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Abstract

:

To mitigate climate change and improve food security, it is essential to understand how fertilizer strategies impact the dynamics of soil organic carbon and its fractions. The soil organic carbon (SOC), light fraction organic carbon (LFOC), and particulate organic carbon (POC) were investigated every five years in a corn (Zea mays L.) cropping system with chemical fertilization and manuring over twenty-four years (1992–2016) in a semiarid area of northern China. There were four treatments with chemical fertilizer (i.e., N1P1, N2P2, N3P3, N4P4), three treatments with chemical fertilizer plus manure (i.e., N2P1M1, N3P2M3, N4P2M2), and one treatment with manure alone (i.e., M6), and an unfertilized treatment (control). The carbon sequestration rate (CSR) and efficiency (CSE) of SOC, POC, and LFOC were identified. The results revealed that the fertilization treatments (N2P2, N3P3, N2P1M1, N3P2M3, N4P2M2, and M6) promoted SOC sequestration, with a sequestration rate of 0.19~1.29 Mg ha−1 y−1. The excess application of chemical fertilizer caused a reduction in POC, whereas the application of NP, NPM or manure resulted in greater POC sequestration in soil, with a carbon sequestration rate of 0.04~0.24 Mg ha−1 y−1. The LFOC stocks were 1.43~2.24 Mg ha−1 under the NP treatments, 2.47~6.68 Mg ha−1 under the NPM treatments and 8.12 Mg ha−1 under the M treatment; these stocks were all higher than that of the control treatment. Different fertilization strategies affected the pools of SOC with different sequestration rates. We found the carbon sequestration rates of SOC and LFOC were logarithmically correlated with the annual carbon input. When the annual C input is approximately 1.39 Mg ha−1 y−1, the SOC level will be maintained; when the annual C input is higher than 0.8 Mg ha−1 y−1, the LFOC level increases. This study describes the relationship between carbon inputs and the SOC(LFOC) sequestration rates under continuous fertilization in arid cropland. The results further evidence that the long-term fertilization of NPM and M increases the potential for SOC sequestration and quantifies the amount of exogenous carbon input required for soil organic matter enhancement.
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1. Introduction


Soil carbon (C) sequestration, the fixation of long-lived C pools in cropland soils, is a win-win strategy that augments food production and improves soil quality [1]. Soil organic carbon (SOC) is usually considered as an vital factor controlling soil physical, chemical and biological properties. The SOC content is a key factor in determining crop yields. Increased soil organic carbon typically benefits crop production through the provision of an energy source for microbial nutrient cycling and improved soil physical and chemical properties [2]. It has been determined that if the SOC content increases by 1 g kg−1, crop yield increases by 10~20% [3,4]. An increasing number of researchers have suggested that agricultural soil has the potential to mitigate the increase in atmospheric greenhouse gases [5]. Smith et al. [6] reported that agricultural soil could have the potential to sequester approximately 5500–6000 Mg CO2-eq. yr−1 by 2030. At present, based on the double pressure of the food crisis and global warming, there is an urgent need to increase organic carbon sequestration in agricultural soils while ensuring yield.



The optimum SOC of cropland soils can be managed through agronomic measures and fertilizer application including mineral fertilization, conservation tillage, livestock management, and land use change [7]. Fertilization is an important determinant of SOC quantity in croplands since it can affect the equilibrium between primary C input and C decomposition [8]. It has been suggested that fertilization programs help sequester atmospheric CO2 into soil by increasing plant growth and thus subsequently increase the SOC accumulation [9]. The application of manure is a management practice that can both improve the soil nutrient status and increase the SOC levels. The impact of fertilization on SOC stocks has been well documented, but the results have varied due to many factors, such as soil types, cropping systems, residue management and climate [4,10,11]. However, the relationship between carbon input and carbon sequestration under different fertilization is not clear. In addition, the complex process of soil carbon sequestration can only be studied in long-term fertilization experiments, as it takes a long time for soil C pools to balance. More studies on the effects of long-term fertilization on SOC dynamics and SOC sequestration rates would help us to fully understand C sequestration efficiency in agricultural soils.



The labile constituents of soil organic carbon are primarily responsible for the initial rapid rate of C mineralization and hence greatly influence nutrient cycles in soil [12]. Soil light fraction organic carbon (LFOC) and particulate organic carbon (POC), which are determined by physical fractionation techniques, have been studied frequently [13,14]. The light fraction organic carbon is considered a labile, fast or rapid turnover pool in SOC models [15]. Generally, particulate organic carbon (labile, >53 μm) consists of partially decomposed plant materials and byproducts of decomposition, which are unattached to mineral particles and vulnerable to disturbance [16]. Haynes [17] reported the proportions of POC and LFOC in SOC were 20~45% and 2~18%, respectively, in agricultural soils. Gosling et al. [18] indicated that POC and LFOC were strongly influenced by factors related to the recent history of organic matter addition. Other researchers also found that larger physically organic carbon (LFOC and POC) pools resulted from more C input from fertilization practices [13,19]. Quantifying the size of physically uncomplexed soil organic carbon is crucial for the understanding of the SOC storage. The responses of POC and LFOC to different C inputs could show more clearly how soil C sequestration responds to long-term fertilization at the micro-scale.



A long-term fertilizer experiment on a corn cropping system was set up in 1992 in northern China. It constitutes useful study material for carbon sequestration under long-term chemical and manure fertilization. The objectives of this study were (1) to monitor the changes in the contents of SOC, POC and LFOC under continuous corn cropping with different fertilization practices, (2) to study the impacts of different carbon inputs on the stocks of SOC, POC, LFOC with different fertilization practices, and (3) to identify the relationship between carbon inputs and the carbon sequestration rate under long-term fertilization.




2. Materials and Methods


2.1. Experimental Sites


A national long-term cinnamon soil fertility experiment was established in an artificial pasture in October 1992 in Shouyang County, Shanxi Province, China (113°06′3″ E, 37°58′23″ N, altitude of 1130 m above sea level), with one corn crop per year (April–September). The long-term experiment was included in the “National long-term soil fertility experiment network in arable land of China” in 2015. The study region experiences a dry-winter temperate climate, with a mean annual rainfall of 501 mm, an annual potential evaporation of 1600–1800 mm, and an annual sunshine duration of 2860 h. Approximately 70% of rainfall is concentrated in June–September. The annual temperature is 7.4 °C, the accumulated temperature above 10 °C is 3400 °C, the frost-free period is approximately 130 d, and the aridity index is 1.3. The soil is characterized as an Alfisol [20] developed from Malan loess. The underground water table is below 10 m deep.




2.2. Experimental Design and Treatments


This study is a part of the typical long-term fertilizer experiment in Northern China. An orthogonal design was adopted with three factors, nitrogen (N), phosphorus (P), and manure (M), in the whole fertilizer experiment. The whole experimental station included 18 fertilization treatments. We selected nine treatments to monitor the influence of the long-term application of manure and chemical fertilizers on SOC, LFOC and POC in this study. There were four treatments with chemical fertilizer (N1P1, N2P2, N3P3, N4P4), three treatments with chemical fertilizer plus manure (N2P1M1, N3P2M3, N4P2M2), one treatment with manure alone (M6), and an unfertilized control treatment (control). The treatments were arranged randomly in relatively large plots (6.66 m × 10 m), but without replication. N1, N2, N3 and N4 are 60, 120, 180 and 240 kg N ha−1; P1, P2, P3 and P4 mean 37.5, 75, 112.5 and 150 kg P2O5 ha−1 and M1, M2, M3 and M6 mean 22,500, 45,000, 67,500 and 135,000 kg ha−1. Table 1 shows the amount of fertilizer applied in the treatments. Urea (46% N) for N, calcium superphosphate (14% P2O5) for P and fresh cow dung for manure were used. Based on an analysis over 24 years, the applied manure contained 700 g kg−1 moisture, 404 g kg−1 C, 4.97 g kg−1 N, 1.46 g kg−1 P2O5 and 34.3 g kg−1 K2O on an oven-dry weight basis.



From 1992 to 2016, corn was sown with a planting density of 66,000 plants ha−1 at a depth of 6 cm to 8 cm by hand in mid-April every year. The plots were tilled twice with tractor-drawn disk plows to a depth of 15 cm before sowing the corn. There was no irrigation in the plots all the year around. The field management measures were the same in all the treatments. Corn was harvested manually in the first week of October using sickles, and straw was removed from the field. Mineral fertilizers and manure were spread in the last week of October every year, and then the field was plowed to a depth of 30–35 cm. From December to March of the next year, the soil was not disturbed.




2.3. Soil Samples and Analysis


For the initial soil sample (1992), soil pH, bulk density, porosity, texture, organic carbon, total nitrogen, total phosphorus, available nitrogen and available phosphorus were determined (Table 2). In 1996, 2001, 2006, 2011 and 2016, soil samples were obtained at 0–20 cm depth in the second week of October after the corn harvest. To collect representative samples, a total of 15 soil cores were collected using a 2.5-cm diameter auger from each treatment plot, and five random samples were mixed as one composite sample. Three soil samples were collected for the laboratory experiment by mixing three soil cores from each subplot. In 2016, complementary soil samples were obtained at a depth of 20–40 cm to calculate the soil carbon stocks and their relationship with carbon input. The soil samples were air-dried and ground. One part of the samples was passed through a 2-mm sieve for the estimation of particulate organic carbon and light fraction organic carbon, and the other part was passed through a 0.149-mm sieve for SOC content analysis. The bulk density was determined using a ring of 100 cm3 and calculated by dividing the weight of dried soil by the volume of the core in the meantime [21]. The porosity was calculated by soil bulk density and the specific gravity value. The texture was measured by a hydrometer method [22]. The soil organic carbon (SOC) was determined by potassium dichromate (K2Cr2O7) titration [23], total nitrogen (TN) by the Kjeldahl method [22], total phosphorus by the molybdenum antimony resistance colorimetric method [22], available nitrogen by the alkali solution diffusion method [22], and available phosphorus by the sodium bicarbonate extraction molybdenum antimony resistance colorimetric method [24].



Soil POC was measured following the procedure of Cambardella and Elliott [25]. Portions (10 g) of air-dried soil were dispersed in 30 mL of sodium hexametaphosphate, (Na)6(PO3)6 (5 g L−1), with shaking on a reciprocating shaker for 18 h. The resulting soil suspension was poured over a 53-μm screen under a flow of distilled water to ensure separation. All material remaining on the screen was washed into a dry dish, oven-dried at 60 °C for 48 h, and ground to determine the C content. The soil light fraction organic carbon was measured using a method from Janzen [26]. Portions (10 g) of air-dried soil were each placed in a centrifuge tube with 20 mL NaI solution (specific gravity ca. 1.7 g cm−3). The tubes were shaken on a reciprocating shaker for 60 min, and then centrifuged at 1000× g for 15 min. The floating material was poured into a vacuum filter unit with a 45 μm millipore filter, and the material retained by the millipore paper was washed with 0.01 M CaCl2 and distilled water, dried at 60 °C for 48 h, weighed and analyzed for C content.



For a given soil layer, the stocks (Mg ha−1) of SOC, POC and LFOC were calculated as follows:


Cstocks = C × BD × H × 0.1



(1)




where C is the content (g kg−1) of SOC, POC or LFOC; BD is the bulk density (g cm−3); H is the soil layer thickness (cm) and 0.1 is a unit conversion factor. The Cstocks of the 0–40 cm soil layer were calculated as the sum of the Cstocks of the 0–20 cm and 20–40 cm soil layers.



The carbon sequestration rate CSR (Mg ha−1 y−1) and the carbon sequestration efficiency CSE (%) of SOC, POC and LFOC were calculated as follows:


∆Cstocks = Cstocks-t − Cstocks-c



(2)






CSR= ∆Cstocks/n



(3)






CSE= ∆Cstocks/(Cinput-t − Cinput-c),



(4)




where Cstocks-t and Cstocks-c are the C stocks (Mg ha−1) of the treatment and the control, respectively, in 2016, ∆Cstocks (Mg ha−1) is the difference in C stocks between the fertilization and the control treatments in 2016, and n is the fertilization duration (i.e., 24 years from 1992 to 2016), and Cinput-t and Cinput-c are the carbon input of the fertilization and the control treatments during the period of fertilizer application, respectively.



The Cinput (Mg ha−1) of each treatment was calculated as:


Cinput = [((Yg + Ys) × R × Dr + Ys × Rs)×(1 − Wc) × Ccrop + Mc×(1 − Wm) × Am]/1000,



(5)




where Yg (kg ha−1) is the grain yield, Ys (kg ha−1) is the straw yield, R is the percentage of C from photosynthesis, considered equal to 26% [27], Dr is the average percentage of corn roots in the 0–40 cm soil depth, equal to 85.1% according to [28], Rs is the percentage of the corn stubble (3%, mean value measured over 24 years), Wc and Ccrop are the corn water content and carbon content [28], respectively, Mc is the average carbon content of the manure (g kg−1), Wm is the water content of the manure, Am is the fresh weight of the manure (kg ha−1) and 1000 is a unit conversion factor.




2.4. Statistical Analysis


SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA) and Excel 2007 were used for the statistical analysis. A linear regression model was used to determine the relationships between SOC content and fertilization time. The differences in POC, LFOC, CSR and CSE among different fertilization treatments were tested using a one-way analysis of variance (ANOVA). The treatment means were compared at p < 0.05 using the Tukey method for all parameters.





3. Results


3.1. Changes in Soil Organic Carbon Content under Different Fertilization Treatments


The changes in SOC content under the different fertilization treatments are shown in Figure 1. SOC in the 0–20 cm soil layer decreased with time under the chemical fertilization treatments (N1P1, N2P2, N3P3, and N4P4) and the no-fertilization (control) treatment. Moreover, the extent of the decrease was slightly higher in the N1P1 treatment (with a decreasing rate of 0.21 g kg−1 y−1) than in the other NP treatments (0.17~0.19 g kg−1 y−1). The SOC content under the NPM and M treatments did not show any clear trend. The SOC content under the N2P1M1, N3P2M3, and N4P2M2 treatments was 9.45~14.00 g kg−1, 12.53~17.31 g kg−1, and 13.81~14.65 g kg−1, respectively. The SOC content under the M6 treatment varied from 13.81 g kg−1 to 25.69 g kg−1. In 2016, the SOC content under the N2P1M1, N3P2M3, N4P2M2 and M6 treatments was 2.77 g kg−1, 6.14 g kg−1, 4.83 g kg−1, and 15.87 g kg−1 higher than that of the control treatment.




3.2. Changes in Soil Particulate Organic Carbon Content under Different Fertilization Treatments


For the control, the content of soil POC of the 0–20 cm soil layer varied from 1.80 g kg−1 to 2.91 g kg−1 (Table 3). During the fertilization period, the soil POC content under the N1P1, N2P2 and N3P3 treatments did not show a clear trend, while the POC of the N4P4 treatment decreased continually with time (Table 3). From 1992 to 2016, the soil POC content of the N1P1, N2P2, N3P3 and N4P4 treatments decreased by 0.60 g kg−1, 0.76 g kg−1, 1.16 g kg−1 and 1.35 g kg−1, respectively. After 24 years of fertilization, the soil POC content was significantly higher in the N1P1 and N2P2 treatments than in the control, while it was significantly lower in the N3P3 and N4P4 treatments than in the control. The soil POC content under the N2P1M1, N3P2M3 and N4P2M2 treatments decreased from 1992 to 2001 and then increased from 2001 to 2016. In 2016, the soil POC content under the NPM treatments was approximately 1.7 times that of the control. The POC content under the M6 treatment always had the highest value and increased with time. Overall, the soil POC content showed different trends under different fertilization treatments. The long-term application of high amounts of N and P alone led to a decrease in POC content, whereas the application of manure resulted in an increase in soil POC content.




3.3. Changes in the Soil Light Fraction Organic Carbon Content under Different Fertilization Treatments


The content of soil LFOC in the 0–20 cm soil layer varied from 0.67 g kg−1 to 3.78 g kg−1 (Table 4). For the control, the LFOC content was basically the same in the first ten years and decreased by 1.10 g kg−1 from 2001 to 2016. In the N1P1 and N2P2 treatments, the LFOC content did not show a clear trend. In the N3P3 and N4P4 treatments, the soil LFOC content remained constant from 1992 to 2001, was the lowest in 2006, and increased by 0.83 g kg−1 and 1.13 g kg−1, respectively, from 2006 to 2016. The LFOC content of the NPM treatments increased from 1992 to 2001, decreased from 2001 to 2011 and then increased from 2011 to 2016. The content of LFOC was always the highest in the M6 treatment (2.14~3.78 g kg−1). In 2016, the LFOC content of the 0–20 cm soil layer for the NP, NPM and M6 treatments was 1.1~2.2, 1.6~3.0 and 3.6 times that of the control plot, respectively, while the LFOC content of the 20–40 cm soil layer under the N1P1, NPM and M6 treatments was significantly higher than that of the control plot (Table 5).




3.4. The Responses of SOC, POC and LFOC Stocks to Different Amounts of C Input


After 24 years of fertilization, the total carbon input varied from 20.5 Mg ha−1 to 435.6 Mg ha−1 (Table 6). Except for the N1P1 and N4P4 treatments, the change in SOC stocks (∆Cstocks) of other treatments was positive, from 4.66 Mg ha−1 to 31.00 Mg ha−1, with a sequestration rate of 0.19 Mg ha−1 y−1 to 1.29 Mg ha−1 y−1. The sequestration rates of SOC stocks under the M and NPM treatments followed the order M6 > N3P2M3 > N2P1M1 > N4P2M2 and were significantly higher than those under the NP treatments. Except in the N4P4 treatment, the changes in POC stocks were positive, from 0.86 Mg ha−1 to 5.21 Mg ha−1. The sequestration rate of POC increased in this order: N4P4 < N1P1 ≈ N3P3 < N2P2 ≈ N4P2M2 < N2P1M1 ≈ N3P2M3 ≈ M6. The changes in LFOC stocks under the M6, N4P2M2 and N3P2M3 treatments were >5.0 Mg ha−1, significantly higher than those in the other treatments, while the changes in LFOC stocks were significantly higher under the N2P1M1 and N4P4 treatments (approximately 2.30 Mg ha−1) than under the N1P1, N2P2 and N3P3 treatments (approximately 1.54 Mg ha−1). Accordingly, the sequestration rates of LFOC under the M6 and N3P2M3 treatments were the highest, followed by those of the N4P4, N2P1M1 and N4P2M2 treatments, while those of the N1P1, N2P2 and N3P3 treatments were the lowest (approximately 0.06 Mg ha−1 y−1).



Apart from the N1P1 and N4P4 treatments, the carbon sequestration efficiency (CSE) of SOC was positive, from 7.5% to 34.0%. The CSE of POC varied from 1.3% to 24.0% in the fertilization treatments, with the exception of that in the N4P4 treatment. The CSE of LFOC with 24-year fertilization was between 2.0% and 15.2%. The relationship of the annual carbon input to the carbon sequestration rate was simulated by a logarithmic equation (Figure 2). The soil organic carbon sequestration rates of SOC and LFOC were logarithmically correlated with the annual carbon input from the corn cropping system (p < 0.01). The CSR of POC was not correlated with the annual carbon input (p > 0.05). Through the logarithmic equation, we calculated that when the annual C input is approximately 1.4 Mg ha−1 y−1, the CSR is zero, i.e., the soil organic carbon level is maintained. The LFOC level will increase when the annual C input is greater than 0.8 Mg ha−1 y−1.





4. Discussion


4.1. Effect of Long-Term Fertilization on Soil Organic Carbon


Soil organic carbon is a result of the balance between C inputs, in the form of crop residues and organic fertilizers, and soil carbon decomposition as mediated by soil microorganisms and the environment [2]. Our results showed that the long-term application of relatively low (60 kg N hm−2 plus 37.5 kg P2O5 hm−2) or high (240 kg N hm−2 plus 150 kg P2O5 hm−2) amounts of chemical fertilizer resulted in a decrease of 5.0 Mg ha−1 C compared to that in soil under the no-fertilizer treatment, with a carbon sequestration rate of −0.20 Mg ha−1 y−1. Our results are not completely consistent with previous results. Urkurkar et al. [10] observed that the SOC content slightly increased with long-term mineral fertilization in a 16-year experiment. Dong et al. [11] and Yang et al. [4] showed that long-term inorganic fertilizer application can promote the accumulation of SOC. Chemical fertilization affects SOC mainly through the crop residues left in the field after harvest [29]. In the present study, most of the aboveground biomass was removed, and only 3% of the aboveground biomass residues (the stubble) were returned to the soil. Long-term chemical fertilization affected SOC by augmenting the C input from the crop residues (as Figure 3 shows). This implies that the carbon input from the N1P1 treatment and the N4P4 treatment, which was mainly from stubble, root biomass and rhizodeposition, was less than the carbon output of soil mineralization and other processes. Another important reason: we suspect low SOC levels are due in part to the positive priming of C that results from high background levels of available N [30], as shown in Table 2. There was lower C/N ratio and higher available N in the N4P4 treatment, compared to other NP treatments. Under the N4P4 treatment, a low soil C/N ratio and high available N is conducive to the mineralization of soil organic carbon [31]. A high N level resulted in more microbial activity and enhanced the mineralization of SOC [32]. Schimel and Weintraub (2003) also explained the C loss from soil respiration with high N availability as a consequence of saturated enzyme kinetics [33].



The combination of inorganic and organic fertilizers is usually considered the best way to enrich soil [34], Our results also showed that under the NPM treatments and the M6 treatment, the changes in SOC stocks were from 17.4 Mg ha−1 C to 31.0 Mg ha−1 C higher than that in the no-fertilization treatment, and the carbon sequestration rate in these treatments varied from 0.73 Mg ha−1 y−1 to 1.29 Mg ha−1 y−1. Rudrappa et al. reported that the 0–45 cm soil profile accumulated carbon by 71.1~731 Mg ha−1 y−1 with the application of 100% NPK and farmyard manure in India [35]. Ghosh et al. [36] calculated that the carbon accumulation rate in NPK+FYM was 0.74 Mg C ha−1 y−1 higher than that in the control plot in the 0–90 cm soil layer after 44 years of fertilization in India. The higher SOC sequestration potential was most likely due to the increased carbon inputs from manure C input with the application of manure (Figure 3). More importantly, manure is semi-decomposed organic matter, and the application of manure represented the organic matter with high content of refractory components such as lignin and polyphenols was inputted [37]. Manure application can effectively promote SOC sequestration in the long term corn system.




4.2. Effects of Long-Term Fertilization on Selected Soil Organic Carbon Fractions


Soil POC and LFOC are important C fractions, which are major sources of plant nutrients. Our results showed that the content of soil POC decreased in the first 10 years and increased in the last 15 years. After 24 years of fertilization, with the exception of the N4P4 treatment (0.42 Mg ha−1 lower), POC stocks in the 0–40 cm soil layer were 0.86~3.76 Mg ha−1 higher in the NP treatments, 4.09~5.84 Mg ha−1 higher in the NPM treatments, and 5.21 Mg ha−1 higher in the M6 treatment than in the control. This implied that a higher level of chemical fertilizer application caused a reduction in POC, whereas the application of relatively low amounts of NP (<240 kg ha−1 plus 150 kg ha−1), NPM or manure resulted in higher POC in the soil. Yan et al. suggested that, compared to chemical fertilizers and straw, the application of manure was the most effective way to enhance soil POC in a paddy soil [38]. Whalen et al. [39] also suggested that significant quantities of C from organic manure are stored in the soil particulate fraction. Long-term manuring increased soil POC content, on the one hand, due to the manure enriching in nonpolar alkyl compounds of the calcium humate fraction [40,41], which directly contributed to POC. On the other hand, the reason for this is that the manure increased crop productivity, combined with the presence of more root biomass and exudates containing lignocellulose residues [42] and the greater biochemical recalcitrance [43], which indirectly contributed to POC. The application of excess chemical fertilizers probably decreased the POC content and stocks, partly due to the high available N and low C/N (as is mentioned above), and partly due to the destruction of the soil micro-aggregates [44], which were considered important aggregates providing physical protection for soil POC.



The soil light fraction is, approximately speaking, plant semi-decomposed residue, which contains carbohydrate constituents, lignin derivatives and aliphatic compounds [29] which are more sensitive to soil management measures and the cropping system than the total organic matter [45]. Our results revealed that the soil LFOC content, compared to that in the control treatment, increased by 1.43~2.24 Mg ha−1 in the NP treatments, by 2.47~6.68 Mg ha−1 in the NPM treatments and by 8.12 Mg ha−1 in the M treatment. Li et al. [13] reported that a long-term (24 year) double standard rate of organic manure fertilizer could enhance LFOC content, and a mineral fertilizer treatment had no significant effect on LFOC compared to that in the control treatment. Similar results have been reported by [46,47], who found that LFOC was the highest in the M treatment, because the manure could directly provide different organic carbon compounds which could contribute light fraction organic carbon. In addition, the manure could indirectly affect the LFOC by providing a C source for soil microorganisms and increasing macropores for microbial growth, which in turn accelerate the soil’s biological activities to convert the manure C into LFOC (Moharana et al., 2020). With respect to the NP fertilization, more root biomass was considered the major immediate factor compared with no fertilization [9]. In a word, long term NP, NPM and M fertilization enhanced LFOC in cinnamon soil in northern China.




4.3. How to Maintain or Enhance Soil Organic Carbon in Agricultural Soils


Numerous studies have shown that fertilizer or manure application can increase crop yields and soil organic matter and improve soil quality [48]. There is no doubt that the application of fertilizer can directly and indirectly affect carbon input. In these long-term fertilization systems, the CSR of SOC, POC and LFOC was −0.21~1.29 Mg ha−1 y−1, −0.02~0.24 Mg ha−1 y−1, and 0.06~0.34 Mg ha−1 y−1, respectively. This implied that different fertilization strategies can affect the pool of SOC with different sequestration rates. We found higher carbon sequestration efficiency in the N2P2 and N3P3 treatments. This is consistent with Li et al. [13], who reported that control and mineral fertilization treatments had more efficient C sequestration from added C inputs. In addition, we showed a logarithmic relationship between the SOC/LFOC sequestration rate and the annual C input and calculated that if the annual C input were approximately 1.4 Mg ha−1 y−1, the SOC content would be maintained. If the annual C input were higher than 0.8 Mg ha−1 y−1, the LFOC content would increase. Zhang et al. [2] and Cai et al. [49] established the relationship between exogenous carbon input and soil carbon stocks in paddy fields. Cai et al. [40] also used the initial soil organic carbon storage to correct the relationship between exogenous carbon input and soil organic carbon storage, and reduced the error of soil organic carbon stocks predicted by exogenous carbon input. However, because of different soil types, climate, etc., more research needs to be carried out in other long-term fertilizer experiments, which then could help quantitatively predict the exogenous carbon input required for soil organic matter enhancement.





5. Conclusions


This study clearly indicated that 24-year applications of chemical fertilizer or manure significantly altered the dynamics of SOC, POC and LFOC. SOC content decreased over time under no fertilization by 0.17 g kg−1 y−1, decreased under NP fertilization by 0.18~0.21 g kg−1 y−1, increased under NPM fertilization by 0.02~0.09 g kg−1 y−1 and increased under M fertilization by 0.36 g kg−1 y−1.We found that a moderate amount of chemical fertilization (N2P2, N3P3), NPM fertilization and manure could promote SOC sequestration over that in the control, with a sequestration rates of 0.19~1.29 Mg ha−1 y−1. Excess chemical fertilizer caused a reduction in POC, whereas the application of NPM and manure resulted in higher POC sequestration in soil at rates of 0.04~0.24 Mg ha−1 y−1. The LFOC increased by 1.45~8.12 Mg ha−1 (0.06~0.34 Mg ha−1 y−1) under long-term fertilization. We explored the logarithmic relationship between the SOC/LFOC sequestration rate and the annual C input and calculated that when the annual C input is approximately 1.4 Mg ha−1 y−1, the SOC content will be maintained. When the annual C input is higher than 0.8 Mg ha−1 y−1, the LFOC content will increase. Thus, from the present study, we can conclude that the application of NPM fertilizer or manure increases the potential for SOC sequestration in a corn cropping system of northern China.
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Figure 1. The changes of soil organic carbon content in 0–20 cm soil layer with time under different fertilization treatments. * and ** indicate the regressions in the figure were statistical at the 0.05 level and 0.01 level, respectively. 
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Figure 2. The correlation between annual C input and the sequestration rate of soil organic carbon (SOC), particulate organic carbon (POC), and light organic fraction carbon (LFOC). 
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Figure 3. The cumulative carbon input of root, straw and manure under different treatments. 
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Table 1. The annual inputs of chemical fertilizer and manure in each treatment.
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Treatments

	
Chemical Fertilizer

	
Manure (kg ha−1)




	
Urea (kg N ha−1)

	
Calcium Superphosphate (kg P2O5 ha−1)






	
Control

	
0

	
0

	
0




	
N1P1

	
60

	
37.5

	
0




	
N2P2

	
120

	
75

	
0




	
N3P3

	
180

	
112.5

	
0




	
N4P4

	
240

	
150

	
0




	
N2P1M1

	
120

	
37.5

	
22,500




	
N3P2M3

	
180

	
75

	
67,500




	
N4P2M2

	
240

	
75

	
45,000




	
M6

	
0

	
0

	
135,000








Note: N1, N2, N3, N4 is 60, 120, 180, 240 kg N ha−1, P1, P2, P3, P4 is 37.5, 75, 112.5, 150 kg P2O5 ha−1, and M1, M2, M3, M6 means 22,500, 45,000, 67,500, 135,000 kg ha−1, respectively.
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Table 2. Soil physiochemical properties of the 0–20 cm soil layer in the experimental site.
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	Time
	Treatments
	pH
	Bulk Density

(g cm−3)
	Porosity

(%)
	Clay

(%)
	Soil Organic Carbon

(g kg−1)
	Total Nitrogen

(g kg−1)
	Total Phoshorus

(g kg−1)
	Available Nitrogen

(mg kg−1)
	Available Phosphorus

(mg kg−1)





	1992
	Initial
	8.40 ± 0.03 b
	1.21 ± 0.03 b
	54.40 ± 0.06
	19.25 ± 0.45 a
	13.80 ± 0.03 c
	1.05 ± 0.02 c
	0.76 ± 0.02 e
	117.69 ± 0.41 c
	4.84 ± 0.29 g



	2016
	Control
	8.65 ± 0.03 a
	1.33 ± 0.01 a
	nd
	17.21 ± 0.12 b
	9.82 ± 0.04 e
	0.83 ± 0.01 d
	0.70 ± 0.01 e
	62.76 ± 0.02f
	4.56 ± 0.05 g



	
	N1P1
	8.49 ± 0.04 b
	1.27 ± 0.02 a
	nd
	16.24 ± 0.09 b
	9.80 ± 0.07 e
	1.02 ± 0.12 c
	0.61 ± 0.01f
	62.48 ± 2.03f
	10.06 ± 0.04 f



	
	N2P2
	8.42 ± 0.01 b
	1.26 ± 0.06 a
	nd
	20.63 ± 0.37 a
	10.52 ± 0.10 d
	1.28 ± 0.01 c
	0.80 ± 0.02 d
	70.90 ± 1.08 e
	22.29 ± 0.02 e



	
	N3P3
	8.47 ± 0.05 b
	1.34 ± 0.02 a
	nd
	14.80 ± 0.25 c
	10.26 ± 0.02 d
	1.29 ± 0.03 c
	0.83 ± 0.01 d
	84.81 ± 0.03 d
	33.60 ± 0.08 e



	
	N4P4
	8.49 ± 0.02 b
	1.32 ± 0.04 a
	nd
	18.52 ± 0.06 b
	9.65 ± 0.05 e
	1.36 ± 0.02 c
	1.25 ± 0.02 b
	100.95 ± 8.06 c
	43.99 ± 0.03 d



	
	N2P1M1
	8.38 ± 0.03 b
	1.20 ± 0.01 b
	nd
	17.55 ± 0.13 b
	14.57 ± 0.09 c
	1.34 ± 0.01 c
	0.83 ± 0.01 d
	85.05 ± 0.05 d
	24.74 ± 0.04 e



	
	N3P2M3
	8.16 ± 0.05 c
	1.22 ± 0.01 b
	nd
	16.51 ± 0.21 b
	17.88 ± 0.27 b
	2.17 ± 0.04 a
	1.24 ± 0.02 b
	126.23 ± 0.12 b
	170.51 ± 0.09 b



	
	N4P2M2
	8.30 ± 0.08 b
	1.16 ± 0.04 b
	nd
	16.83 ± 0.17 b
	14.65 ± 0.84 c
	1.93 ± 0.03 b
	0.95 ± 0.02 c
	101.66 ± 0.09 c
	86.97 ± 0.10 c



	
	M6
	7.82 ± 0.02 d
	1.16 ± 0.03 b
	nd
	12.66 ± 0.04 d
	25.11 ± 0.34 a
	2.69 ± 0.05 a
	1.48 ± 0.03 a
	150.80 ± 0.13 a
	211.24 ± 0.12 a







Note: nd = no data; different lowercase letters indicate significant differences in soil properties under different treatments at p < 0.05; data are means ± standard error, n = 9.
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Table 3. Soil particulate organic carbon content of 0–20 cm soil layer with time under different fertilization treatments.
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Year

	
Soil Particulate Organic Carbon (g kg−1)




	
Treatment

	

	
1992

	
1996

	
2001

	
2006

	
2011

	
2016






	
Control

	
2.91 ± 0.11 a

	
2.38 ± 0.05 Bb

	
1.80 ± 0.10 Dd

	
2.05 ± 0.06 Cc

	
2.00 ± 0.05 Cc

	
1.87 ± 0.01 Ed




	
N1P1

	
2.91 ± 0.11 a

	
2.39 ± 0.01 Bb

	
1.80 ± 0.08 Dc

	
2.37 ± 0.08 Bb

	
2.06 ± 0.05 Cc

	
2.31 ± 0.03 Db




	
N2P2

	
2.91 ± 0.11 a

	
2.64 ± 0.07 ABab

	
1.83 ± 0.03 Dc

	
2.26 ± 0.07 Bb

	
2.25 ± 0.12 Cb

	
2.15 ± 0.02 Db




	
N3P3

	
2.91 ± 0.11 a

	
2.07 ± 0.12 Cb

	
1.89 ± 0.05 Dc

	
2.16 ± 0.08 Bb

	
2.13 ± 0.04 Cb

	
1.75 ± 0.01 Fc




	
N4P4

	
2.91 ± 0.11 a

	
2.52 ± 0.12 ABab

	
2.16 ± 0.10 Cb

	
2.03 ± 0.02 Cbc

	
1.87 ± 0.05 Cc

	
1.56 ± 0.01 Fd




	
N2P1M1

	
2.91 ± 0.11 a

	
2.59 ± 0.01 ABb

	
2.20 ± 0.04 Cc

	
2.75 ± 0.14 Bab

	
2.94 ± 0.10 Ba

	
3.08 ± 0.28 Ca




	
N3P2M3

	
2.91 ± 0.11 a

	
2.90 ± 0.16 Aa

	
2.73 ± 0.07 Ba

	
3.06 ± 0.08 ABa

	
3.14 ± 0.03 ABa

	
3.30 ± 0.01 Ba




	
N4P2M2

	
2.91 ± 0.11 a

	
2.03 ± 0.05 Cc

	
2.66 ± 0.01 Bb

	
3.03 ± 0.10 ABa

	
3.02 ± 0.11 ABa

	
2.98 ± 0.01 Ca




	
M6

	
2.91 ± 0.11 a

	
3.18 ± 0.10 Aa

	
3.09 ± 0.04 Aa

	
3.36 ± 0.08 Aa

	
3.52 ± 0.19 Aa

	
3.65 ± 0.01 Aa








Note: Different capital letters indicate significant differences in soil POC under different fertilization treatments for a given year at p < 0.05; different lowercase letters indicate significant differences in soil POC for a given treatment among the various years at p < 0.05; data are means ± standard error, n = 9.
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Table 4. Soil light organic fraction carbon content of 0–20 cm soil layer with time under different fertilization treatments.
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Year

	
Light Fraction Organic Carbon (g kg−1)




	
Treatment

	

	
1992

	
1996

	
2001

	
2006

	
2011

	
2016






	
Control

	
2.14 ± 0.04 a

	
2.01 ± 0.02 Ba

	
2.20 ± 0.05 Ba

	
1.13 ± 0.01 Db

	
0.92 ± 0.01 Db

	
1.06 ± 0.10 Eb




	
N1P1

	
2.14 ± 0.04 a

	
1.75 ± 0.02 Cb

	
2.05 ± 0.04 Ba

	
1.43 ± 0.02 Cb

	
0.74 ± 0.01 Dc

	
1.52 ± 0.05 Db




	
N2P2

	
2.14 ± 0.04 a

	
1.62 ± 0.04 Cb

	
2.13 ± 0.01 Ba

	
0.72 ± 0.01 Ec

	
1.06 ± 0.06 Cbc

	
1.49 ± 0.07 Db




	
N3P3

	
2.14 ± 0.04 a

	
1.93 ± 0.09 Ca

	
2.18 ± 0.01 Ba

	
0.67 ± 0.02 Ec

	
0.79 ± 0.02 Dc

	
1.50 ± 0.01 Db




	
N4P4

	
2.14 ± 0.04 a

	
2.21 ± 0.09 ABa

	
2.34 ± 0.06 ABa

	
1.16 ± 0.04 Dc

	
1.46 ± 0.01 Bb

	
2.29 ± 0.12 Ca




	
N2P1M1

	
2.14 ± 0.04 b

	
2.51 ± 0.02 Aa

	
2.70 ± 0.04 Aa

	
1.41 ± 0.08 Cd

	
1.36 ± 0.04 Bd

	
1.68 ± 0.04 Dc




	
N3P2M3

	
2.14 ± 0.04 bc

	
2.41 ± 0.13 Ab

	
2.76 ± 0.02 Ab

	
2.08 ± 0.02 ABc

	
1.62 ± 0.03 ABd

	
3.22 ± 0.11 Ba




	
N4P2M2

	
2.14 ± 0.04 c

	
2.06 ± 0.02 Bc

	
2.40 ± 0.04 ABb

	
1.86 ± 0.04 Bd

	
1.49 ± 0.05 Be

	
2.98 ± 0.12 BCa




	
M6

	
2.14 ± 0.04 c

	
2.77 ± 0.07 Ab

	
2.62 ± 0.01 Ab

	
2.78 ± 0.02 Ab

	
2.80 ± 0.13 Ab

	
3.78 ± 0.36 Aa








Note: Different capital letters indicate significant differences in soil LFOC under different fertilization treatments for a given year at p < 0.05; different lowercase letters indicate significant differences in soil LFOC for a given treatment among the various years at p < 0.05; data are means ± standard error, n = 9.
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Table 5. The content of SOC, POC, LFOC in 0–20 cm and 20–40 cm layer under different fertilization treatments in 2016.
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Treatment

	
SOC

	
POC

	
LFOC




	
0–20 cm

	
20–40 cm

	
0–20 cm

	
20–40 cm

	
0–20 cm

	
20–40 cm






	
Control

	
9.82 ± 0.04 Ea

	
8.90 ± 0.05 Db

	
1.87 ± 0.01 Ea

	
0.89 ± 0.01 Eb

	
1.06 ± 0.10 Ea

	
0.97 ± 0.01 Da




	
N1P1

	
9.80 ± 0.07 Ea

	
6.57 ± 0.02 Eb

	
2.31 ± 0.03 Da

	
0.91 ± 0.03 Eb

	
1.52 ± 0.05 Da

	
1.27 ± 0.04 Cb




	
N2P2

	
10.52 ± 0.10 Da

	
8.98 ± 0.05 Db

	
2.15 ± 0.02 Da

	
1.93 ± 0.05 Bb

	
1.49 ± 0.07 Da

	
1.01 ± 0.01 Db




	
N3P3

	
10.26 ± 0.02 Da

	
9.37 ± 0.09 CDb

	
1.75 ± 0.01 Fa

	
1.17 ± 0.04 Db

	
1.50 ± 0.01 Da

	
0.98 ± 0.02 Db




	
N4P4

	
9.65 ± 0.05 Ea

	
6.57 ± 0.02 Eb

	
1.56 ± 0.01 Fa

	
0.93 ± 0.02 Eb

	
2.29 ± 0.12 Ca

	
0.62 ± 0.02 Eb




	
N2P1M1

	
14.57 ± 0.09 Ca

	
12.07 ± 0.17 Bb

	
3.08 ± 0.08 Ca

	
1.48 ± 0.03 Cb

	
1.68 ± 0.04 Da

	
1.29 ± 0.03 Cb




	
N3P2M3

	
17.88 ± 0.27 Ba

	
12.74 ± 0.09 Bb

	
3.30 ± 0.01 Ba

	
2.06 ± 0.02 Bb

	
3.22 ± 0.11 Ba

	
1.79 ± 0.02 Bb




	
N4P2M2

	
14.65 ± 0.04 Ca

	
10.03 ± 0.29 Cb

	
2.98 ± 0.01 Ca

	
1.64 ± 0.01 Cb

	
2.98 ± 0.12 BCa

	
1.34 ± 0.01 Cb




	
M6

	
25.11 ± 0.34 Aa

	
13.62 ± 0.20 Ab

	
3.65 ± 0.01 Aa

	
2.37 ± 0.06 Ab

	
3.78 ± 0.36 Aa

	
2.87 ± 0.03 Ab








Note: SOC = soil organic carbon, POC = particulate organic carbon, LFOC = light fraction organic carbon; different capital letters indicate significant differences in soil organic carbon or carbon fractions under fertilization treatments for a given year at p < 0.05; different lowercase letters indicate significant differences in soil LFOC among the different soil layers for a given treatment at p < 0.05; data are means ± standard error, n = 9.
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Table 6. The change, carbon sequestration rate and carbon sequestration efficiency of soil organic carbon (SOC), particulate organic carbon (POC) and light organic fraction carbon (LFOC) stocks in 0–40 cm soil layer after 24 years’ fertilization.






Table 6. The change, carbon sequestration rate and carbon sequestration efficiency of soil organic carbon (SOC), particulate organic carbon (POC) and light organic fraction carbon (LFOC) stocks in 0–40 cm soil layer after 24 years’ fertilization.





	
Treatment

	
Total C Input

(Mg ha−1)

	
∆Cstocks (Mg ha−1)

	
CSR (Mg ha−1 y−1)

	
CSE (%)




	
SOC

	
POC

	
LFOC

	
SOC

	
POC

	
LFOC

	
SOC

	
POC

	
LFOC






	
Control

	
20.54 ± 0.04 F

	

	

	

	

	

	

	

	

	




	
N1P1

	
33.08 ± 0.96 E

	
−5.02 ± 0.10 F

	
1.21 ± 0.01 D

	
1.75 ± 0.07 E

	
−0.21 ± 0.01 F

	
0.05 ± 0.01 C

	
0.07 ± 0.01 D

	
−40.0 ± 0.01 F

	
9.63 ± 0.01 B

	
13.95 ± 0.01 B




	
N2P2

	
36.22 ± 0.36 E

	
4.66 ± 0.17 E

	
3.76 ± 0.07 C

	
1.45 ± 0.09 E

	
0.19 ± 0.01 E

	
0.16 ± 0.01 B

	
0.06 ± 0.01 D

	
29.73 ± 0.01 B

	
24.00 ± 0.01 A

	
9.22 ± 0.01 C




	
N3P3

	
36.02 ± 0.70 E

	
5.27 ± 0.13 E

	
0.86 ± 0.08 E

	
1.43 ± 0.04 E

	
0.22 ± 0.01 E

	
0.04 ± 0.01 C

	
0.06 ± 0.01 D

	
34.05 ± 0.01 A

	
5.56 ± 0.01 C

	
9.21 ± 0.01 C




	
N4P4

	
35.32 ± 0.65 E

	
−4.71 ± 0.08 F

	
−0.42 ± 0.06 F

	
2.24 ± 0.18 D

	
−0.20 ± 0.01 F

	
−0.02 ± 0.01 D

	
0.09 ± 0.01 CD

	
−31.84 ± 0.01 F

	
−2.82 ± 0.01 F

	
15.18 ± 0.02 A




	
N2P1M1

	
106.53 ± 1.53 D

	
21.08 ± 0.32 C

	
4.74 ± 0.03 B

	
2.47 ± 0.09 D

	
0.88 ± 0.02 C

	
0.20 ± 0.01 A

	
0.10 ± 0.01 C

	
24.51 ± 0.01 C

	
5.51 ± 0.01 C

	
2.87 ± 0.01 E




	
N3P2M3

	
237.32 ± 1.67 B

	
26.24 ± 0.39 B

	
5.84 ± 0.03 A

	
6.68 ± 0.13 B

	
1.09 ± 0.02 B

	
0.24 ± 0.01 A

	
0.28 ± 0.01 A

	
12.11 ± 0.01 D

	
2.69 ± 0.01 D

	
3.08 ± 0.01 D




	
N4P2M2

	
174.45 ± 2.70 C

	
17.43 ± 0.36 D

	
4.09 ± 0.02 B

	
5.07 ± 0.13 C

	
0.73 ± 0.02 D

	
0.17 ± 0.01 B

	
0.21 ± 0.01 B

	
11.32 ± 0.01 D

	
2.66 ± 0.01 D

	
3.29 ± 0.01 D




	
M6

	
435.59 ± 3.36 A

	
31.00 ± 0.53 A

	
5.21 ± 0.06 A

	
8.12 ± 0.39 A

	
1.29 ± 0.03 A

	
0.22 ± 0.01 A

	
0.34 ± 0.02 A

	
7.47 ± 0.01 E

	
1.26 ± 0.01 E

	
1.96 ± 0.01 F








Note: ∆Cstocks means the change in C stocks; CSR means carbon sequestration rate; CSE means carbon sequestration efficiency; different capital letters indicate significant differences in the change, carbon sequestration rate and carbon sequestration efficiency of soil organic carbon or carbon fractions under fertilization treatments for a given year at p < 0.05; data are means ± standard error, n = 9.
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