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It is generally known that soil organic carbon (SOC) stocks tend to increase with an increase in C input, whereas the C sequestration efficiency (CSE), i.e., the conversion ratio of C input to SOC, differs depending on the amount and type of C input. However, there is still a need to better understand the impact of various fertilization practices on CSE. We studied the data from eight long-term experiments located in the main dryland region of China in order to comprehensively assess the key drivers of CSE in the plow layer considering nearly four decades of various fertilizer treatments, i.e., no fertilizer (CK); chemical nitrogen, phosphorus, and potassium (NPK/NP); chemical fertilizers plus manure (NPKM/NPM/NM); and straw (NPKS/NPS/NS). Our results showed that manure amendment had the most significant fertilization effect on SOC sequestration with an average CSE of 14.9%, which was significantly higher than that of chemical fertilization (9.0%) and straw return treatments (7.9%). In addition, manure amendment also had the highest average SOC increase rate of 684 kg C ha-1 yr-1. Variance partitioning analysis (VPA) illustrated that the CSE of the main dryland region of China was mostly controlled by edaphic characteristics (32.2%), especially the soil C/N ratio and clay content. VPA and structural equation modeling revealed that the magnitude and influencing factors driving CSE varied among different fertilizer treatments. Soil total N was the limiting factor for CSE in the CK treatment, whereas the soil C/N ratio and pH were the main explanatory factors for CSE in the long-term chemical NPK fertilizer treatment. The negative impact of C input from straw was the main driver of CSE under straw return treatments, though C input had a positive effect on the improvement of soil physical properties. However, when considering manure amendments, the improvement of soil nutrients and clay content controlled CSE, underlining the main positive direct effect of soil chemical properties. In a nutshell, our results recommend manure plus chemical fertilizers as a sustainable practice for improving the C sequestration rate and efficiency in dryland cropping systems.
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1 INTRODUCTION
Recently, enhancing soil organic carbon (SOC) sequestration in agroecosystems has been considered an important strategy for maintaining soil productivity and mitigating climate change globally (e.g., Amundson and Biardeau, 2019; Sun et al., 2020). It should be noted that considerable SOC losses, taking place continuously across many regions on Earth, are often characterized by either remarkable land use change or intensified agricultural practices, including the unreasonable intensive usage of fertilizers (Pugh et al., 2015; Chen et al., 2021). Generally, manure combined with mineral fertilizer has been considered an effective strategy to improve SOC storage because of the combined effect of i) enhanced residual C input by increasing the biomass production from the mineral fertilizers and ii) higher direct organic C input from the manure (Triberti et al., 2016; Jiang et al., 2018; Gross and Glaser, 2021). However, when considering the incorporation of these sources of C into the soil C pool, it is not only the quantity that matters but also the retention coefficient of those C inputs, which has been defined as carbon sequestration efficiency (i.e., CSE) (Kong et al., 2005; Stewart et al., 2007; Hua et al., 2014; Maillard and Angers, 2014). Recent studies have highlighted that regardless of the application rate, the effects of different types of fertilizers (either mineral or organic types) on SOC sequestration are remarkably different (Aguilera et al., 2013; Li et al., 2020). Consequently, an assessment of region and/or fertilizer treatment-specific CSE could be very useful to identify a better management strategy to enhance the soil’s C sequestration ability (Hua et al., 2014; Liang et al., 2019).
Research indicates that CSE depends on climate conditions, soil types, and fertilizer practices (Triberti et al., 2008; Yan et al., 2013; Zhao et al., 2016; Wang R. et al., 2020). More specifically, faster mineralization of C input, and, hence, lower CSE, usually appears in regions characterized by both higher temperature and precipitation amounts because of the typically more active microbial community in these environments (Liu et al., 2019; Chen et al., 2021). Soils with low initial SOC contents might have greater potential and efficiency to sequester freshly added organic C because these soils are still far from their C saturation levels (Stewart et al., 2008). The CSE of soils with higher clay content could be significantly higher due to the adsorption ability of soil clay particles and, hence, the formation of stronger organic–mineral complexes as compared to soils with more sand and silt (Ekschmitt et al., 2005; Hua et al., 2014). A higher soil bulk density (BD) typically results in a lower SOC turnover and, therefore, a higher CSE because of the generally slower soil–atmosphere–water cycling associated with poor air permeability and restricted hydraulic conductivity (Thomsen et al., 1999; Lu et al., 2018). Soil pH could affect CSE indirectly by controlling SOC solubility and affecting plant nutrient absorption and microorganism growth (Evans et al., 2008; 2012). In addition, CSE might vary significantly depending on the different magnitudes of SOC changes in response to animal manure and crop residue amendments (Liu et al., 2014; Maillard and Angers, 2014), which mainly depends on the quality of the newly added C styles. The soil with composted cattle organic fertilizer, which had a high amount of stabilized component, lignin, could have a higher CSE compared to soil with uncomposted pig material (Hua et al., 2014). However, it was lower than that of soils with dairy manure application (Wang R. et al., 2020). Moreover, the C input amount has been suggested to negatively affect CSE (Stewart et al., 2008). The CSE of soil with a high rate of wheat straw return was lower than that of soil with a half input rate (Hua et al., 2014), and a similar result was also found in soil with manure amendments (Wang R. et al., 2020). The amounts of added substrates as related to microbial biomass C could also affect C sequestration by stimulating microbial growth and altering the composition of the microbial community (Blagodatskaya and Kuzyakov, 2008). However, there is, in particular, a lack of precise knowledge concerning the impact of different fertilizers on CSE. In this context, it is important to note that a comparison of CSEs among regions and/or fertilizer treatments is very difficult due to the existence of complex interactions between climate, edaphic, and fertilization factors (Liang et al., 2016). Hence, a comprehensive study of the individual effects of those factors on CSE under long-term fertilization is urgently needed.
The long-term experiment network of China (from 1979/1989), based on region-specific common soil and fertilizer practices, has effectively monitored the evolution of SOC stocks (Jiang et al., 2014). Hence, this network could be considered a good opportunity to study whether a given fertilizer treatment can sustain or improve C sequestration in the long term. The well-documented and quite detailed records concerning fertilizer management, soil properties, and climates also support a comprehensive assessment of the drivers of CSE. In addition, CSE is a function of fertilization duration (Smith, 2004; Stewart et al., 2008). When considering a period of 30–40 years of fertilizer application, many studies indicate that observed changes in SOC are significantly, positively, and linearly correlated with C input, resulting in a constant CSE with the limited range of C input (Majumder et al., 2008; Bhattacharyya et al., 2010; Zhang et al., 2010; Jiang et al., 2014; Maillard and Angers, 2014; Wang R et al., 2020). The present study aims to 1) quantify CSE in the plow layer (0–20 cm) and 2) identify the main drivers of CSE considering eight long-term experiments in the drylands of China.
2 METHODS AND MATERIALS
2.1 Study sites and experimental design
For this study, eight classical long-term experiments across a wide range of pedo-climatological conditions were selected, which were based in Gongzhuling (GZL), Changping (CP), Zhengzhou (ZZ), Tianjin (TJ), Xuzhou (XZ), Pingliang (PL), Yangling (YL), and Urumqi (UM) (Figure 1). Detailed information about these particular study sites can be found in the studies by Jiang et al. (2018) and Jiang et al. (2014), which are located in major wheat and maize planting areas. However, key background information, including the locations, initial soil properties, cropping systems, and climates, can be found in Table1 and Supplementary Table S1.
[image: Figure 1]FIGURE 1 | Locations of the eight long-term dryland experiments.
TABLE 1 | Initial soil characteristics of plow layer of long-term fertilization experiments at the eight dryland long-term experimental sites across China.
[image: Table 1]2.2 Fertilization
A total of four different fertilizer treatments, present in all of the eight studied sites, were considered, i.e., 1) no fertilizer (CK), 2) balanced application of chemical nitrogen (N), phosphorus (P), and potassium (K) fertilizers (NPK), 3) chemical fertilizers combined with manure (NPKM), and 4) chemical fertilizers combined with straw (NPKS) (except for XZ) (Supplementary Table S2). Especially, CK, NP, NPM, and NPS were used in PL, and no K was applied in PL due to its high soil K content. The 3) and 4) treatments in TJ were NM and NS because of the full supply of P and K from manure and straw.
The total amount of N applied (chemical + organic) was equal for the NPK, NPKM, and NPKS treatments at GZL, ZZ, YL, and UM sites, but this amount was higher in NPKM/NPM/NM and NPKS/NPS/NS treatments at the other sites due to an additional manure application or straw return. The types of manure depended on local availability (Supplementary Table S2). Considering the straw return treatment, crop residues were chopped and put into the soil by rotary tillage. These crop residues were only returned during the corn season in CP, ZZ, XZ, and YL.
2.3 Soil sampling and analysis
Soil samples from the plow layer (0–20 cm) for all experiments were collected approximately 15 days after harvest (the corn season in double-cropping systems) in each long-term experiment (Table 1). The soil was air-dried and then passed through a 2 mm sieve. A part of the sub-sample was dried, crushed, and sieved at 0.25 and 1.0 mm for the determination of total nutrients and available nutrients, respectively. The concentration of SOC was analyzed with dichromate oxidation by a modified Walkley and Black method (i.e., heated for 12 min at 220°C), and a correction factor of 1.1 was applied (Walkley and Black, 1934; Xu H et al., 2016). Total nitrogen (TN), phosphorus (TP), and potassium (TK) were determined by the classical methods of Black (1965), Murphy and Riley (1962), and Kundsen et al. (1982), respectively. Available N was measured following the study by Lu (1999). Available P (Olsen P) was quantified according to the study by Olsen et al. (1954) and available K by Shi (1976). The clay content, soil pH (considering a 1:1 water/soil mixture), and BD were also measured following the study by Lu (1999).
2.4 Soil carbon sequestration efficiency calculation
In each site, soil C sequestration efficiency was calculated by using following equations.
2.4.1 SOC stocks
The SOC stocks ([image: image], t C ha-1) were calculated as follows:
[image: image]
where [image: image] is the SOC content (g kg-1), BD is the soil bulk density (g cm-3), and H is the depth of soil sampling (cm).
2.4.2 Carbon input
The C inputs ([image: image], t C ha-1) to soil included C from the crop’s above-ground stubble ([image: image]), root ([image: image]), extra-root ([image: image]), and manure or returned straw ([image: image]) (Bolinder et al., 1997; Bolinder et al., 2007). The annual C input was calculated as follows:
[image: image]
where [image: image] is the shoot biomass and [image: image] is the root biomass. [image: image] is the application amount of manure or straw. [image: image] is the ratio of above-ground stubble returned to soil with 100% for NPKS and 15% (wheat) or 3% (maize) for other treatments (Zhang et al., 2010; Jiang et al., 2014). [image: image], [image: image], and [image: image] are the C content of corresponding plant tissues and fertilizers, respectively (Supplementary Table S3). [image: image] is the ratio of the root biomass in the plow layer with 75.3% for wheat and 85.1% for maize, respectively (Khan et al., 2007; Jiang et al., 2014). The average moisture content of air-dried crop samples of the above-ground stubble is based on the observations; otherwise, an average value of 14% has been used (Jiang et al., 2014; Jiang et al., 2018).
Considering the shoot biomass, we assumed it was approximately equal to straw dry matter production. When sites had not measured straw production (XZ), it was established as follows:
[image: image]
where [image: image] and [image: image] are the shoot biomass and grain yield, respectively. HI is the harvest index (Supplementary Table S3).
The root biomass could be estimated as follows:
[image: image]
where RSR is the root-to-shoot ratio (Supplementary Table S3).
2.4.3 Soil carbon sequestration rate
The soil C sequestration rate ([image: image], t C ha-1 yr-1) in the plow layer (0–20 cm) during the experimental period was calculated as follows:
[image: image]
where [image: image] is the SOC stocks in the t-th year and [image: image] is the average SOC stocks of the initial 3 years. t is the experimental duration.
2.4.4 Carbon sequestration efficiency
The carbon sequestration efficiency (CSE, %) is the conversion ratio of unit carbon input to SOC stock.
[image: image]
where [image: image] is the total C input during t years.
2.5 Influence factors
To gain insight into factors controlling CSE among the studied dryland soils under different long-term fertilizer treatments, climate variables, edaphic properties, and management factors were selected for each site. Mean annual temperature (MAT) and mean annual precipitation (MAP) as main climate factors influencing crop growth and C decompositions were collected from the National Meteoritical Information Center (http://data.cma.cn/). Considering edaphic factors, soil chemical properties (i.e., measured total N stock (TN), available N (AN), total P (TP), Olsen P (AP), total K (TK), available K (AK), soil C/N ratio, initial SOC content, and pH) and physical properties (i.e., clay content and BD) were selected for further analysis. Regarding the management factors, C inputs from crop residue (stubble, root, and rhizosphere) and organic manure/straw return were calculated for further analysis.
2.6 Statistical analysis
Figure 2 presents the methodological flowchart of this study. One-way analysis of variance (ANOVA) and the least significant difference (LSD; p < 0.05) test were applied to compare the fertilization effects on the SOC sequestration rate, annual C input, and CSE within an individual site. One-way ANOVA was also used to identify the duration when the CSE of studied treatments had no significant difference with the latest record year of the experiment. Paired-sample t-tests were used to compare the difference in CSE between NPK/NP and CK and NPKM/NPM/NM and NPKS/NPS/NS across different sites, respectively. The statistical analyses were performed with SPSS 22.0 (SPSS, IBM, 2015; Chicago, United States). Graphs were prepared using Origin professional version 2019 (OriginLab, Northampton, United States).
[image: Figure 2]FIGURE 2 | Methodological flowchart of this study.
Variance partitioning analysis (VPA) was applied to quantify the contributions (%) of i) the total selected edaphic, C input, and climate factors and their interactions, as well as ii) each individual variable within each factor when considering the CSE differences among different fertilizer treatments and sites. Only factors that passed the test of collinearity were considered when conducting the VPA using R-software, version 4.1.2. Subsequently, selected soil variables that significantly (p < 0.05) influenced CSE, following the results of the VPA, were used to build the structural equation modeling (SEM). This SEM was used to investigate the direct and indirect factors regulating CSE under manure amendments and straw return treatments. The chi-square statistic to the respective degrees of freedom ratio (χ2/df < 3 for a good fit and <5 for a reasonable fit), probability level (p > 0.05), comparative fit index (CFI >0.9), root mean square error of approximation (RMSEA <0.08), and low AIC was used to assess the overall performance of the model (Browne and Cudeck, 1992).
3 RESULTS
3.1 Annual SOC sequestration rate and C input under long-term fertilization
Over a time span of 30–40 years of fertilization, chemical fertilizers combined with manure resulted in significantly higher annual SOC sequestration rates (684 kg C ha-1 yr-1) in the top 20 cm of the soil as compared to other treatments (p < 0.05) (Table 2). Furthermore, the average annual SOC sequestration rates of chemical fertilizers with straw return (i.e., 333 kg C ha-1 yr-1) were higher than those of only chemical fertilizers (244 kg C ha-1 yr-1).
TABLE 2 | Average SOC change rate (kg C ha-1 yr-1) of typical croplands under different long-term fertilizer treatments.
[image: Table 2]The annual C input from crop residues was significantly higher in the chemical fertilizers plus manure or straw treatments (i.e., 0.9–2.9 t C ha-1 yr-1) than with CK and chemical treatments (i.e., 0.6–2.3 t C ha-1 yr-1) (Figure 3). The C inputs from manure and straw return were 0.9–5.3 t C ha-1 yr-1 (Figure 3). Generally, the average annual C input under an individual treatment from the highest to the lowest value was as follows: NPKM/NPM/NM (2.6–7.5 t C ha-1 yr-1) > NPKS/NPS/NS (2.8–5.6 t C ha-1 yr-1) > NPK/NP (1.4–3.9 t C ha-1 yr-1) > CK (0.9–1.5 t C ha-1 yr-1) (p < 0.05). However, this trend was slightly different in GZL, ZZ, and PL, where the highest annual C input was found in the NPKS treatment.
[image: Figure 3]FIGURE 3 | Average annual C input from different sources under different fertilizer treatments at all long-term experimental sites. Numbers with different lowercase letters indicate significant difference (p < 0.05) for total annual C input under different treatments within an individual site.
3.2 Carbon sequestration efficiency under long-term fertilization
After calculating the annual CSE of each fertilizer treatment in each long-term experiment (Supplementary Figure S1), we took an average value of the last 9 years in which CSE had no significant difference with the latest record year for all sites (Table 3, 4, Supplementary Table S4). Generally, the CSE in GZL, UM, PL, and YL, located across Northeast and Northwest China and typically characterized by high clay contents (i.e., 17–34%), was higher (i.e., CSE of 4.6%–27.7%) than those in other sites located across the North China Plain with typically lower clay contents (except TJ) (i.e., CSE of 3.5%–15.2%) (Supplementary Table S1, Table 3). The CSE of chemical NPK fertilizers, with an average value of 9.0%, was significantly lower than that of treatments with manure amendments, with an average of 14.9% (p < 0.01) (Tables 3, 4). However, NPK/NP had a significantly higher CSE as compared to NPKS/NPS/NS (7.9%) (p < 0.01) (Tables 3, 4; Supplementary Table S5).
TABLE 3 | Average carbon sequestration efficiency (%) of typical drylands under different long-term fertilizer treatments.
[image: Table 3]TABLE 4 | Paired-sample t-tests of CSE under different fertilizer treatments.
[image: Table 4]3.3 Factors influencing carbon sequestration efficiency
The VPA results indicated that 37.9% of the variations could be explained by edaphic, C input, and climate factors and their interactions across all sites and treatments (Figure 4). However, the edaphic factors contributed the most (32.2%) to the CSE of the studied region, with, in particular, the soil C/N ratio (4.9%) and clay content (3.8%), followed by C input (3.2%) and climate (2.8%). Similarly, the contribution of the edaphic factor (21.4%–50.4%) was much higher than that of the C input (2.1%–21.6%) and climate factors (0.3%–13.0%) under each fertilizer treatment or site (Figure 4). For the contribution of each individual variable within each factor, soil C/N ratio and clay content were important controllers of CSE as indicated by significant relations for most sites (except for GZL and UM for C/N and CP and XZ for clay) (Table 5). Furthermore, the soil C/N ratio only had a significant influence on the CSE of CK and chemical fertilizers (Table 5).
[image: Figure 4]FIGURE 4 | Proportional contributions (%) of edaphic, climate, and C input factor and their interactions on CSE under each treatment and each dryland long-term experimental site and across all fertilizer treatments and sites in China based on VPA.
TABLE 5 | Proportional contribution (%) of individual edaphic, carbon input, and climate factors on variance of carbon sequestration efficiency based on variance partitioning analysis.
[image: Table 5]For different treatments, the VPA results showed that TN was the main controller for CSE of CK, with a much higher contribution of 9.6% as compared to other variables that had a significant effect on CSE (1.4%–5.3%, p < 0.05) (Table 5). When considering chemical NPK treatment, soil C/N ratio (5.1%) and pH (1.3%) were the main explanatory factors (Table 5). Furthermore, many edaphic factors had a significant effect on CSE, with contributions ranging between 0.8% and 3.9% and between 1.4% and 5.2% for manure and straw amendments, respectively (Table 5) (p < 0.05). The SEM illustrated that the selected variables were able to predict 66% and 29% of variances in CSE under NPKM/NPM/NM and NPKS/NPS/NS of the studied region, respectively (Figure 5). Soil chemical properties had the largest direct effect on CSE for manure amendments with a positive standardized coefficient of 0.76, whereas C input had the largest indirect effect with a positive standardized coefficient of 0.44 through its association with soil chemical factors and clay content (Figures 5A, C, Supplementary Figure S2A, C). C input had the largest direct effect on CSE with a negative standardized coefficient of −0.69 for straw return treatments, whereas climate and C input had similar indirect effects with a positive standardized coefficient of 0.16 and 0.14, respectively, through their interactions with soil chemical and physical properties (Figures 5B, D, Supplementary Figure S2B, D).
[image: Figure 5]FIGURE 5 | Structural equation model showing the effects of climate, carbon (C) input, soil chemical properties, and soil physical properties on soil CSE under NPKM/NPM/NM (A,C) and NPKS/NPS/NS (B,D). The red and blue lines in (A) and (B) represent the positive and negative effects, respectively. The line width and the numbers above the lines (standardized path coefficient) correspond to the strength of the path. Solid and dashed lines represent significant and non-significant paths, respectively (*p < 0.05, **p < 0.01, and ***p < 0.001). Multi-layer rectangles represent the first component from the principal component analysis of climate factors, soil chemical, and physical properties, and C inputs, and the vertical red (/blue) arrows within it represent the positive (/negative) relationships between adjacent variables and the corresponding PC1. MAT: mean annual temperature, MAP: mean annual precipitation, SOCini: initial SOC content, TN: soil total nitrogen content, AN: available N content, TP: total phosphorus content, AP: Olsen P content, TK: total potassium content, AK: available K content, Clay: soil clay content, BD: soil bulk density, pH: soil pH, Cresidual: C input from stubble, root, and exudates, Cmanure: C input from manure, and Cstraw: C input from straw. χ2: chi-square values, d.f.: degree of freedom, GFI: goodness of fit index, and RMSEA: the root mean square error of approximation.
4 DISCUSSION
4.1 Response of the SOC sequestration rate and C input to long-term fertilization
Over nearly 40 years, the combined application of chemical fertilizers and manure significantly (p < 0.05) increased SOC stocks in the top 20 cm of the dryland soils of China under both single-cropping and double-cropping systems (Table 2), which is in agreement with previous studies (Liang et al., 2016; Jiang et al., 2018; Ren et al., 2021). The average SOC sequestration rates (i.e., 148-684 kg C ha-1 yr-1) across our studied sites for all fertilizer treatments were very close to the results of 30–590 kg C ha-1 yr-1 derived by 45 field trials (20–37 years) across Chinese drylands, as reported by Ren et al. (2021). The highest SOC sequestration rate under the NPKM treatment can be explained by the fact that this treatment is characterized by the highest average plant-derived C-input (stubble + root + rhizosphere) of 1.7–4.0 t C ha-1 yr-1 in combination with the additional organic C input from manure (0.85–4.05 t C ha-1 yr-1) (Figure 3). Moreover, an accurate C input estimation is important for the analysis of CSE differences among different treatments. In our study, the annual wheat- and maize-derived C inputs for all treatments ranged between 0.51 and 2.46 t C ha-1 yr-1 and between 0.72 and 2.63 t C ha-1 yr-1, respectively (Supplementary Table S6). Those are comparable to C input values of 0.58–2 .86 t C ha-1 yr-1 for wheat and of 0.90–2.39 t C ha-1 yr-1 for maize reported for China, Belgium, France, and Canada, despite the different methods for C input calculation (Bolinder et al., 2007; Meersmans et al., 2013; Jiang et al., 2018).
4.2 Main drivers for carbon sequestration efficiency in typical drylands of China
Edaphic characteristics, especially soil C/N ratio and clay content, were the main factors driving CSE after 30–40 years of fertilization across the main dryland regions of China (Figure 4; Table 5). The soil C/N ratio is an indication of soil quality as it is typically inversely proportional to the decomposition rate of SOC (Zinn et al., 2007). Agricultural management practices, especially fertilization, tend to affect this ratio in an agroecosystem (Deng et al., 2020). In this study, compared to CK, the long-term intensified N fertilizer application slightly decreased the soil C/N ratio (Supplementary Figure S3). The reduction in the soil C/N ratio usually suggested a potential decrease in SOC and GHG emissions with high mineralization rates (Majumder et al., 2008; Xu X et al., 2016). However, the soil C/N ratio of manure amendments was significantly higher than that of NPK/NP (p < 0.05) and slightly higher than that of chemical fertilizers plus straw return (Supplementary Figure S3). A meta-analysis of globally published studies indicated that the quality of the organic amendment was the main driver determining CSE (Maillard and Angers, 2014), which might be the major reason explaining the difference in soil C/N ratios and their effects on CSE. It seems that the high C/N ratio of straw (i.e., on average 67 for wheat and 50 for maize across the entire study area) contributed to the slow decomposition of organic matter and the deficiency of available mineral nitrogen due to the competition of microbes with crops (Triberti et al., 2016), which, therefore, generally results in increasing SOC stocks (Mahmoodabadi and Heydarpour, 2014). However, organic substances originating from above-ground residues are more resistant to decomposition than those of crop roots (Rasse et al., 2005), which could impede the high CSE. The low C/N ratio of manure (i.e., on average 22 across the entire study area) might result in increased organic matter decomposition, whereas, on the other hand, the input of direct organic C and the associated formation of stable soil organic complexes from the resistant constituents in manure (e.g., lignin and polyphenol) might lead to an accumulation of SOC (Majumder et al., 2008). Furthermore, the application of manure, compared to straw return and chemical NPK applications, was beneficial to the enhancement of the size and functional group diversity of soil microorganisms that contributed to OC sequestration, like Proteobacteria (Wang Q. et al., 2020), and inherent C substance decomposition, like Dothideomycetes (Freedman et al., 2015). Therefore, the mechanisms and efficiencies for the sequestration of C into the SOC pool among the studied treatments were significantly different.
In our study, the high clay content generally contributed to high CSEs. The CSE in GZL, UM, PL, and YL with high clay contents (17%–34%) (except TJ with high contributions of C input and pH to CSE) was higher (4.5%–27.6%) than that of CP, ZZ, and XZ sites (3.5%–15.2%) with relatively low clay contents (6%–13%) (Table 1, Supplementary Table S1). The SEM of NPKM also showed that clay content had a positive effect on CSE (Figures 5A, C). A study focused on CSE in Vertisols with a clay content of around 40% highlighted that soil with a high clay content has typically high CSE irrespective of the type of C input (wheat straw, pig manure, or cattle manure) (Hua et al., 2014). Soil clay influences the sequestration of organic C due to the strong adsorption capacity of the clay particles by organo-mineral bonding reactions (Ekschmitt et al., 2005; Chen et al., 2010). Hence, soils with high clay contents are generally characterized by low SOC decomposition rates, as SOC could be chemically stabilized after being absorbed into clay minerals (Franzluebbers et al., 1996; Mikha and Rice, 2004). This chemical protection of SOC by association with organo-mineral complexes was reinforced with the increase in clay content (Hassink, 1997).
4.3 Variation of key influence factors of carbon sequestration efficiency among different fertilizer treatments
Notably, the main controlling factor of CSE varied considerably among different treatments (Table 5; Figure 5). Based on the results of VPA, soil TN was the most important factor for the CSE of CK. When considering the CK treatment, N supply depended only on the basic soil fertility, whereas N as a limiting factor on crop growth and below-ground C transformations has a significant influence on the amount of C input and, thus, the CSE (Liang et al., 2016). The soil C/N ratio (5.1%) and pH (1.3%) were the main explanatory variables under long-term chemical NPK fertilization (Table 5). The long-term chemical N application caused a decrease in the soil C/N ratio (Supplementary Figure S3), which most probably accelerated soil microorganisms’ mineralization of carbon sources from humus and led to the decomposition of organic carbon (Brown et al., 2014). Liang et al. (2016) showed that pH was an important factor explaining CSE variations in drylands at sites located in Northwest China because pH was significantly inversely related to SOC content. Moreover, the decrease in pH due to the intensified mineral N fertilizer application impeded the abundance and activity of microorganisms, resulting in a reduced SOC quality (e.g., polyphenol content) (Kemmitt et al., 2006) and influencing organic C turnover and accumulation due to reduction of microbial mineralization (Wong et al., 2010).
For treatments combining manure with chemical fertilizers, our results presented that soil chemical properties had the largest direct positive effect on CSE, whereas C input had the largest indirect positive effect, through soil chemical properties and clay content, on CSE (Figure 5, Supplementary Figures S2A, C). Generally, manure application was recognized as a recommended practice for improving soil fertility and soil structure because of the beneficial impacts of the additional organic matter and nutrient inputs (Guo et al., 2019). Previous studies have indicated that manure amendments led to greater retention of total C, N, P, and K in the soil under wheat and maize cropping systems across China (Jiao et al., 2006; Su et al., 2006), which in turn provided favorable conditions for crop growth and microbial activity. A summary of 85 peer-reviewed articles in the last three decades clarified that manure combined with NPK chemical fertilizers could more significantly increase the activity in urease, phosphatase, and invertase, which are strongly associated with soil organic matter sequestration, as compared to CK, NPK, and NPKS (Miao et al., 2019). Additionally, recent research found that manure combined with NPK chemical fertilizers significantly increased the SOC stock and the macro-aggregate component associated with C (Yan et al., 2013; Liu et al., 2019). Moreover, manure amendments seem to promote aggregate stability significantly as compared with long-term chemical fertilizers or no fertilizer treatments (Haynes and Naidu, 1998; Yan et al., 2013; Liu et al., 2019). In this respect, it is important to note that Liu et al. (2019) showed that the CSE of macro-aggregates was greater than that of other physical fractions, and as such, this can be seen as a reason to why the CSE in treatments with manure amendments is higher. The latter can be explained more specifically as follows: First, manure directly increased mycorrhizal hyphae that, as colloids, could be associated with the mineral fraction of the soil in order to bind micro-aggregates into macro-aggregates (Bronick and Lal, 2005). Second, increased microbial biomass and associated activity due to manure amendments might lead to greater production of microbial-derived agents (Six et al., 1999; Pan et al., 2009). Hence, manure applications could result in more stable SOC in both newly formed macro-aggregates and micro-aggregates (Fonte et al., 2009).
For chemical fertilizers plus straw return treatment, the negative effect of C input was the main driver of CSE (Figure 5, Supplementary Figures S2B, D). The negative effect can be explained by the following reasons: 1) the increased mineralization of native soil-origin matter (SOM) was stimulated by fresh OC input following straw return. More specifically, the added residuals could have increased the concentration of easily available compounds (e.g., phytosterols and policosanol), which are essential sources for microorganisms and, thus, stimulate microbial activity, causing a positive priming effect (Kuzyakov et al., 2000; Wu et al., 2019). 2) Most of the added straw-derived C would be mineralized eventually. Studies with 13C-labeled maize straw have estimated that about 42%–79% of the straw-derived C got mineralized, and as such, only c. 10% of this C input was transformed into particulate organic carbon and more stable SOC fractions (De Troyer et al., 2011; Yang et al., 2012; An et al., 2015). 3) Slow biodegradation of crop straw and low stabilization of litter-derived C are both unfavorable to obtain high C sequestration efficiency (Poeplau et al., 2015; Zhao et al., 2016; Berhane et al., 2020). The root-derived C could have more opportunity for physico-chemical interactions with soil particles and, hence, could be much more efficiently incorporated into the stable soil C pools (Rasse et al., 2005), which might explain the significant difference between NPK/NP and NPKS/NPS/NS in the present study. Moreover, our results indicated lower CSE in straw plus chemical fertilizers as compared to manure amendments, highlighting that the type of OC input influences CSE. A 34-year maize–wheat rotation in Italy gave a similar result with more than doubled CSE under manure combined N fertilizer than that of straw returning (Triberti et al., 2008). In addition, another study considering a long-term dryland rotation in Northeast China showed that CSE was 30% higher under NPKM treatment than under NPKS treatment (Zhao et al., 2016). Hence, the type of organic amendment chosen is crucial to increasing soil carbon sequestration.
4.4 Uncertainties in carbon sequestration efficiency estimation
In our study, the CSE values of CK and chemical fertilizers ranged from 3.5% to 14.0% in the drylands of China, which are close to the results of 2.1%–17.0% derived from the study by Zhao et al. (2016) but lower than those of the study by Wang R. et al. (2020), i.e., 14-32%. The CSE of NPKM/NPM/NM in our study generally (except GZL, Table 3) matched the range of 12% ± 4%, which was a global manure-C retention coefficient established by a meta-analysis based on 130 observations considering an average of 18 years of application (Maillard and Angers, 2014). In addition to the impact of edaphic properties, climate, and C input on CES variations, the uncertainties in our study may also partly intensify the difference. We obtained the CSE of the different treatments by making two assumptions. More precisely, we assumed that i) the short-term effect of the priming effect after exogenous organic matter addition would be negligible for long-term carbon sequestration and ii) the soil respiration rates before and after C addition were similar during long-term fertilization. Moreover, we estimated C input via root and stubble by using a fixed ratio of the above-ground biomass (Supplementary Table S3), and the C contents of manure and crop’s shoot and root were not measured annually. The effect of different sources of manure on CSE was not considered in this study with limited data, even if a three-decade long-term experiment observed that the soil CSE of cattle manure application was higher than that of soil with pig manure (Hua et al., 2014). However, the main reason was that the cattle manure was composted and had a high lignin content of 23.7%, which was considered a stabilized component of SOC, influencing its pool size and turnover (Ghosh et al., 2004). When considering the straw return in different regions, the plant residue chemistry converged after the straw decomposed over nearly a decade despite different climate zones (Wang et al., 2023), and the initial quality did not control the long-term decomposition of SOC (Schmidt et al., 2011). Thus, we should pay more attention to whether the property of manure is one of the determining factors of CSE under long-term fertilization. Although these elements are quite common uncertainties in long-term experiment studies, it should be noted that the estimate of rhizosphere C input may help us reduce the uncertainty.
Additionally, there was a significant linear relation between cumulative C input and SOC stock change for each treatment when combining the data from all sites (Supplementary Figure S4). Based on the fact that there was a curvilinear relationship between SOC change and C input rates obtained by data from 14 long-term experiments with durations of 12–96 years (Stewart et al., 2007), a small range of C input levels (fertilization durations) will not necessarily reflect the full range of linear-to-asymptotic behaviors when soil is subjected to C saturation. Future studies should focus on CSE characteristics and its main controlling factors when a large amount of C has been accumulated.
5 CONCLUSION
Our study revealed that nearly four decades of combined chemical NPK fertilizers and manure application significantly promoted SOC sequestration rate and efficiency in the drylands of China. The improvement of soil chemical properties, which was a consequence of the manure application, was the main driver of soil carbon sequestration efficiency in manure amendment. Additionally, the soil C/N ratio and clay content contributed most to CSE across the main dryland regions of China. The controlling factors of CSE varied considerably among the different treatments. Soil total N was the limiting factor for CSE of CK by controlling C input, whereas the soil C/N ratio and pH were the main explanatory factors of the long-term chemical NPK fertilization treatment. The negative impact of C input was the main driver of CSE with straw return due to low humification for crop straw and low stabilization of straw-derived carbon. In conclusion, our findings highlight that different factors are driving SOC sequestration efficiency when considering different fertilization treatments across the main drylands of China. Hence, our study can be considered as a reference to promote soil carbon sequestration under long-term fertilization in wheat and corn production regions.
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