The concentrations of C in the dry matter were assumed to be 44% in the above 263 

ground residues and 38% in root (Tang et al., 2012).  264 

The retention efficiency (RE) of the added C inputs was calculated as the average 265 

change in C stocks per year divided by the average annual C inputs, expressed as a 266 

percentage. 267 

2.6 Statistical analysis 268 

The SAS (SAS Systems, Cary, NC, USA) and Microsoft excel 2007 (Microsoft 269 

Corporation, USA) were used to carry out data processing and statistical analysis 270 

(ANOVA). The effects of long-term fertilization regimes on soil BD, SOC 271 

concentrations, SOC stocks, soil labile organic C fractions (Cmin, MBC, DOC, POC, 272 

LFOC and KMnO4-C) and CMI were analyzed using one-way ANOVA with 273 
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separation of means by least significant difference (LSD) test (P < 0.05). Moreover, 274 

redundancy analysis (RDA) was used to analyze the relationship between the 275 

proportion of each labile organic C fraction to total SOC and the proportion of C from 276 

each source to total C input with Canoco version 4.5. 277 

3. Results  278 

3.1 Soil BD 279 

Soil BD ranged between 1.12 and 1.35 Mg m-3 in all treatments and was 280 

significantly lower in soils fertilized with organic manure (DMA, SMA and 281 

1/2SMF+1/2SMA) compared to soils treated with mineral fertilizers (DMF and SMF); 282 

the control treatment (CK) had the highest BD (Table 2). Increasing organic manure 283 

input rates significantly decreased BD (1.12 Mg m-3 for DMA, 1.19 Mg m-3 for SMA 284 

and 1.24 Mg m-3for 1/2SMF+1/2SMA). There was no statistically significant 285 

difference in BD between the SMF and DMF treatments. 286 

3.2 SOC concentrations and SOC stocks 287 

Long-term continuous fertilizer input significantly increased SOC concentrations 288 

and stocks after 26 years for all treatments (Table 2). Treatments which received 289 

organic manure (DMA, SMA, 1/2SMF+1/2SMA) had significantly higher SOC 290 

concentrations and stocks compared to the two mineral and control treatments, storing 291 

as much as 35.39 Mg ha-1 more C in the top 20cm than the CK treatment. 292 

Furthermore, SOC concentrations and stocks significantly increased with increasing 293 

manure input rates, while there was no difference in SOC stocks between the two 294 

rates of mineral fertilizers (DMF and SMF) (P < 0.05). The lowest SOC 295 

concentrations and SOC stocks after 26 years were observed in the CK treatment. 296 

The control treatment had the highest retention efficiency (~37%) while the lowest 297 

RE was for treatments that included manure (10-11%). Treatments that included 298 
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mineral fertilizer only had REs of 16% for the standard rate of fertilizer and 19% 299 

where double the standard fertilizer rate was used. 300 

 3.3 Soil labile organic C fractions 301 

The effects of different fertilizer treatments for 26 years on soil labile organic C 302 

fractions (Cmin, MBC, DOC, POC, LFOC and KMnO4-C) are shown in Fig.1 (P < 303 

0.05). Table 3 lists the proportion of each labile organic C fraction relative to total 304 

SOC under long-term fertilization regimes. 305 

Treatments which received organic manure alone evolved greater cumulative 306 

amounts of CO2-C (Cmin) from soils after 21 days of incubation (467 mg CO2-C g-1 307 

soil for DMA and 279 mg CO2-C g-1 soil for SMA) than other treatments and the 308 

lowest Cmin concentrations (109 mg CO2-C g-1 soil) were found in the CK treatment. 309 

Application of mineral fertilizers combined with organic manure (1/2SMF+1/2SMA) 310 

significantly increased C mineralization by 81% compared to the SMF treatment and 311 

by 32% compared to the DMF treatment. Mineralizable C in SMF and CK treatments 312 

were not significantly different from each other (Fig.1). Cmin comprised very small 313 

proportions (1.49-1.89%) of the total SOC, and the proportions of Cmin to SOC in 314 

DMA, DMF, SMA and 1/2SMF+1/2SMA were significantly higher than those in SMF 315 

and CK treatments (Table 3). 316 

MBC ranged from 168.84 to 471.04 mg kg-1, constituting about 1.74-2.32% of 317 

total SOC (Fig.1 and Table 3). The long-term application of N through organic 318 

manure alone (DMA and SMA) resulted in a significant increase in MBC compared to 319 

mineral-fertilized plots (DMF and SMF) and CK, meanwhile, the MBC concentration 320 

significantly increased with increasing rate of organic manure application. Similarly, 321 

substitution of 50% N through manure (1/2SMF+1/2SMA) also increased the POC 322 

concentration compared to SMF. MBC was lowest in CK and SMF treatments with no 323 
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statistical difference between each other. The values for MBC to SOC as influenced 324 

by different fertilizer treatments showed an opposite trend to the MBC concentrations 325 

with higher proportions under long-term application of mineral fertilizer alone and 326 

CK, and lower proportions under long-term application of organic manure alone. 327 

DOC concentrations in soils followed a pattern similar to Cmin and MBC 328 

concentrations among all treatments. DOC was highest in only manure-treated soils 329 

and lowest in soils treated with only mineral fertilizer or the control soil. Increasing 330 

manure input levels resulted in higher levels of DOC with a concentration 1.17 times 331 

higher under DMA compared with SMA. The integrated treatment 332 

(1/2SMF+1/2SMA) markedly increased DOC content compared to CK. DOC 333 

comprised the smallest proportion (0.84-1.19%) of SOC and was significantly 334 

affected by different fertilizer treatments, with the highest proportion in the SMA 335 

treatment and the lowest in the 1/2SMF+1/2SMAtreatment. 336 

Pure organic manure treatments (DMA and SMA) showed significantly higher 337 

concentrations of POC as compared to integrated (1/2SMF+1/2SMA) and mineral-338 

fertilized plots (DMF and SMF) (P ≤ 0.05). POC constituted 10.20 to 23.65% of 339 

total SOC with a mean value of 16.43%. Highest proportion of POC was observed 340 

under DMA, followed by SMA, which was not significantly different from DMF; 341 

1/2SMF+1/2SMA and SMF had a lower proportion of POC and the lowest proportion 342 

was found in the CK treatment. 343 

In the surface soil (0-20cm), the LFOC concentration was 60% higher under 344 

DMA than under CK. Other treatments showed no significant effects on LFOC 345 

concentrations relative to CK. At the same standard N input level, SMA contained 346 

27% higher organic C in LFOC than SMF, however, there was no significant 347 

difference between 1/2SMF+1/2SMA and SMF. Long term application of mineral 348 
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fertilizers alone slightly decreased LFOC concentrations relative to CK, but this effect 349 

was not statistically significant. The fraction of SOC as LFOC ranged from 1.73 to 350 

3.29% with an average value of 2.56% in SOC, and exhibited a pattern similar to 351 

MBC.  352 

  The plots receiving organic manure had significantly higher KMnO4-C compared to 353 

mineral-fertilized plots and CK (P < 0.05, Fig.1). KMnO4-C concentrations were 354 

higher when double the rate of either manure or mineral fertilizer was used (P < 0.05, 355 

Fig 1). Moreover, KMnO4-C accounted for the highest proportion of SOC compared 356 

with other labile organic C fractions. The proportion of KMnO4-C varied from 14.48 357 

to 21.89% with the mean value of 18.39% of total SOC. The impacts of different 358 

fertilizer treatments on the proportion of KMnO4-C were similar to POC, with highest 359 

proportions in DMA and lowest in CK. 360 

3.4 Carbon pool index and carbon management index 361 

There were significant differences among all fertility treatments for soil carbon 362 

pool index (CPI) and carbon management index (CMI) (Table 4). Changes in CPI 363 

under different fertilizer treatments decreased in the order 364 

DMA >SMA >1/2SMF+1/2SMA >DMF >SMF, with values ranging from 1.17 to 365 

3.35. With reference to CMI, it showed a similar trend to CPI as influenced by 366 

different fertilizer treatments. The highest values of CMI were associated with the 367 

treatments where the entire amount of nitrogen was applied through organic manure, 368 

followed by 1/2SMF+1/2SMA treatment. There was also a significant improvement in 369 

CMI under DMF treatment compared with SMF treatment. 370 

3.5 Correlations between soil labile organic C fractions and estimated annual C 371 

inputs  372 

Redundancy analysis showing the proportion of estimated annual C input from each 373 
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source to total C input as drivers and the proportion of each labile organic C fraction 374 

to SOC as well as CMI as responses was conducted to help us to understand which 375 

types of C are causing the changes in the labile organic C fractions (Fig. 2). The first 376 

two axes accounted for 49.79% of total variation and all the explanatory variables had 377 

significant impacts on the proportion of each labile organic C fraction in SOC and 378 

CMI (P < 0.01). Fig. 2 showed that changes in the proportion of MBC, LFOC and 379 

DOC to SOC were positively correlated with the changes in stubble-C, 380 

rhizodeposition-C and root-C along axis 1. Changes of Cmin, POC and KMnO4-C in 381 

total SOC were closely related to additions of MA-C as shown by their alignment 382 

along the negative axis of axis 1; this was also the case for CMI. The organic manure 383 

fertilized treatments (DMA, SMA and 1/2SMF+1/2SMA) were significantly 384 

differentiated from other treatments along the negative axis of axis 1 and all of them 385 

were clearly separated from each other. The control treatment was significantly 386 

separated from other treatments along the positive axis of axis 1 and correlated with 387 

higher MBC and LFOC contents. The SMF and DMF treatments were not separated 388 

by the RDA.  389 

4. Discussion 390 

4.1 Effect of long-term fertilization regimes on soil BDs, SOC concentrations and 391 

stocks 392 

The dominant effect in all the fertilized plots was the development of porosity as 393 

indicated by the significant reduction in BDs, especially in manure-treated plots. BDs 394 

decreased as rates of organic manure addition increased; this could be due to the 395 

formation of macro-pores and macro-aggregates induced by the cementing action of 396 

organic acids and polysaccharides excreted by microorganism during the 397 

decomposition of the added organic manure (Rasool et al., 2008; Yu et al., 2012; Brar 398 
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et al., 2013). Mineral fertilization decreased soil BD relative to the control treatment, 399 

a finding supported by Liu et al. (2014). These decreases may reflect higher levels of 400 

stubble, wheat root and rhizodeposition inputs when mineral fertilizer is used 401 

compared to the control (Table 1).  402 

This pattern reflected changes in SOC; highest SOC was correlated with the lowest 403 

BD in the manure-fertilized treatments, with the mineral fertilized treatments having 404 

moderate levels of SOC and BD, and lowest SOC and highest BD in the CK 405 

treatment. Loss of organic matter often results in increased BD of the surface soil 406 

because organic matter stabilizes soil aggregates against slaking, dispersion and 407 

collapse (Logsdon and Karlen, 2004), which is consistent with our results that 408 

increases in soil SOC were associated with decreased BD in different fertilizer 409 

treatments (Table 2). 410 

   Numerous studies have reported that changes in carbon sequestration pools and 411 

dynamics were induced by soil management practices, such as afforestation (Laik et 412 

al., 2009), conservation tillage (Liu et al., 2014; Wang et al., 2014), and also 413 

fertilization practices (Yan et al., 2007; Xu et al., 2011; Yang et al., 2012; Wang et al., 414 

2015b). The amount of C sequestered and the rate of C sequestration is also related to 415 

the type and quality of C added i.e. which pool it contributes to. Additions to labile 416 

pools may not benefit C sequestration because they are rapidly mineralized by soil 417 

organisms (Powlson et al., 2012).  418 

In our report, SOC concentrations in unfertilized soil were greatly increased after 419 

26 years of maize-wheat double-cropping compared to initial soil levels (3.93g kg-1). 420 

This can be attributed to two factors. First, an increase in root exudates from modern 421 

higher yielding varieties, and second, from the C contained in the stubble which is 422 

returned to the soil each year. Historically on the NCP all stubble and even the roots 423 

http://www.sciencedirect.com/science/article/pii/S0016706113003030#bb0160
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of crops were removed from the field and used as fuel by peasant farmers (Mu et al., 424 

2016). In today’s farming system, roots are left in the soil and a no-till approach to 425 

summer maize seeding has been adopted; these may be contributing to the increase in 426 

soil C contents in the control plots even though most of the above-ground residues are 427 

removed from the land. The C contained in the stubble and root exudates provides a 428 

substrate for the production of relatively stable end-products, since the retention 429 

efficiency of C inputs in the control treatment was ~37%. 430 

Soil C levels in the mineral fertilized treatments also increased marginally 431 

relative to the control plots. There are conflicting reports about the impact of mineral 432 

fertilization on SOC sequestration (Khan et al., 2007; Reid, 2008); some reports 433 

demonstrated that the use of synthetic N fertilization induced a net loss of SOC (Khan 434 

et al., 2007; Mulvaney, 2009; Lou, 2011), however, other reports indicated that long-435 

term mineral fertilization could increase SOC stocks in the topsoil layer (Johnston et 436 

al., 2009; Gong et al., 2012; Fan et al., 2014). Such differences seem to depend on the 437 

initial soil C status, the ecosystem under study, the quantity and quality of residues 438 

returned and the nature, quantity and duration of fertilizer application (Reid, 2008; 439 

Hamer et al., 2009). The increases in SOC concentration and stocks in our study may 440 

be due to more available nutrients being provided for better crop growth, resulting in 441 

increased root debris and exudates being returned to the soil (Table 1). This has been 442 

supported by many reports from other long-term field experiments (Blair et al., 443 

2006b; Fan et al., 2014; Kätterer et al., 2014). There were no statistical differences in 444 

DMF and SMF SOC concentrations and stocks, which reflects the similar annual C 445 

inputs from crop residues in these treatments (Table 1).  446 

SOC concentrations and stocks increased considerably with organic manure 447 

incorporation rates, which is possibly attributed to a larger proportion of recalcitrant 448 
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organic compounds in manure (Drinkwater et al., 1998; Liu et al., 2014), farmyard 449 

manure application can result in an increase in lignin and lignin-like products, which 450 

are major components of the resistant C pool in the soil (Lima et al., 2009). Crop 451 

production was also enhanced by the manure inputs, which lead to higher total C 452 

inputs from rhizodeposition, root biomass and stubble return (Table 1) (Lin et al., 453 

2009). The significant increases in non-labile C in the manure-fertilized soils (Table 454 

4) indicate that manure addition could be a strategy to improve SOC stabilization in 455 

the long term (Ding et al., 2012).  456 

4.2 Effect of long-term fertilization regimes on soil labile organic C fractions 457 

It has been widely accepted that application of organic manure markedly increases 458 

labile organic C fractions (Gong et al., 2009a; Ding et al., 2012; Liang et al., 2012) 459 

directly or indirectly, which is consistent with our findings. This effect can be 460 

explained by 2 factors. First, through directly contributing to the soil's labile organic C 461 

pool and second, by enhancing microbial activities in organically amended treatments 462 

thereby increasing the conversion of plant residue-C into labile forms of organic C 463 

(Aita et al., 1997; Poirier et al., 2013; Whalen et al., 2014). 464 

Cmin and DOC are produced from decomposition of soil organic matter mainly 465 

driven by soil microbes (Marschner et al., 2002), and MBC is indicative of the size of 466 

the microbial biomass that does the decomposing (Powlson et al., 1987). Although 467 

they account for only a small proportion of SOC (generally 0.80-12.00% for Cmin 468 

0.05-0.50% for DOC and 0.30-4.00% for MBC) in agricultural soils, these measures 469 

of soil C are considered good indicators of the soil's potential to cycle nutrients, a key 470 

ecosystem service (Kaur et al., 2005; Haynes, 2005; Moharana et al., 2012; Benbi et 471 

al., 2015). Significant increases in Cmin, DOC and MBC were observed after organic 472 

manure addition, suggesting that organic manure alone or combined with mineral 473 
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fertilizers had beneficial effects on the activity of microorganisms probably by 474 

providing a readily-available source of C substrate and improving the soil physical 475 

environment e.g. porosity (Lou et al., 2011; Yang et al., 2012). Inconsistent effects of 476 

mineral fertilizers on MBC have been reported, with positive, negative and no impacts 477 

(Xue et al., 2006; Gong et al., 2009b; Lou et al., 2011).  In our study MBC as a 478 

proportion of SOC was highest in the two mineral fertilized treatments and control 479 

(Table 3), suggesting that inputs of C from roots/stubble/rhizodeposition in these three 480 

treatments promoted growth of the microbial biomass but did not contribute as much 481 

to the total SOC. A negative relationship between the MBC:SOC ratio and total SOC 482 

concentrations was also reported in Jiang et al. (2006) in a seeded alfalfa grassland on 483 

the Loess Plateau of China. Results in Clemente et al. (2013) indicate that root 484 

amendment may enhance contributions from microbial-derived OM, which 485 

corresponds with our investigation since the DMF, SMF and CK treatments included 486 

higher proportions of root-C to total C input (Table 1).  487 

Soil DOC represents the most bioavailable source of C substrates (Marschner and 488 

Kalbitz, 2003) and a key source of C for microbial metabolic maintenance needs (Xu 489 

et al., 2011). This explains why in our study soils with the highest DOC also had 490 

highest Cmin and MBC (Montaño, 2007). However, long-term use of mineral 491 

fertilizers alone had no significant effect on DOC regardless of the fertilizer addition 492 

rates, which is in agreement with Zsolnay and Görlitz (1994), confirming that the 493 

primary source of DOC is manure inputs. While DOC as a proportion of SOC was 494 

highest for the SMA treatment, it was lowest for the DMA treatment, possibly 495 

reflecting the higher levels of undecomposed organic C in the DMA treatment, as 496 

evidenced by its high proportion of POC (Wright et al., 2005).   497 

Haynes (2005) reported values of 20-45% for POC and 2-18% for LFOC as a 498 
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proportion of SOC in agricultural soils and Wander (2004) reported that the 499 

proportion of POC and LFOC varied from 2-30%. Our results are at the low end of 500 

these ranges, reflecting the relatively low annual inputs of fresh C in our treatments 501 

(Table 3). Soil POC and LFOC belong to physically uncomplexed organic matter 502 

which is isolated on the basis of particle size and/or density using physical 503 

fractionation techniques (Gregorich et al., 2006). Both the POC and LFOC are 504 

considered to include decomposing plant and animal residues that are rapidly turned 505 

over, and hence are important sources of plant nutrients (Wander et al., 1994). A meta-506 

analysis of data from over 150 experiments has confirmed that both POC and LFOC 507 

can be used to predict long-term changes in total SOC very well (Gosling et al., 508 

2013). Our results are supported by numerous reports (Yan et al., 2007; Yang et al., 509 

2012; Ibrahim et al., 2015), indicating that higher C input induced by fertility 510 

management practices resulted in significantly larger physically uncomplexed organic 511 

carbon (POC and LFOC) pools (Fig.1). Gosling et al (2013) also indicated that POC 512 

and LFOC were strongly influenced by factors related to the recent history of organic 513 

matter addition. In our study the proportion of organic C in POC was greater than that 514 

in LFOC, which is consistent with previous reports (Gregorich et al., 2006; Yan et al., 515 

2007). Significant quantities of C from organic manure are retained in soil particulate 516 

fractions as suggested by Whalen et al. (2003) while LFOC contains more lignin 517 

derivatives, carbohydrate constituents, and aliphatic compounds than POC and is 518 

much more closely related to plant residues (Gregorich et al., 2006; Yan et al., 2007). 519 

This also explains why the highest proportion of POC was found in the DMA 520 

treatment while the highest proportion of LFOC was found in the CK, SMF and DMF 521 

treatments (Table 3). Fig. 2 also indicated that changes in POC were closely linked to 522 

changes in MA-C, however, changes in LFOC resulted from changes in 523 
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rhizodeposition-C, stubble-C or root-C.  524 

C extractable with KMnO4-C consists of amino acids, simple carbohydrates, a 525 

portion of soil microbial biomass and other simple organic compounds and is the 526 

fraction of SOC with a rapid turnover time (Zou et al., 2005). Since KMnO4-C can 527 

respond rapidly to changes in C supply, it is considered an important indicator of soil 528 

quality (Haynes, 2005; Xu et al., 2011). Our study indicated that KMnO4-C was 529 

higher in total and as a proportion of the total C in manure-treated soils compared to 530 

mineral fertilized soils and unfertilized soils, confirming that manure inputs drive 531 

changes in pools of labile C as already discussed for the other measures of labile C.  532 

4.3 Effect of long-term fertilization regimes on CMI 533 

It has been confirmed that the carbon management index (CMI) is a useful 534 

parameter to assess the capacity of management systems to improve soil quality (Blair 535 

et al., 1995; Diekow et al., 2005). The index incorporates a measure of the impact on 536 

total soil C (CPI) and the lability of that C (LI) thus reflecting both C sequestration 537 

and nutrient cycling potential. Since the index is the product of these two measures, 538 

only treatments that score highly on both will have a high CMI. In our research, the 539 

effects of fertilization regimes on CMI were significant with CMI increasing in 540 

treatments receiving organic manure compared to those treatments receiving mineral 541 

fertilizers. This is confirmed by numerous studies on long-term fertilization systems 542 

(Xu et al., 2011; Ghosh et al., 2012). Tirol-Padre and Ladha (2004) explained that 543 

variations of CMI in different fertilizer treatments are attributed to the increase in 544 

annual C addition and the changes in organic matter quality, thus affecting the 545 

susceptibility of C to KMnO4 oxidation. CMI was highly correlated with the amount 546 

of each labile organic C fraction and total SOC (P < 0.05, data not shown). Our 547 

reports also indicated that the proportion of MA-C in the total C input significantly 548 
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increased CMI (Fig. 2).  549 

5. Conclusions  550 

Our results clearly indicated that 26 years of organic manure addition or combined 551 

manure-mineral fertilizer application significantly decreased soil bulk density, 552 

increased total SOC concentrations, SOC stocks and labile organic C fractions (Cmin, 553 

MBC, DOC, POC, LFOC and KMnO4-C) compared to mineral fertilizers or the 554 

unfertilized control in a wheat-maize rotation system in the North China Plain. Results 555 

were additive with higher rates of organic manure resulting in further beneficial 556 

effects. Great improvement in the values of CMI under organic or integrated organic-557 

mineral fertilized treatments indicated enhanced delivery of C sequestration and 558 

nutrient cycling soil ecosystem services compared to mineral fertilized treatments. In 559 

conclusion, organic manure fertilization or integrated organic manure with mineral 560 

fertilization could be important strategies for improving SOC status and maintaining 561 

soil quality in soils in the North China Plain.  562 
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 853 

Table 1 Estimated mean annual carbon input (Mg C ha-1 y-1) with % of total in parentheses in 

different fertilizer treatments based on analysis of added material each year. 

Treatments Manure-C 
Stubble-C 

(wheat) 
Root-C (wheat) Rhizodeposition-C 

Total C 

input 

CK 0 (0) 0.06 (6) 0.32 (33) 0.59 (61) 0.97 

SMF 0 (0) 0.20 (7) 1.04 (37) 1.59 (56) 2.83 

SMA 6.75 (73)   0.17 (2) 0.85 (9) 1.53 (16) 9.30 

1/2SMF+1/2SMA 3.38 (55) 0.20 (3) 1.00 (16) 1.57 (26) 6.14 

DMF 0 (0) 0.20 (7) 1.00 (36) 1.57 (57) 2.77 

DMA 13.50 (83) 0.20 (1) 0.99 (6) 1.62 (10) 16.31 

CK: control with no amendment addition; SMF: standard rate of mineral fertilizer; SMA: 854 

standard rate of organic manure; 1/2SMF+1/2SMA: half the standard rate of mineral fertilizer 855 

plus half the standard rate of organic manure; DMF: double standard rate of mineral fertilizer; 856 

DMA: double standard rate of organic manure  857 

  858 
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 859 

CK: control with no amendment addition; SMF: standard rate of mineral fertilizer; SMA: 860 

standard rate of organic manure; 1/2SMF+1/2SMA: half the standard rate of mineral fertilizer 861 

plus half the standard rate of organic manure; DMF: double standard rate of mineral fertilizer; 862 

DMA: double standard rate of organic manure. 863 

 864 

 865 

Table 2 Effects of long-term fertilization regimes on soil bulk density (BD), soil organic 

carbon (SOC) and SOC stocks under a wheat–maize rotation in China (0-20cm). Long term 

averages (mean ± SE) followed by the same letter in the same column are not significantly 

different (LSD, P < 0.05) in different fertilizer treatments. 

Treatments 
BD 

 (Mg m
-3

) 
SOC (g kg

-1
) SOC stocks (Mg ha

-1
) 

CK 1.35±0.03a 7.34±0.37e 19.88±1.37e 

SMF 1.30±0.05ab 8.57±0.72d 22.28±2.51de 

SMA 1.19±0.02c 15.68±0.54b 37.17±1.47b 

1/2SMF+1/2SMA 1.17±0.08c 12.24±1.22c 28.63±4.47c 

DMF 1.26±0.03b 9.56±0.62d 24.15±1.84d 

DMA 1.12±0.05c 24.61±0.28a 55.27±2.93a 
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 866 
Table 3 Labile organic C fractions including mineralizable C (Cmin), microbial biomass C (MBC), dissolved 

organic C (DOC), particulate organic C (POC), light fraction organic C (LFOC), and permanganate oxidizable C 

(KMnO4-C) as a proportion of total SOC (%) in different fertilizer treatments. Averages (mean ± SE) followed by 

the same letter in the same column are not significantly different (LSD, P < 0.05). 

Treatments Cmin/SOC MBC/SOC DOC/SOC POC/SOC LFOC/SOC KMnO4-C/SOC 

CK 1.49±0.06b 2.30±0.17a 1.06±0.05b 10.20±1.45e 3.29±0.63a 14.48±0.43d 

SMF 1.40±0.17b  2.13±0.24ab  0.96±0.08cd 13.52±1.78d  3.02±0.14ab 16.41±1.74c 

SMA 1.78±0.07a 1.74±0.02c 1.19±0.03a 19.03±1.52b  2.13±0.18de 19.50±0.73b 

1/2SMF+1/2SMA 1.78±0.03a 1.99±0.09b 0.84±0.08e  15.31±0.61cd  2.51±0.11cd 19.33±1.17b 

DMF 1.73±0.07a 2.32±0.16a  1.04±0.04bc  16.84±1.99bc  2.69±0.20bc 18.74±1.20b 

DMA 1.89±0.20a  1.91±0.14bc  0.89±0.09de 23.65±3.10a 1.73±0.33e 21.89±0.16a 

CK: control with no amendment addition; SMF: standard rate of mineral fertilizer; SMA: standard rate of organic manure; 1/2SMF+1/2SMA: 867 

half the standard rate of mineral fertilizer plus half the standard rate of organic manure; DMF: double standard rate of mineral fertilizer; DMA: 868 

double standard rate of organic manure. 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 
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 877 

Table 4 Soil Carbon pool index (CPI), Non-labile C, Lability of C (L), Lability index (LI), and Carbon management index (CMI) of different 

fertilizer treatments. Long term averages (mean ± SE) followed by the same letter in the same column are not significantly different (LSD, P < 

0.05) in different fertilizer treatments. “-” indicate no available data.  

Treatments CPI 
Non-labile C 

(g kg
-1

) 
L LI CMI 

CK - 6.28±0.29e 0.17±0.01d - - 
SMF 1.17±0.05e 7.16±0.49d 0.20±0.03c 1.16±0.12c 135.41±18.44e 
SMA 2.14±0.07b 12.62±0.33b 0.24±0.02b 1.42±0.03b 304.68±12.65b 

1/2SMF+1/2SMA 1.66±0.12c 9.87±0.87c 0.24±0.02b 1.41±0.06b 234.90±23.77c 
DMF 1.30±0.07d 7.77±0.41d 0.23±0.02b 1.36±0.07b 176.46±8.47d 
DMA 3.36±0.12a 19.23±0.19a 0.28±0.00a 1.65±0.07a 554.19±37.67a 

CK: control with no amendment addition; SMF: standard rate of mineral fertilizer; SMA: standard rate of organic manure; 1/2SMF+1/2SMA: 878 

half the standard rate of mineral fertilizer plus half the standard rate of organic manure; DMF: double standard rate of mineral fertilizer; DMA: 879 

double standard rate of organic manure  880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 
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Figure Legends:  888 

Figure 1 Effects of long term fertilization regimes on contents of soil organic carbon (SOC) and labile 889 

organic C fractions (Cmin, cumulative carbon mineralization of 21 days in a 21-day incubation experiment; 890 

KMnO4-C, permanganate oxidizable carbon; POC, particulate organic carbon; DOC, dissolved organic 891 

carbon; LFOC, light fraction organic carbon; MBC, microbial biomass carbon) in soil at 0-20 cm depth in 892 

intensive Chinese maize/wheat rotations. (CK, control with no amendment addition; SMF, standard rate of 893 

mineral fertilizer treatment that reflect local farmer practice; SMA, standard rate of organic manure 894 

treatment with N input rate equal to SMF; 1/2SMF+1/2SMA, half the standard rate of mineral fertilizer plus 895 

half the standard rate of organic manure treatment; DMF, double standard rate of mineral fertilizer 896 

treatment; DMA, double standard rate of organic manure treatment.) Long term averages (mean ± SE) 897 

followed by the same letter are not significantly different (LSD, P < 0.05) in different fertilizer treatments. 898 

Figure 2 Redundancy analysis (RDA) of the proportion of each labile organic C fraction (Cmin, MBC, 899 

DOC, POC, LFOC, KMnO4-C) to SOC as well as CMI constrained by the proportion of estimated amount of 900 

annual C input from each source (MA-C, stubble-C, rhizodeposition-C and root-C) to total C input under 901 

long-term fertilization regimes. (● CK: control with no amendment addition;  SMF: standard rate of 902 

mineral fertilizer treatment that reflect local farmer practice;  SMA: standard rate of organic manure 903 

treatment with N input rate equal to SMF; 1/2SMF+1/2SMA: half the standard rate of mineral fertilizer 904 

plus half the standard rate of organic manure treatment; ×DMF: double standard rate of mineral fertilizer 905 

treatment; DMA: double standard rate of organic manure treatment). 906 

 907 

 908 
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Fig.2 Redundancy analysis (RDA) of the proportion of each labile organic C fraction (Cmin, MBC, 

DOC, POC, LFOC, KMnO4-C) to SOC as well as CMI constrained by the proportion of estimated 

amount of annual C input from each source (MA-C, stubble-C, rhizodeposition-C and root-C) to total 

C input under long-term fertilization regimes. (● CK: control with no amendment addition;  SMF: 

standard rate of mineral fertilizer treatment that reflect local farmer practice; ◇ SMA: standard rate of 

organic manure treatment with N input rate equal to SMF; ○ 1/2SMF+1/2SMA: half the standard 

rate of mineral fertilizer plus half the standard rate of organic manure treatment; △ DMF: double 

standard rate of mineral fertilizer treatment; ▲ DMA: double standard rate of organic manure 

treatment). 




