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Abstract. Soil organic carbon (SOC) is an important indicator of soil quality and crop production. In 

order to optimize management practices and balance agronomic and environmental interests, we 

conducted physicochemical fractionation to determine the effect of different fertilization treatments on a 

maize-wheat field in southern China. The fertilization treatments include unfertilized control (CK), 

nitrogen fertilizer alone (N), balanced fertilizer (NPK) and application of fertilizer plus manure (NPKM). 

SOC in CK was 6.5 g kg-1 lower than that in the NPKM treatment and 1.4 g kg-1 higher than that in the N 

treatment. The proportions of C fractions to SOC in unprotected pool, physically protected pool and 

stably protected pool (chemically protected pool plus biochemically protected pool) were 22.2~43.9%, 

4.8~6.9%, and 49.4~71.6%, respectively. Soil organic carbon was mainly contained in the unprotected C 

pool. In addition, the biochemically protected C showed changing saturation levels in different 

fertilization treatments. Therefore, the application of fertilizer plus manure might be the best option in 

order to improve soil TOC and C fractions in the maize-wheat cropping system. 

Keywords: different carbon fraction, long-term fertilization, physicochemical fractionation, climate 

change, southern China 

Introduction 

Soil organic carbon (SOC) plays a key role in nutrient supply, improvement of soil 

physical properties, and erosion control (Stevenson, 1994; Di et al., 2018). SOC is also 

the source and sink of atmospheric CO2 and it is important for global carbon (C) cycling 

(Lou et al., 2011; Sun et al., 2021). Therefore, a satisfactory level of SOC is crucial for 
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ensuring food security and mitigating climate warming. SOC is a heterogeneous and 

dynamic substance that varies in C and N contents, molecular structure, decomposition 

rate, and turnover time (Oades, 1988). Soil total organic carbon (TOC) is not able to 

respond rapidly to soil changes in terrestrial ecosystems, such as fertilization, tillage, 

and land use. Thus, it is important to classify TOC into different carbon pools according 

to their decomposition rates or controlling factors, such as water-soluble organic C (Xu 

et al., 2011), microbial biomass C (Wu et al., 2005), and KMnO4-oxidizable C (Blair et 

al., 1995). These C fractions are more sensitive to the changes in soil management 

practices than soil TOC. TOC was classified into free particulate organic C, intra-

microaggregate particulate organic C, and mineral- associated organic C though the 

stabilization of SOC by Six et al. (2000, 2002). Based on the physical fractionation 

method by Six et al. (2000, 2002), Stewart et al. (2008, 2009) proposed a 

physicochemical fractionation procedure and the associated conceptual SOC model and 

separated the TOC into various conceptual fraction pools according to different 

protection mechanisms: unprotected C pool, physically protected C pool, chemically 

protected C pool, and biochemically protected C pool. These C pools provide the basis 

for understanding the effect of SOC with different management measures. 

Numerous studied reported that mineral fertilizers and manure application could 

increase TOC and C fractions in farmland ecosystems (Tong et al., 2014; Tripathi et al., 

2014; Ding et al., 2014; Javaid et al., 2021), but Stewart et al. (2008) and Six et al. 

(2002) found that silt- or clay-sized C fractions did not respond to manure and might 

reach C saturation level. However, unbalanced or balanced fertilization showed no 

consistent effects on SOC and C fractions. Some studies showed that mineral fertilizer 

(N, NK, NP, and NPK) alone could significantly increase SOC and C fractions (Li et 

al., 2010; Sun et al., 2013). These results were not consistent with those of another long-

term experiment in the Loess Plateau of China by Wu et al. (2004), who reported that 

the N fertilizer alone led to lower concentrations of TOC and LFC than the control 

treatment (CK). Zhang et al. (2009) also demonstrated that only applying N fertilizer 

might not sequester C in the red soil of China. The differences among these study 

results were mainly ascribed to climate factors, topography, soil types, organic fertilizer 

addition rates, and the initial SOC level. 

There are about 56.9 Mha of red soil, which accounts for 6.5% of the total arable 

land in China (Xu et al., 2006; Zhang et al., 2009). Double cropping winter wheat 

(Triticum aestivium L.) and summer maize (Zea mays L.) are the uppermost grains in 

this agricultural region. The different C fractions of long-term fertilizers will affect 

directly the grain yield and productivity in red soil. The effects of manure or mineral 

fertilizer on carbon concentration was seldom reported. The physicochemical 

fractionation procedure of SOC was not used to study SOC fractions in red soil. 

Therefore, the study aims to explore the influences of 28-year fertilization treatments in 

this wheat-maize rotation system on TOC concentration and C fractions of unprotected 

C pool, physically protected C pool, chemically protected C pool, and biochemically 

protected C pool. 

Materials and methods 

Site descriptions 

The long-term fertilization experiment was carried out at Qiyang Red soil 

experimental station in Hunan Province of China (26°45′N, 111°52′E). The 
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meteorological parameters in the site are provided as follows: subtropical humid 

monsoon, average annual sunshine of about 1623 h, mean annual precipitation of 

1431 mm, mean annual temperature of 18 °C, and effective accumulated temperature of 

about 5600 °C (Zhang et al., 2009). 

The experimental site was constructed in 1990 and the red soil was developed from 

Quaternary red clay (11.63% sand,18.44% silt,74.18% clay) and classified as Ferralic 

Cambisol (FAO, 1988). The soil physical and chemical parameters of topsoil (0~20 cm) 

in the initial year (1990) were provided as follows: total organic carbon (TOC) of 8.58 g 

kg-1, total N of 1.07 g kg-1, total P of 0.45 g kg-1, total K of 13.28 g kg-1, available N of 

79.00 mg kg-1, available P of 10.80 mg kg-1, available K of 122.00 mg kg-1, bulk density 

of 1.10 g cm-3, and pH 5.70 (soil/water 1:1). The field has been continuously cultivated 

for 28 years under the wheat-maize rotation mode (Tong et al., 2014). 

 

Experimental design and crop management 

Four fertilization treatments were chosen from eleven treatments of this experiment 

in the study (Table 1). These treatments include unfertilized control (CK), nitrogen 

fertilizer alone (N), balanced fertilizer (NPK) and application of fertilizer plus manure 

(NPKM). Annual application designs of inorganic N, P and K fertilizers and pig 

manure in various fertilization treatments are shown in Table 1 Mineral inorganic 

nitrogen, phosphorus and potassium fertilizers were respectively urea, calcium 

superphosphate, and potassium chloride and pure pig manure was applied. This study 

just considered about the nitrogen content equaled between the treatment with manure 

and without manure. The ratio of organic to inorganic nitrogen was 7:3. The carbon 

and nitrogen concentrations in pig manure were 413.2 g kg-1 and 1.67 g kg-1 (dry 

base), respectively. Mineral fertilization was applied before sowing each crop (30% of 

mineral N, P and K were applied for the wheat crop and 70% for the maize crop). 

However, aboveground biomass was removed from the fields in the plots of all 

fertilization treatments. 

Each treatment was replicated three times in a randomized block design. The area of 

each plot was 196 m2 (20 m × 9.8 m). In each year, winter wheat (Triticum aestivium 

L.) hybrid ‘Xiangmai 11’ was sown in strips on November 10, and harvested in early 

May of the next year. Summer maize (Zea mays L.) hybrid ‘Yedan 13’ was sown in 

holes between two wheat strips in early April and harvested in July of the same year 

(Tong et al., 2014). No irrigation was applied in both crops, but herbicides and 

pesticides were applied during the crop growth periods as required. Grains and straws 

were air-dried, threshed, oven-dried at 60 °C to a uniform moisture level, and then 

weighed separately after harvesting. 

 
Table 1. Annual application of inorganic N, P and K fertilizers and pig manure (dry weight) 

under various fertilization treatments 

Treatments 

Wheat Maize 

Inorganic N Inorganic P Inorganic K Pig manure Inorganic N Inorganic P Inorganic K Pig manure 

(kg ha-1) (kg ha-1) (kg ha-1) (Mg ha-1) (kg ha-1) (kg ha-1) (kg ha-1) (Mg ha-1) 

CK 0 0 0 0 0 0 0 0 

N 90 0 0 0 210 0 0 0 

NPK 90 16 31 0 210 37 73 0 

NPKM 27 16 31 3.9 63 37 73 9.4 

aInorganic N fertilizer is urea; P is Calcium superphosphate; K is KCl 
bIn dry weight 
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Soil sampling 

Three composite soil samples for each plot was prepared by mixing five soil cores 

(inner diameter: 5 cm; height: 20 cm) collected randomly from the surface soil 

(0~20 cm) after harvesting summer maize in 2017. Six samples were collected for each 

treatment. Samples were packaged to maintain the uncompacted state at constant 

temperature and then brought to the laboratory. Large rocks, obvious litters, and roots 

were removed after samples were air-dried and then carefully broken by hands and 

passed through an 8-mm sieve, a 2 mm sieve and a 0.15 mm sieve. Soil sample passing 

through a 2 mm sieve was subjected to fractionation and soil sample passing through a 

0.15 mm sieve was used to measure total organic carbon. All samples of each treatment 

were stored at room temperature for further analysis. 

 

Soil fractionation and C analyses 

Three fractionation steps of soil organic carbon were detailed and given by Stewart et 

al. (2008, 2009). These steps included wet sieving-isolation of microaggregates, density 

flotation, and acid hydrolysis (Fig. 1). In the first step, > 250 μm coarse particulate 

organic matter (cPOM), 53~250 μm microaggregate C fractions, and < 53 μm silt- and 

clay-sized C fractions (d-silt and d-clay) were obtained. Soil sample (20 g) was placed 

on a 250 μm sieve and carefully shaken with 30 glass beads on the top of the 

microaggregate isolator containing water filling two thirds of the volume of the isolator. 

After 20 min, the fraction with the size > 250 μm and the fraction with the size between 

250 μm and 53 μm fractions were collected in an aluminium specimen box. The fraction 

with the size < 53 μm and water was centrifuged (127×g for 7 min, 1730×g for 15 min) 

in a bucket to separate the easily dispersed silt- and clay-sized C fractions. All fractions 

were dried at 60 °C, weighed, and stored. 

The second step involved further density flotation and dispersion of microaggregate 

fraction obtained in the first step. This step generated fine particulate organic matter 

(fPOM), physically protected C fractions (iPOM) with the size > 53 μm, and 

microaggregate-derived silt- and clay-sized C fractions (μ-silt and μ-clay) with the 

size < 53 μm. Firstly, 50 mL of 1.70 g cm-3 sodium iodide solution was used to initiate 

density flotation. Then, these samples were centrifuged at 1250×g for 20 min at room 

temperature, filtered with the filter paper of 0.45 μm, and then washed with deionized 

water for five times to remove sodium iodide. The components on the 0.45 μm filter 

paper were fine fraction and this filtrate was collected for reuse. Meanwhile, the heavy 

fraction left in centrifuge tube was washed five times with deionized water, and then 

60 mL of 5 g L-1 sodium hexametaphosphate was added, shaken for 18 h with 12 glass 

beads in oscillator, and passed through a 53 μm sieve to separate the physically 

protected C fractions and silt- and clay-sized C fractions. The further separation step of 

silt- and clay-sized C was the same with that in the first step. 

The third step involved acid hydrolysis of the silt- and clay-sized C fractions (d-silt 

and d-clay; μ-silt and μ-clay). In the acid hydrolysis step, 6 mol L-1 HCl was added in 

the sample, which was immersed in water bath at 95 °C for 16 h. After refluxing, the 

sample was filtered and washed with deionized water. All residues were collected in an 

aluminium specimen box, dried at 60 °C, and weighed. Acid hydrolysis fractions 

included H-dsilt, H-dclay, H-μsilt, and H-μdsilt. Non- hydrolysis fractions including 

NH-dsilt, NH-dclay, NH-μsilt, and NH-μdsilt were obtained by subtracting carbon 

concentration of acid hydrolysis fractions from total carbon concentration. Carbon 
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concentrations in all fractions were measured with an EA 3000 elemental analyzer 

(Italy) (From Shanghai Wolong Instrument Co., Ltd). 
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Figure 1. Fractionation procedure of soil organic carbon for different C pools. cPOM and 

fPOM indicate unprotected C; iPOM indicate physically protected C; H-dsilt, H-dclay, H-μsilt, 

and H-μclay (hydrolysable silt & clay) indicate chemically protected C; NH-dsilt, NH-dclay, 

NH-μsilt, and NH-μclay (non-hydrolysable silt & clay) indicate biochemically protected C 

 

 

Data analysis 

Annual grain yield and annual carbon input were calculated with the data from 1990 

to 2017. All data were analyzed by SPSS Statistics 17.0. Analysis of variance 

(ANOVA) was performed with a LSD test to analyze the significant difference among 

different treatments (P < 0.05) was considered to be statistically significant. 

Results 

Soil TOC 

Figure 2 shows soil TOC concentrations in different fertilizations treatments. Soil 

TOC concentrations in different treatments in the 28-year wheat-maize rotation period 

were decreased according to the following order: NPKM > NPK > CK > N. 

Obviously, TOC concentration in the soil in the NPKM treatment showed the greatest 

increase of 13.9 g kg-1 and was 4.5 g kg-1, 7.9 g kg-1, and 6.5 g kg-1 higher than TOC 

in the soil in the treatments of NPK, N, and CK. However, TOC concentration in the 

soil in the N treatment was the lowest (6.0 g kg-1) and 1.4 g kg-1 lower than that in the 

CK treatment. 
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Figure 2. Effects of long-term fertilization on content of soil total organic carbon (TOC). Bars 

represent mean + standard error. Different lowercase letters indicate significant differences 

among all treatments (P < 0.05) 

 

 

Soil C fractions 

As expected, the application of fertilizer plus manure (NPKM) resulted in significant 

increases in various carbon fractions except NH-clay (Table 2). In the unprotected C 

pool, NPKM treatment had the highest C concentration in cPOM fraction, which was 1 

time, 4 times, and 2 times than that in NPK, N and CK treatments. However, fPOM 

fraction showed the lowest C concentration in all C fractions. Soil C concentrations in 

different treatments was decreased according to the following order: 

NPKM > NPK > N = CK in iPOM of physically protected C pool. Soil C concentration 

in chemically protected C pool in NPKM treatment was 1.25 g kg-1 higher than that in 

CK treatment. In biochemically protected C pool, all treatments assumed different 

effects on C concentration. In biochemically protected C pool, C concentration in 

NPKM treatment was 0.68 g kg-1 higher than that in the CK treatment and C 

concentration in N treatment was 0.62 g kg-1 lower than that in the CK treatment. 

Furthermore, stable fractions showed the highest C concentration in all fractions after 

long-term fertilization treatments. 

 

Soil C fractions in TOC 

In all treatments, the proportion of stable C fractions (chemically protected plus 

biochemically protected) to TOC was the highest (Fig. 3). The proportions of various C 

fractions to TOC were decreased according to the following order: stable C fractions 

(49.4~71.6%) > unprotected C fractions (22.2~43.9%) > physically protected C 

fractions (4.8~6.9%). Compared with CK, NPKM treatment significantly improved the 

proportions of unprotected and physically protected C fractions, but decreased the 

proportion of stable C fractions. In the NPK treatment, only physically protected C 

fractions was increased significantly. Meanwhile, N treatment reduced unprotected C 

fractions and significantly increased chemically protected C fractions. However, the 

proportion of stable C fractions in the NPKM treatment was the lowest and the highest 

in the N treatment. 
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Table 2. Soil organic carbon fractions of different carbon pools under long-term fertilization 

treatments (g kg-1 soil)& 

Treatments 

SOC fractions 

Unprotected 
Physically 

protected 
Chemically protected 

Biochemically 

protected 

Stable 

fractions 

cPOM fPOM iPOM# H-silt H-clay NH-silt NH-clay Total$ 

CK 2.08c 0.27b 0.35c 1.76b 0.65b 1.65b 0.56a 4.63bc 

N 1.03d 0.18b 0.34c 1.42b 0.90ab 1.21c 0.37b 3.92c 

NPK 2.69b 0.29ab 0.63b 2.17ab 0.79b 1.90b 0.64a 5.49b 

NPKM 5.39a 0.43a 0.88a 2.57a 1.09a 2.29a 0.61a 6.55a 

#cPOM indicate coarse unprotected particulate organic matter ( > 250 μm); fPOM indicate fine 

unprotected POM (lighter than 1.70 g cm3, 53-250 μm); iPOM indicate physically protected POM 

(heavier than 1.70 g cm3, > 53 μm); H-silt indicate hydrolysable silt-sized fraction (acid soluble, 53-

2 μm); H-clay indicate hydrolysable clay-sized fraction (acid soluble, < 2 μm); NH-silt indicate non-

hydrolysable silt-sized fraction (acid resistant, 53-2 μm); NH-clay indicate non-hydrolysable clay-sized 

fraction (acid resistant, < 2 μm) 
&Different lowercase letters indicate significant differences among all treatments (P < 0.05) 
$The sum of H-silt, H-clay, NH-silt and NH-clay 
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Figure 3. Effects of long-term fertilization on the proportions of soil fractions carbon to total 

organic carbon. Different lowercase letters indicate significant differences among all 

treatments (P < 0.05) 

Discussion 

The application of chemical fertilizer and manure increased significantly soil organic 

carbon concentration (Bhattacharyya et al., 2010; Liang et al., 2014; Di et al., 2018; Che 

et al., 2021). In our studies, soil TOC was improved by 88% after the long-term 

application of mineral fertilizer and manure compared with CK treatment (Fig. 2). 

Long-term applications of animal manure generally increased TOC in two ways. 
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Organic matters contained in applied manure increased TOC and the increased organic 

matters of crop residues due to the higher crop yields after the application of manure 

correspondingly increased TOC (Batande et al., 2020). In the plot, mean annual grain 

yield of wheat and maize in NPKM treatment was the highest (6883 kg ha-1 yr-1), thus 

leading to a tremendous carbon input (6.29 t ha-1 yr-1) compared with other treatments 

(Table 3). The more the carbon input was, the greater the C-saturated degree in TOC of 

soil was (Six et al., 2002; Stewart et al., 2008; Huo et al., 2018). The effects of fertilizer 

and manure application on TOC have been realized and utilized for nearly 4000 years in 

China, Japan, and Korea (Dormaar et al., 1988). 

 
Table 3. Effects of long-term different fertilization treatments to grain yield and carbon input 

Treatments 

Wheat Maize 

Total 

Carbon input 

Total Annual grain yield Crop Manure 

kg ha-1 yr-1 t ha-1 yr-1 

CK 362 286 648c 0.24 0.00 0.24c 

N 303 545 848c 0.25 0.00 0.25c 

NPK 1060 2876 3937b 0.83 0.00 0.83b 

NPKM 1772 5111 6883a 1.50 4.79 6.29a 

Annual grain yield is dry weight. Different lowercase letters indicate significant differences among all 

treatments (P < 0.05) 

 

 

However, the TOC in the N treatment was the lowest (6.0 g kg -1), which was even 

lower than that in the CK treatment (7.4 g kg-1). No significant difference in carbon 

input was observed between the N treatment and CK treatment, but the lowest pH 

(3.77) occurred in 2017 after successive N fertilizer application (Table 3, Fig. 4). Soil 

acidification would lead to soil hardening and the decline in soil fertility and may not 

sequester C (Zhang et al., 2009). Only N fertilizer may enhance the decomposition of 

TOC in the soil due to the high temperature and abundant rainfall. The observation 

was not consistent with the previous reports (Campbell et al., 1991). Wu et al. (2004) 

found that N fertilizer stimulated microbial activities and enhanced TOC 

decomposition and that the MB-C in N fertilizer treatment was 17~110% higher than 

in the control. The higher MB-C suggested the higher activities of microorganisms 

and the more intensive decomposition activities of soil organic carbon (Ci et al., 2015; 

Li et al., 2017). 

Effects of fertilization on soil C fractions Kandeler et al. (1999) in Germany and 

Gerzabek et al. (2001) in central Sweden demonstrated that organic manure could 

increase in SOC concentration in particle-sized fractions. In this study, NPKM 

treatment increased significantly each C fraction, especially cPOM of unprotected pool, 

which was 2.6 times of that in the CK treatment. Sleutel et al. (2006) also proved that 

fertilizer and manure application promoted the C fractions in the unprotected pool. In 

our experiments, the proportions of C fractions to TOC in unprotected pool, physically 

protected pool, and stably protected pool (chemically protected pool plus biochemically 

protected pool) were respectively 22.2~43.9%, 4.8~6.9%, and 49.4~71.6% (Fig. 3). 

Stewart et al. (2009) stated that the C fractions of the unprotected pool (cPOM + fPOM) 

accounted for 9~46% of TOC. Köbl and Kögel-Knabner (2004) reported that the C 

fractions of the physically protected pool (iPOM) accounted for 5.0~9.8% of TOC in 

silty clay loam soils. Tong et al. (2014) found that the C fractions of stable C pool 
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accounted for 45.2~76.6% of TOC under different fertilization treatments in red soil in 

southern China. The results were consistent with previous results (Stewart et al., 2012; 

Ding et al., 2014). 

 

 

Figure 4. Effects of long-term fertilizer to soil pH. Bars represent mean + standard error. 

Different lowercase letters indicate significant differences among all treatments (P < 0.05) 

 

 

The biochemically protected C pool is acquiring protection through condensation and 

complexation reactions or the inherent complex biochemical nature of the material (Lu 

et al., 2021). Biochemically protected C consisting of the non-hydrolyzable silt and clay 

particles are old stabilized organic carbon, which is hypothesized to be unaffected by 

management or interacted with charcoal or other materials. Biochemically protected C 

would be expected to reach a saturation level. In this study, the proportion of 

biochemically protected C fractions to stable C fractions showed no significant change 

among different fertilization treatments except N treatment. This phenomenon indicated 

that biochemically protected C fractions might reach a saturation level. The result was 

consistent with previous reports (Six et al., 2002; Stewart et al., 2008; Wang et al., 

2021). The different result of the N treatment might be ascribed to the low pH (3.77) 

and the high concentration of HCL (6 mol L-1), which stimulated the degree of acid 

hydrolysis. It is necessary to adopt more powerful analytical tools, such as polymerase 

chain reaction (PCR) technique and 13C NMR spectroscopy to explore the phenomenon 

of biochemically protected C fractions in the N treatment. 

Conclusions 

Continuous application of fertilizer plus manure in 28 years significantly increased 

soil TOC and C fractions, but the application of N fertilizer alone showed the 

inconsistent result with CK treatment in the wheat-maize rotation system in the red soil 

in southern China. Soil organic carbon was mainly contained in the unprotected C pool, 

indicating that the unprotected C pool was the more sensitive indicator than soil TOC or 

other C fractions. In addition, biochemically protected C showed the tendency of a 

saturation level in different fertilization treatments. It is necessary to adopt the 

polymerase chain reaction (PCR) technique or 13C NMR spectroscopy to further explore 

the effects of fertilizer and manure application on soil carbon fractions. 
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