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[bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK72][bookmark: OLE_LINK474][bookmark: OLE_LINK8][bookmark: OLE_LINK279][bookmark: OLE_LINK330][bookmark: OLE_LINK465][bookmark: OLE_LINK478][bookmark: OLE_LINK479][bookmark: OLE_LINK314][bookmark: OLE_LINK143][bookmark: OLE_LINK404][bookmark: OLE_LINK423][bookmark: OLE_LINK174][bookmark: OLE_LINK178][bookmark: OLE_LINK145][bookmark: OLE_LINK147][bookmark: OLE_LINK162][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK134][bookmark: OLE_LINK219][bookmark: OLE_LINK405][bookmark: OLE_LINK406][bookmark: OLE_LINK401][bookmark: OLE_LINK407][bookmark: OLE_LINK408][bookmark: OLE_LINK411][bookmark: OLE_LINK190][bookmark: OLE_LINK202][bookmark: OLE_LINK483]Abstract：[footnoteRef:1] Long-term application of high rates of nitrogen and phosphorus fertilizers and mono-tillage practices can adversely affect soil health, carbon sequestration and crop growth. A 10-year field experiment was conducted in a wheat-maize cropping system on China’s Loess Plateau to explore fertilization and tillage methods that improve SOC sequestration and crop yields. We evaluated the effects of (1) fertilization (balanced fertilization (BF), low fertilization (LF), and conventional fertilization (CF)) and (2) alternating years of different tillage (no tillage and subsoiling (NS), subsoiling and plowing (SP), plowing and no tillage (PN)) or continuous plowing tillage (PP) on input-C, SOC pool, and crop yields. BF and rotational tillage (NS, SP, and PN) increased the amount and stabilization rate of input-C. BF increased SOC storage compared to CF. Simultaneously, BF produced higher contents of SOC, readily oxidizable C (ROC), dissolved organic C (DOC) and particulate organic C (POC) and C pool management index (CMI) at 0-10 cm depth. For tillage, SOC storages were increased by rotational tillage, the highest was in NS. Rotational tillage increased SOC content, labile C contents and CMI at 0-10 cm depth. Moreover, NS also had positive effect on these parameters at 35-50 cm depth, which improved soil quality. Crop yields were positively correlated with SOC, labile C, and CMI. Crop yields were increased by BF and rotational tillage, the highest were in BF+NS treatment. Therefore, NS combined with BF may be the best management for increasing SOC storage, improving soil quality and productivity on China’s Loess Plateau. [1: Correspondence
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1. Introduction
[bookmark: OLE_LINK258][bookmark: OLE_LINK259][bookmark: OLE_LINK83][bookmark: OLE_LINK85][bookmark: OLE_LINK155][bookmark: OLE_LINK157][bookmark: OLE_LINK108][bookmark: OLE_LINK107][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK59][bookmark: OLE_LINK77][bookmark: OLE_LINK111][bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK182][bookmark: OLE_LINK181][bookmark: OLE_LINK169][bookmark: OLE_LINK272][bookmark: OLE_LINK480][bookmark: OLE_LINK481][bookmark: OLE_LINK114][bookmark: OLE_LINK113][bookmark: OLE_LINK121][bookmark: OLE_LINK120][bookmark: OLE_LINK158][bookmark: OLE_LINK138][bookmark: OLE_LINK135][bookmark: OLE_LINK201][bookmark: OLE_LINK200][bookmark: OLE_LINK125][bookmark: OLE_LINK124][bookmark: OLE_LINK412][bookmark: OLE_LINK413][bookmark: OLE_LINK136][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK133][bookmark: OLE_LINK132]Soil organic carbon (SOC) is not only a key indicator of soil fertility and health, but also a primary pool of global carbon storage (about 1580 Gt C) (Schimel, 1995). Efforts to increase SOC content are thought to signiﬁcantly reduce atmospheric CO2 and enhance soil fertility and crop productivity (Sauerbeck, 2001). Soil tillage is one of the most important factors affecting changes in the SOC pool. Long-term conventional tillage (CT) has been found to decrease labile C content (Cheng et al., 2012) and cause 25-75% SOC mineralization loss (Sanderman et al., 2017; Nicoloso et al., 2018). Meanwhile, conservation tillage practices, such as minimum tillage (MT) and no tillage (NT), reportedly increase the contents of SOC and labile C (Hassan et al., 2015; Somasundaram et al., 2016; Badagliacca et al., 2018). The influence of soil tillage is dependent on tillage depth. Some studies have reported that the positive effects of NT on SOC and labile C were limited to the 0-10 cm topsoil layer (Huang et al., 2015; Carbonell et al., 2015). The influence of tillage method on the contents of SOC and labile C also depends on soil type and environmental factors. In addition, different tillage practices signiﬁcantly inﬂuence crop yields. Previous researchers have reported that NT and minimum tillage increased SOC and crop yields (Sun et al., 2018; Márcio et al., 2018) and that subsoiling tillage (ST) can enhance root growth and improve crop yields (Lampurlanés et al., 2016; Sun et al., 2018). However, other studies found that long-term mono-conservation tillage had no significantly effect on crop yields (Stewart et al., 2017; Li et al., 2018) and some even found that NT negatively affected crop yields compared to CT (Zhao et al., 2017; Bogunovic et al., 2018). Therefore, the effects of single continuous conservational tillage on crop yields are unclear. Recent studies have reported that rotational tillage effectively prevented the disadvantages of mono-tillage, while increasing SOC content and crop productivity (Chu et al., 2016; Wang et al., 2018). Nevertheless, the information about the effects of tillage rotation practices on SOC sequestration, labile C content, soil quality, and crop yields in semi-arid areas of Northwest China is lacking.
[bookmark: OLE_LINK127][bookmark: OLE_LINK268][bookmark: OLE_LINK269][bookmark: OLE_LINK273][bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK284][bookmark: OLE_LINK285]Fertilization is an indispensable agricultural practice used to achieve high yields, and it also changes SOC content. Previous studies have indicated that inorganic fertilizer application significantly improved crop productivity, which increased the amount of crop residues returned to the field and therefore increased SOC and labile C content (Nayak et al., 2012; Ghimire et al., 2017). Chaudhary et al. (2015) found that soils fertilized over the long term contained higher levels of SOC, readily oxidizable C (ROC), dissolved organic C (DOC), and particulate organic C (POC) than unfertilized soils. Some studies have shown that the positive effects of fertilization on crop yields only occur with balanced fertilization and not with unbalanced fertilization (Kukal et al., 2009; Shahid et al., 2017). However, Manna et al. (2005) and Liang et al. (2012) observed that inorganic fertilizer application has no signiﬁcant positive effects on SOC, labile C, and crop yields. These inconsistent results maybe related to climate, soil type, crop system, experimental duration, and other factors (Tondello, 2007; Samuel et al., 2018). Therefore, studies of the effects of fertilization on soil carbon sequestration and crop growth should be adapted to local conditions.
[bookmark: OLE_LINK179][bookmark: OLE_LINK299][bookmark: OLE_LINK112][bookmark: OLE_LINK110][bookmark: OLE_LINK109][bookmark: OLE_LINK384][bookmark: OLE_LINK414][bookmark: OLE_LINK415][bookmark: OLE_LINK208][bookmark: OLE_LINK209][bookmark: OLE_LINK128][bookmark: OLE_LINK131]The Loess Plateau is located in Northwest China and is a major production region for wheat and maize (Ren et al., 2016). Long-term intensive conventional tillage system has caused a series of problems, including increased soil erosion, loss of SOC due to mineralization, and degradation in soil quality (Chen et al., 2009). Therefore, conservational and rotational tillage practices with crop straw return have been viewed as potential options. Loess soil fertility is low because of low contents of SOM, total N, and available P, whereas the content of total potassium is high due to the rich illite minerals in soil parent material (De et al., 2011). Thus, in order to pursue short-term high crop yields, farmers have always adopted a fertilizing mode of high nitrogen and phosphorus in this region, which is not conducive to sustainable soil production. Recently, some studies have shown that the balanced application of nitrogen, phosphorus, and potassium fertilizers can significantly increase crop yields (Lu et al., 2017). On the whole, in order to find the optimal mode of fertilization and tillage for the Northwest China region, it is necessary to assess the effects of fertilization and rotational tillage on soil carbon sequestration, soil quality and crop yields in this region.
[bookmark: OLE_LINK164][bookmark: OLE_LINK242][bookmark: OLE_LINK211][bookmark: OLE_LINK180][bookmark: OLE_LINK185][bookmark: OLE_LINK301][bookmark: OLE_LINK302]In this study, our objectives were to study the changes of SOC sequestration, soil labile organic C fractions, C pool management index (CMI), and crop yields under different fertilization and tillage methods. Thus, a 10-year (2007 to 2016) long-term field experiment with different fertilization and tillage modes in a wheat-maize crop system in the Loess Plateau was established to test the following hypotheses: (i) balanced application of N, P, K fertilization with rotation of different tillage practices would increase wheat and maize yields and increase the SOC stock by increasing the amount of crop residues returned to the field and (ii) annual rotation of no tillage and subsoiling would increase the SOC content and soil labile organic fractions, thus improving the CMI and crop productivity in the Loess Plateau, China. 
2. Materials and methods
2.1 Site description
[bookmark: OLE_LINK92][bookmark: OLE_LINK115][bookmark: OLE_LINK5][bookmark: OLE_LINK6]This study was conducted over a ten-year period (2007 to 2016) on the Loess Plateau, China. The ﬁeld experiment was established at the Dryland Agricultural Research Station of Northwest A & F University, Heyang County, Shaanxi Province, China (104°04′E, 35°19′N; altitude 877 m). The climate at the research station is temperate semi-arid continental monsoon. Over the last 30 years, this region had a mean annual temperature of 11.5 °C and a mean annual frost-free period of 210 days. Mean annual precipitation and evaporation was 536.6 mm and 1,833 mm, respectively. The experimental ﬁelds were level and the soil was classiﬁed as medium loam (sand 34%, silt 39%, clay 27%) according to the FAO/UNESCO Soil Classiﬁcation (1993). The main soil characteristics at a depth of 0-50 cm before the experiment are presented in Table 1.
2.2 Experimental design and treatments
[bookmark: OLE_LINK149][bookmark: OLE_LINK303][bookmark: OLE_LINK240][bookmark: OLE_LINK241][bookmark: OLE_LINK70][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK207][bookmark: OLE_LINK60][bookmark: OLE_LINK63]We adopted as plit-plot design for this experiment. Fertilization treatment was kept in primary plot treatment and included: balanced fertilization (BF), low fertilization (LF), and conventional fertilization (CF). Tillage method was the sub-plot treatment and included: no tillage rotated with subsoiling in alternating years (NS), subsoiling rotated with plowing in alternating years (SP), plowing rotated with no tillage in alternating years (PN), and plowing applied every year (PP). Five complete cycles of rotations were implemented during the ten years (2007 to 2016). The two factors were combined into 12 treatments.
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK424][bookmark: OLE_LINK265][bookmark: OLE_LINK266][bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK292]Fertilization treatment: BF, N: 150 kg/ha, P2O5: 120 kg/ha, and K2O: 90 kg/ha; LF, N: 75 kg/ha, P2O5: 60 kg/ha, and K2O: 45 kg/ha; CF, N: 225 kg/ha, P2O5: 180 kg/ha, and no potassium fertilizer applied. Wheat and maize had the same amount of fertilizer application under the same fertilization treatment. The fertilizer types for N, P2O5, and K2O were urea (N: 46.4%), diammonium phosphate (N: 18%, P2O5: 44%), and potassium chloride (K2O: 60%), respectively. The full rates of P and K plus 50% of N was applied as basal fertilizer on the sowing date for maize and the remaining 50% of N was applied at the 12th leaf stage (the middle of June each year). The full rates of N, P, and K were applied as basal fertilizer on the sowing date for wheat.
[bookmark: OLE_LINK304][bookmark: OLE_LINK305][bookmark: OLE_LINK150][bookmark: OLE_LINK15]Tillage methods: In no tillage (N), crop straw was cut and left on the soil surface as mulch and the soil was left undisturbed until crop sowing. In subsoiling (S), crop straw was cut and left on the soil surface as mulch. The topsoil remained undisturbed while the subsoil was tilled at a depth of 30-35 cm using a subsoiler at intervals of 60 cm. In plowing (P), crop straw was cut into small pieces in-situ which was then mixed with the soil using a moldboard plow at a depth of 20-25 cm. Fields were tilled according to the described methods after crop harvest each year.
[bookmark: OLE_LINK206][bookmark: OLE_LINK338][bookmark: OLE_LINK339]Planting: The crop planting pattern was a winter wheat/spring maize rotation. Winter wheat (cultivars: Jinmai 47 before 2014, Chang 6359 after 2014) was planted at the end of September and harvested in June of the following year. Spring maize (cultivars: Yuyu 22 before 2014, Zhengdan 958 after 2014) was planted at the end of April and harvested in September. The wheat was sown with 20 cm row spacing at seeding rates of 150 kg·ha-1. The maize was sown with 60 cm row spacing at seeding rates of 37.5 kg·ha-1, and the planting density was 60 thousand plants ha−1. Table 2 describes the crop rotation schedule from 2007 to 2016.
2.3 Soil sampling and processing
[bookmark: OLE_LINK146][bookmark: OLE_LINK189][bookmark: OLE_LINK416][bookmark: OLE_LINK417]All soil samples were collected from four depths (0-10 cm, 10-20 cm, 20-35, 35-50 cm) for three replications under different treatments in June 2016 after winter wheat harvest. Soil samples were air dried and passed through a 0.25-mm sieve to determine the SOC content. SOC was determined using the K2CrO7-H2SO4 digestion method (Walkley and Black, 1934). Readily oxidizable C (ROC) was measured using the 333 mmol∙L-1 KMnO4 oxidation method (Blair et al., 1995). Dissolved organic C (DOC) was extracted from 10 g of moist soil with a 1:5 ratio of soil to water at 25.8℃(Jiang et al., 2006). Microbial biomass C (MBC) was determined using the CHCl3 fumigation-extraction method (Vance et al., 1987). Particulate organic C(POC) was determined using modiﬁcations of the method described by Cambardella and Elliott (1992). 
Total SOC stock was calculated as
                (1)
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Where  (Mg/ha) is the stock of soil organic carbon,  (g/kg) is the content of soil organic carbon, D (g/cm3) is soil bulk density, T (cm) is the thickness of the soil layer.
             (2)
Where  (Mg/ha) is the SOC stock accumulation and(g/kg) is the SOC stock before the start of the experiment.
CMI was calculated using the CF+PP treatment as the reference soil sample according to the following equations (Blair et al., 1995):
                        (3)
Where L is the lability of SOC，  is the content of readily oxidized carbon, and  (g/kg) is SOC content. 
                      (4)
Where CPI is the carbon pool index and  and  (g/kg) are the soil organic carbon content of the sample and the reference (CF+PP treatment), respectively.
                          (5)
Where LI is the lability index of C,  is the lability of C in the sample, and   is the lability of C in the reference soil sample.
                    (6)
2.4 Estimation of plant biomass carbon inputs
[bookmark: OLE_LINK19]Crop yields and straw amount were determined by manually harvesting, threshing, and air-drying three 3 m2 and three 9 m2 areas sampled at random from the winter wheat and spring maize plots, respectively.
The C input from straw,, was calculated as:
                    (7)
Where  is crop straw biomass. Plant biomass C input was calculated by assuming a C content of 40% in the plant tissues (Johnson et al. 2006).
The C input from stubble, , was calculated as:
                   (8)
Where r is the stubble to straw ratio. Maize and wheat stubble represented 10% and 20% of straw biomass, respectively (Li et al., 2016).

The C input from roots, , was calculated as:
                   (9)
Where r is the root to straw ratio. Maize and wheat roots represented 23% and 22% of straw biomass, respectively (Kong et al., 2005).
The C input from rhizodeposition () was calculated according to the formula (Maillard et al., 2018):
                   (10)
The stabilization rate (%) of plant biomass carbon into SOC in the 0-50 cm soil layer was calculated according to the equation (Srinivasarao et al., 2012):
                   (11)
Where is accumulative plant biomass C input.
2.5 Statistical analysis
[bookmark: OLE_LINK67][bookmark: OLE_LINK331][bookmark: OLE_LINK327][bookmark: OLE_LINK328]SAS (SAS Systems, Cary, NC, USA) and Microsoft excel 2007 (Microsoft Corporation, USA) were used to carry out data processing and statistical analysis. The effects of fertilization and tillage on crop yields, soil C input, SOC, soil labile organic C fractions (ROC, DOC, MBC, and POC), and CMI were analyzed using Split-plot analysis of variance (ANOVA) with the Duncan Multiple Range Test. Statistical significance was declared at the 0.05 probability level. And simple correlation coefﬁcients and regression equations were performed to evaluate the relationships among the indexes.
3 Results
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK229][bookmark: OLE_LINK98][bookmark: OLE_LINK99]3.1 Accumulative plant biomass C input
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK46][bookmark: OLE_LINK27][bookmark: OLE_LINK28]The proportions of total C inputs derived from straw, root residue, stubble, and rhizodeposition in the 10-year experimental period (2007-2016) are shown in Table 3. The amount of plant biomass C returned to the soil was mainly derived from crop straw, accounting for about 65% of the total C input. The fertilization treatments caused signiﬁcant differences in the accumulative plant biomass C input, and the total C input under BF higher than that under LF and CF. Simultaneously, rotational tillage systems (SP, PN, and NS) significantly increased the C inputs from straw, root residue, stubble, and rhizodeposition. Compared with the PP, total C input were 18.10%, 11.04% and 14.72% higher in the SP, PN, and NS tillage than that in PP, respectively.
3.2 SOC
[bookmark: OLE_LINK170][bookmark: OLE_LINK214][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK142][bookmark: OLE_LINK239][bookmark: OLE_LINK243][bookmark: OLE_LINK257][bookmark: OLE_LINK225][bookmark: OLE_LINK238]As shown in Fig. 1, the effects of the different fertilization treatments on SOC content in the upper soil layer (0-20 cm) were signiﬁcant after ten years, but were not significant in the deeper layers (P< 0.05). Compared with the CF, the BF and LF significant increased the SOC content and SOC stocks in the 0-10 cm and 10-20 cm soil layers. In the 0-50 soil layer, changes in SOC stock under different fertilization treatments decreased in the order of BF > CF > LF, and there were statistical diﬀerences among three fertilization treatments (P< 0.05) (Table 4; Fig. 2). Signiﬁcant effects on SOC content and its stocks due to tillage system were detected in the 0-50 cm soil layer (P< 0.05). SOC stock was significantly higher in the SP, PN, and NS tillage than that in PP tillage. More speciﬁcally, compared with PP tillage, the NS, SP, and PN tillage primarily increased SOC content and stocks in the 0-10 cm soil layer. Similarly, the rotational tillage systems also increased SOC content in > 10 cm soil layers. The difference was significant between NS and PP in10-20 cm, and 35-50 cm soil layers, was significant between SP and PP in the 20-35 cm and 35-50cm soil layers, and was significant between PN and PP in the 20-35 cm soil layer (P< 0.05).
[bookmark: OLE_LINK116][bookmark: OLE_LINK119]The SOC stocks of all treatments increased after the ten-year experiment, and the maximum increment by 6.83 Mg·ha-1 was in the treatment of BF+NS, the minimum increment by 2.54 Mg·ha-1 was in the treatment of CF+PP (Fig. 2). The SOC stock accumulation in the 0-50 soil layer was higher under BF and LF than that under CF, and the difference between BF and CF was significant (P< 0.05). Changes in SOC stock accumulation under different tillage systems decreased in the order of NS > PN > SP> PP, and the difference between rotational tillage and PP was significant (P< 0.05).
[bookmark: OLE_LINK290][bookmark: OLE_LINK291]3.3 Stabilization rate
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]The proportion of SOC stock accumulation to total C input is the stabilization rate (Fig.3). The stabilization rate in the treatment of BF+NS was 17.08%, which was the highest among all treatments. The lowest stabilization rate was recorded (7.66%) in the CF+PP treatment. For fertilization effect, the stabilization rate were increased by 39.00% in BF and by 33.79% in LF compared with CF. Meanwhile, the effect of tillage on the stabilization rate was signiﬁcant. Compared with the PP, the stabilization rate were significantly increased by 61.54%, 20.83%, and 26.92% in the NS, SP, and PN, respectively (P<0.05).
[bookmark: OLE_LINK16][bookmark: OLE_LINK29]Regression analysis showed a significant positive correlation between SOC stock accumulation and total C input, and the stabilization rate of plant biomass C (Fig. 4).
[bookmark: OLE_LINK217][bookmark: OLE_LINK235]3.4 Soil labile organic C fractions
[bookmark: OLE_LINK260][bookmark: OLE_LINK261][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK37][bookmark: OLE_LINK64][bookmark: OLE_LINK93][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK364][bookmark: OLE_LINK380][bookmark: OLE_LINK262]The eﬀects of the diﬀerent treatments on soil labile organic C fractions (ROC, DOC, MBC, and POC) are shown in Table 5 (P< 0.05). For fertilization effect, changes in ROC content of 0-10 cm soil layer under different fertilization treatments decreased in the order of BF > CF > LF, and the difference between BF and LF was significant (P< 0.05). However, there was no significant difference in ROC content among the three fertilization treatments in the soil layers deeper than 10 cm. Tillage had significant effects on ROC in all soil layers (0-50 cm) (Table 5). Compared with PP tillage, NS and SP significantly increased ROC content in the 0-10 cm, 20-35 cm, and 35-50 cm soil layers; and PN significantly increased ROC content in the 0-10 cm and 20-35 cm soil layer (P< 0.05).
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: OLE_LINK443][bookmark: OLE_LINK444]Signiﬁcant effects of the fertilization treatments or tillage systems on DOC content were detected in all soil layers (0-50 cm) (Table 5). DOC content with BF was higher than that with CF in the 0-10 cm, 10-20 cm, and 20-35 cm soil layers, and DOC content was lower with LF than that with CF in the 0-10 cm and 35-50 cm soil layers (P< 0.05). For tillage effect, DOC content was significantly higher in rotational tillage systems (NS, SP, PN) than that in PP tillage in all soil layers (0-50 cm)(P<0.05). More specifically, compared with PP, DOC content increased by 40.92%, 10.89%, 15.64%, 30.95% under NS, increased by 13.56%, 5.03%, 8.00%, 20.48% under SP and increased by 24.94%, 12.29%, 10.55%, 13.33% under PN in 0-10 cm, 10-20 cm, 20-35 cm and 35-50 cm soil layers, respectively.
[bookmark: OLE_LINK317][bookmark: OLE_LINK363]MBC content was the highest in the CF, followed by BF and LF, and there were statistical diﬀerences between LF and CF in all soil layers (0-50 cm) (Table 5). Tillage method affected MBC content in all soil layers (0-50 cm). Compared with PP tillage, rotational tillage systems (NS, SP and PN) significantly increased MBC content in the 0-10 cm, 20-35 cm, and 35-50 cm soil layers. Meanwhile, NS, SP and PN decreased MBC content compared to PP tillage in 10-20 cm soil layer (P< 0.05).
[bookmark: OLE_LINK78][bookmark: OLE_LINK81]Fertilization treatment significantly affected POC content in the 0-10 cm and 10-20 cm soil layers, and POC content was higher with the BF treatment than that with the CF and LF treatments (Table 5). Tillage significantly affected POC content. Compared with PP, POC content increased by 58.79%, 15.73%, 67.39% under NS, increased by 26.06%, 41.57%, 36.96% under SP and increased by 42.42%, 28.09%, 30.43% under PN in 0-10 cm, 10-20 cm and 35-50 cm soil layers, respectively.
3.5 Carbon pool management index (CMI)
[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK47][bookmark: OLE_LINK50][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK334]After ten years, the SOC lability (L) and SOC lability index (LI) of the 0-10 cm and 35-50 soil layer were higher in CF than those in BF or LF, whereas the C pool index (CPI) of the 0-10 cm soil layer was lower in CF than that in BF and LF and CMI of the 0-10 cm and 10-20 cm soil layer were higher in BF than those in LF and CF (Table 6). For tillage effect, the L and LI of the 0-10 cm and 20-35 cm soil layer of the rotational tillage systems (NS, SP, and PN) were higher than those of PP tillage (P< 0.05). And compared with PP, rotational tillage systems significantly increased CPI in the 0-10 cm and 10-20 cm soil layer (P< 0.05). Meanwhile, CMI was higher in the rotational tillage systems (NS, SP and PN) than that in PP tillage in the 0-10 cm, and 20-35 cm soil layers. In addition, NS and SP also significantly increased CMI in the 35-50 cm soil layer (P< 0.05).
3.6 Wheat and maize yields
[bookmark: OLE_LINK425][bookmark: OLE_LINK430][bookmark: OLE_LINK337][bookmark: OLE_LINK340][bookmark: OLE_LINK418][bookmark: OLE_LINK419][bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK141][bookmark: OLE_LINK341][bookmark: OLE_LINK342]The wheat and maize yields from 2008 to 2016 were strongly affected by fertilization treatments and tillage systems (Table 7). For fertilization effect, the yield of wheat and maize were both the highest in the BF, followed by CF and LF. Compared with LF, the yields with BF were significantly increased by 11.70% for wheat in average and 8.31% for maize in average (P< 0.05) (Fig. 5). For tillage effect, rotational tillage systems (NS, SP and PN) produced higher wheat and maize yields than the PP tillage. More specifically, compared with PP, wheat yields in average were increased by 12.71%, 8.89%, and 12.83% in NS, SP, and PN, maize yields in average were increased by 14.05%, 8.83%, and 12.59% in NS, SP, and PN, respectively. On the whole, the minimum average yield of wheat (4417 kg·ha-1) and maize (6764 kg·ha-1) were found to be in the treatment of LF+PP, the maximum average yield of wheat (5783 kg·ha-1) and maize (8414 kg·ha-1) were found to be in the treatment of BF+NS.
[bookmark: OLE_LINK288][bookmark: OLE_LINK289]Wheat and maize yields were signiﬁcantly and positively correlated with C inputs and SOC (Table 8). The correlation coefficients of crop yields (wheat yield, maize yield) and SOC were smaller than the correlation coefficients of crop yields and soil labile organic C fractions (ROC, DOC, MBC, and POC), indicating that the effects of soil labile organic C fractions on increases in crop yields were more significant than those of SOC. Wheat and maize yields positively correlated with CMI.
4 Discussion
[bookmark: OLE_LINK58][bookmark: OLE_LINK69]4.1 Impacts of long term tillage rotation and fertilization on SOC content and SOC stocks
[bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK231][bookmark: OLE_LINK236][bookmark: OLE_LINK183][bookmark: OLE_LINK126][bookmark: OLE_LINK148][bookmark: OLE_LINK351][bookmark: OLE_LINK352][bookmark: OLE_LINK353][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK45][bookmark: OLE_LINK57][bookmark: OLE_LINK90][bookmark: OLE_LINK216][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK137][bookmark: OLE_LINK161][bookmark: OLE_LINK439][bookmark: OLE_LINK440][bookmark: OLE_LINK441][bookmark: OLE_LINK442][bookmark: OLE_LINK184][bookmark: OLE_LINK381][bookmark: OLE_LINK247][bookmark: OLE_LINK254][bookmark: OLE_LINK382][bookmark: OLE_LINK383][bookmark: OLE_LINK386][bookmark: OLE_LINK420][bookmark: OLE_LINK468][bookmark: OLE_LINK469]In this study, fertilization and tillage significantly affected SOC content and stock, whereas the effect of the interaction between fertilization and tillage was not significant. The SOC stock of the 0-50 cm soil layer under BF was significantly higher than that under CF and LF. This was primarily due to the fact that balanced fertilization was beneficial to crop growth and increased the amount of returned crop residues. Compared to CF, BF and LF reduced the application amount of nitrogen and phosphate fertilizer. Hamer et al. (2009) and Lu et al. (2011) indicated that excessive application of N fertilizer may reduce the ratio of C:N in soil, accelerated decomposition of crop straw by soil microorganisms, result in the lower carbon sequestration. In other words, the increase of SOC is more related to the stabilization rate of input C, which also was confirmed by that the linear correlation coefficient between SOC storage and the stabilization rate (0.96) was higher than that between SOC storage and input C (0.55) (Fig. 4). In our study, BF and LF increased in SOC contents of the 0-10 cm and 10-20 cm soil layers due to the higher stabilization rate of input C. In addition, N and P nutrients enriched by long-term high rates of fertilizers could accelerate the decomposition of SOC (Russell et al., 2005; Luo et al., 2019), which maybe one reason to explain the SOC content in CF lower than in BF and LF.
[bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK426][bookmark: OLE_LINK427][bookmark: OLE_LINK71][bookmark: OLE_LINK210][bookmark: OLE_LINK399][bookmark: OLE_LINK400][bookmark: OLE_LINK198][bookmark: OLE_LINK215][bookmark: OLE_LINK354][bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK296][bookmark: OLE_LINK357][bookmark: OLE_LINK358][bookmark: OLE_LINK359][bookmark: OLE_LINK360][bookmark: OLE_LINK391][bookmark: OLE_LINK392][bookmark: OLE_LINK390][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK218][bookmark: OLE_LINK228]At the end of the ten-year experiment, higher levels of SOC stocks were observed in the 0-50 cm soil layer under rotational tillage systems (NS, SP, and PN) than under PP. This can be explained by the higher plant biomass C input in rotational tillage systems (Table 3) and the lower mineralization of SOC. Previous studies reported that conservational tillage, such as no tillage, could reduce soil disturbance, decreases the mineralization rate of SOC and promote the accumulation and humification of crop residues returned to the soil (Mazzoncini et al., 2013). Based on the observed SOC changes in different soil layers, the rotational tillage systems (NS, SP, and PN) increased the SOC content and SOC stock accumulation of the 0-10cm soil layer compared to PP. The reason for this difference is that rotational tillage causes less soil disturbance, which allows the returned crop residues to cover most of the soil surface (He et al., 2019). The rotational tillage systems also increased SOC content in > 10 cm soil layers, and the effect of NS in 10-20 cm and 35-50 cm soil layer was obvious. This can be attributed to two factors: (1) rotational tillage treatments increased crop residue incorporation by inputs at depth where there could be a greater opportunity for the protection of SOC by association with the mineral matrix (Hou et al., 2012); (2) subsoil tillage can break the bottom layer of the plow pan and promote crop root growth, which increases the production of root residues and secretions (Leonard et al., 2012). Poeplau and Don (2013) suggested that subsoil tillage can increase the production of crop root litter and root exudates and therefore increase the amount of SOM in the subsoil.
[bookmark: OLE_LINK220]4.2 Impacts of long term tillage rotation and fertilization on soil labile organic C fractions and CMI
[bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK300][bookmark: OLE_LINK237][bookmark: OLE_LINK246][bookmark: OLE_LINK450][bookmark: OLE_LINK451][bookmark: OLE_LINK263][bookmark: OLE_LINK264][bookmark: OLE_LINK267][bookmark: OLE_LINK156][bookmark: OLE_LINK385][bookmark: OLE_LINK387][bookmark: OLE_LINK89][bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK428][bookmark: OLE_LINK429][bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK223][bookmark: OLE_LINK205]ROC, MBC, DOC, and POC have been recognized as early and sensitive indicators of SOC changes that respond relatively rapidly to land use and soil management practices (Ghani et al., 2003). In our report, the ROC, DOC, and POC contents under the BF were higher than those under the LF or CF in the 0-10 cm soil layer. This was primarily due to the higher C input in the BF. Simultaneously, BF also increased DOC in the 10-20 cm and 20-35 cm soil layers compared with the LF and CF, due to the migration of DOC with soil moisture (Kaiser and Kalbitz, 2012). Increasing the application of N and P fertilizers can stimulate soil microbial activity and therefore increase MBC concentrations (Hartman and Richardson, 2013; Ghosh et al., 2018), and we came to a similar conclusion that the MBC content in the all soil layers (0-50 cm) under BF and CF was higher than that under LF. Compared with PP, the rotational tillage systems (NS, SP, and PN) increased the content of soil labile organic C fractions (ROC, DOC, MBC and POC) in the 0-10 cm surface soil layer by creating an environment in which more crop residues covered the soil surface. Crop residues provide substrates for soil microorganisms and contribute to the accumulation of labile C (Jharna et al., 2018). In contrast, PP tillage weakens the physical protection of SOC, exposes protected organic matter to microbial decomposition, and accelerates mineralization of active organic matter in newly turned topsoil, thereby increasing the loss of active C (Chen et al., 2009). The rotational tillage systems also increased the content of soil labile organic C fractions in deep soil (20-35 cm and 35-50 cm), which maybe due to the increased addition of root debris and exudate returning to the soil (Hou et al., 2012).
[bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK367][bookmark: OLE_LINK368][bookmark: OLE_LINK371][bookmark: OLE_LINK372][bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK388][bookmark: OLE_LINK389][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: OLE_LINK365][bookmark: OLE_LINK366][bookmark: OLE_LINK369][bookmark: OLE_LINK370][bookmark: OLE_LINK373][bookmark: OLE_LINK82]CMI is an indicator used to evaluate the capacity of agricultural management practices to improve the quality of soil organic matter (Blair et al., 1995). In this study, fertilizer application had a significant impact on CMI in the 0-10 cm and 10-20 cm soil layer and tillage had a significant impact on CMI in all soil layers (0-50 cm) (Table 6). The positive linear correlation between CMI and carbon input was found in present study, indicates that higher crop residue inputs caused higher CMI. Similar observations were reported by Chatterjee et al. (2018). The CMI of the 0-10 cm soil layer was higher with BF than that with CF; rotational tillage systems (NS, SP, and PN) increased CMI compared to PP tillage. These results suggested that the soil fertility can be healthily developed by balanced fertilization or rotational tillage. The value of CMI depends on SOC content and activity (Blair et al., 1995), that is increasing organic carbon input or reducing SOC mineralization in BF and rotational tillage could cause higher SOM content and labile organic C, thereby result in higher CMI.
[bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK84][bookmark: OLE_LINK91][bookmark: OLE_LINK94]4.3 Impacts of long term tillage rotation and fertilization on crop yields
[bookmark: OLE_LINK224][bookmark: OLE_LINK230][bookmark: OLE_LINK234][bookmark: OLE_LINK226][bookmark: OLE_LINK431][bookmark: OLE_LINK432][bookmark: OLE_LINK191][bookmark: OLE_LINK393][bookmark: OLE_LINK394][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK227][bookmark: OLE_LINK97][bookmark: OLE_LINK197][bookmark: OLE_LINK159][bookmark: OLE_LINK160]In this study, BF with appropriate reductions in N and P fertilizer rates and supplemental K fertilizer improved wheat and maize yields, which was confirmed by Yang et al., (2006). This suggested that optimal yields cannot be obtained in the Loess Plateau with application of only N and P fertilizer and no K fertilizer. With respect to tillage, the rotational tillage systems (NS, SP, and PN) increased the yields of wheat and maize compared with PP tillage. This is because the tillage rotation systems can prevent the decline in SOC caused by long-term intensive tillage and enhance soil fertility (Bhattacharyya et al., 2012). Water shortage is another important factor restricting crop growth in the Loess Plateau. Tillage rotation covering a large area of crop residue on the soil surface can reduce soil water evaporation (Wang et al., 2014; Jorge et al., 2016). And finally, the higher SOC content produced by tillage rotation promotes water storage and water absorption by crop, thereby increasing crop yields (Manns and Berg, 2014).
[bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK255][bookmark: OLE_LINK256]In our study, there was a significant positive correlation between crop yields and carbon inputs. Crop yields were significantly positively correlated with SOC and soil labile organic C fractions (ROC, DOC, MBC, and POC) (Table 8), indicating that the increased content and activity of SOC had a positive effect on crop growth and yields (Manna et al., 2005; Li et al., 2016). The correlation coefficients of crop yield and soil labile organic C fractions were greater than those of crop yield and SOC (in Table 8), suggesting that soil labile organic C contributes more significantly to increased crop yields. Therefore, agricultural practices that increase the active components of SOC are important for maintaining soil fertility and increasing crop yields.
5 Conclusions
[bookmark: OLE_LINK374][bookmark: OLE_LINK375][bookmark: OLE_LINK144][bookmark: OLE_LINK335][bookmark: OLE_LINK336][bookmark: OLE_LINK349][bookmark: OLE_LINK350][bookmark: OLE_LINK376][bookmark: OLE_LINK377][bookmark: OLE_LINK151][bookmark: OLE_LINK152]Our results demonstrate that fertilization and tillage practices affect the SOC pool in China’s Loess Plateau. Balanced fertilization (BF) and rotational tillage (NS, SP, and PN) significantly increased SOC stocks, and NS rotation combined with BF produced the highest SOC stock among all treatments. SOC stock accumulation was positively correlated with plant biomass C input and with the stabilization rate (SR) of returned plant biomass C. Different fertilization and tillage practices affected SOC content, soil labile C (ROC, DOC, MBC, and POC) content and SOC activity, which in turn affected the CMI. The SOC, ROC, DOC, and POC contents of the 0-10 cm soil layer were higher in BF than those in CF. Meanwhile, rotational tillage systems increased the soil labile C content in the 0-10 cm, 20-35 cm and 35-50 cm soil layers. BF and rotational tillage also significantly improved the CMI and soil quality due to changes in the content and activity of SOC. In addition, BF and rotational tillage were effective in increasing the yields of wheat and maize. The highest average yields of wheat (increased by 30.93%) and maize (increased by 20.39%) were found in BF+NS treatment. We found that NS tillage with balanced application of N, P, and K fertilizers could increase SOC sequestration, improve soil quality, and increase maize and wheat yields in China’s Loess Plateau.
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Table1 Physical and chemical properties of the soil prior to beginning the experiment in 2007.
	Soil depth
（cm）
	Soil organic carbon
（g.kg-1）
	Total N
（g.kg-1）
	Total P
（g.kg-1）
	Total K
（g.kg-1）
	Soil bulk density
（g.cm-3）

	0-10
	7.4
	1.35
	0.62
	5.95
	1.38

	10-20
	7.3
	1.29
	0.57
	5.88
	1.48

	20-35
	5.8
	0.93
	0.21
	5.56
	1.58

	35-50
	4.3
	0.89
	0.09
	5.62
	1.57


[bookmark: OLE_LINK7][bookmark: OLE_LINK14]
Table 2 Cultivated crops in rotation in 2007-2016.
	Year
	Sept 2007- June 2008
	[bookmark: RANGE!F22]Apr 2009-Sept 2009
	Sept 2009- June 2010
	Apr 2011-Sept 2011
	Sept 2011- June 2012
	Apr 2013-Sept 2013
	Sept 2013- June 2014
	Apr 2015-Sept 2015
	Sept 2015- June 2016

	
	
	
	
	
	
	
	
	
	

	Cropping System
	Winter wheat
	Spring maize
	Winter wheat
	Spring maize
	Winter wheat
	Spring maize
	Winter wheat
	Spring maize
	Winter wheat

	Variety
	Jinmai 47
	Yu yu 22
	Jinmai 47
	Yu yu 22
	Jinmai 47
	Yu yu 22
	Jinmai 47
	Zhengdan 958
	Chang 6359





[bookmark: OLE_LINK68][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK163]Table3 Accumulative plant biomass C inputs for different treatments from 2007 to 2016 (t/ha).
	[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Treatment
	Wheat
	
	Maize
	Total

	
	Straw
	Stubble
	Root
	Rhizodeposition
	Straw
	Stubble
	Root
	Rhizodeposition
	

	Fertilization (F)
	
	
	
	
	
	
	
	
	
	

	BF
	10.62a
	2.12a
	2.34a
	1.52a
	
	14.27a
	1.43a
	3.28a
	2.13a
	37.72a

	LF
	9.47c
	1.90c
	2.08c
	1.35c
	
	13.38c
	1.34c
	3.08c
	2.00c
	34.19c

	CF
	10.15b
	2.03b
	2.23b
	1.45b
	
	13.74b
	1.37b
	3.16b
	2.05b
	36.59b

	Tillage (T)
	
	
	
	
	
	
	
	
	

	NS
	10.53a
	2.11a
	2.32a
	1.51a
	
	14.89a
	1.49a
	3.42a
	2.23a
	38.48a

	SP
	10.16b
	2.03b
	2.23b
	1.45b
	
	13.71c
	1.37c
	3.15c
	2.05c
	36.16c

	PN
	10.55a
	2.11a
	2.32a
	1.51a
	
	14.16b
	1.42b
	3.25b
	2.12b
	37.43b

	PP
	9.09c
	1.82c
	2.00c
	1.30c
	
	12.43d
	1.24d
	2.86d
	1.86d
	32.59d

	ANOVA
	
	
	
	
	
	
	
	
	
	

	F
	0.001
	0.001
	<0.001
	<0.001
	
	0.002
	0.003
	0.003
	<0.001
	0.003

	T
	<0.001
	<0.001
	<0.001
	<0.001
	
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001

	TｘF
	<0.001
	<0.001
	<0.001
	<0.001
	
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001


BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Different letters in the same columns indicate significant difference among treatments at P< 0.05.




[bookmark: OLE_LINK244][bookmark: OLE_LINK245][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK61][bookmark: OLE_LINK62]Fig. 1 Soil organic carbon (SOC) content in the 0-10 cm, 10-20 cm, 20-35 cm, and 35-50 cm soil layers under different treatments. BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Letters indicate statistical diﬀerence among diﬀerent treatments (P<0.05).
Table4 Changes in SOC stock of 0-10 cm, 10-20 cm, 20-35 cm, 35-50 cm soil layers with different treatments.
	[bookmark: RANGE!D29]Treatment
	SOC stock(Mg∙ha−1)
	
	SOC stock accumulation(Mg∙ha−1)

	
	0~10
	10~20
	20~35
	35~50
	
	0~10
	10~20
	20~35
	35~50

	Pre
	10.28
	10.71
	13.86
	10.25
	
	--
	--
	--
	--

	Fertilization (F)
	
	
	
	
	
	
	
	

	BF
	12.62a
	11.81a
	14.77a
	10.97a
	
	2.34a
	1.10a
	1.18a
	0.72a

	LF
	12.13a
	11.80a
	14.76a
	10.90ab
	
	1.85b
	1.09a
	1.17a
	0.66ab

	CF
	11.92b
	11.54a
	14.46a
	10.67b
	
	1.64b
	0.83a
	0.88a
	0.42b

	Tillage (T)
	
	
	
	
	
	
	
	

	NS
	13.43a
	11.82a
	14.68a
	11.01a
	
	3.15a
	1.12a
	1.09a
	0.76a

	SP
	11.74c
	11.80a
	14.77a
	10.87a
	
	1.46c
	1.09a
	1.18a
	0.63a

	PN
	12.27b
	11.79a
	14.72a
	10.76a
	
	1.98b
	1.08a
	1.13a
	0.52a

	PP
	11.46c
	11.44a
	14.51a
	10.74a
	
	1.18c
	0.73a
	0.92a
	0.50a

	ANOVA
	
	
	
	
	
	
	
	
	

	F
	0.017
	ns
	ns
	ns
	
	0.016
	ns
	ns
	ns

	T
	<0.001
	ns
	ns
	ns
	
	<0.001
	ns
	ns
	ns

	T*F
	ns
	ns
	ns
	ns
	
	ns
	ns
	ns
	ns


Pre: pre-experiment, BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Different letters in the same columns indicate significant difference among treatments at P< 0.05. ns, non-signiﬁcant.





Fig.2 SOC stock in the 0-50 cm soil layer under different treatments  BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Letters indicate statistical diﬀerence among diﬀerent treatments (P<0.05)




Fig.3 Stabilization rate under different treatments. BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Letters indicate statistical diﬀerence among diﬀerent treatments (P<0.05)



Fig.4 Relationships between the soil carbon pool and the total carbon input (Input C) and stabilization rate of plant biomass C (SR) into SOC. * Signiﬁcant at P < 0.05, **Signiﬁcant at P<0.01.


Table5 Content of ROC, DOC, MBC, and POC under different treatments in the 0-10 cm, 10-20 cm, 20-35 cm, and 35-50 cm soil layers.
	Treatment
	ROC
	
	DOC
	
	MBC
	
	POC

	
	0~10cm
	10~20cm
	20~35cm
	35~50cm
	
	0~10cm
	10~20cm
	20~35cm
	35~50cm
	
	0~10cm
	10~20cm
	20~35cm
	35~50cm
	
	0~10cm
	10~20cm
	20~35cm
	35~50cm

	Fertilization (F)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	BF
	2.62a
	1.91a
	1.43a
	0.97a
	
	55.9a
	43.4a
	33.7a
	25.9a
	
	257.8b
	204.1a
	148.4a
	75.6ab
	
	2.31a
	1.67a
	1.16a
	0.68a

	LF
	2.35b
	1.87a
	1.40a
	0.95a
	
	42.8c
	37.0b
	27.9b
	21.9b
	
	230.5c
	173.4b
	128.5b
	67.0b
	
	2.03b
	1.43b
	1.01b
	0.62a

	CF
	2.50ab
	1.89a
	1.40a
	1.00a
	
	49.9b
	34.7b
	27.9b
	25.4a
	
	265.3a
	209.1a
	152.9a
	78.7a
	
	2.18a
	1.37c
	1.07ab
	0.56a

	Tillage (T)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	NS
	3.00a
	1.86a
	1.39b
	1.10a
	
	58.2a
	39.7a
	31.8a
	27.5a
	
	308.9a
	184.5c
	145.5b
	80.3a
	
	2.62a
	1.37c
	1.03c
	0.77a

	SP
	2.29c
	1.91a
	1.50a
	1.02b
	
	46.9c
	37.6b
	29.7b
	25.3b
	
	237.0c
	195.2b
	162.5a
	79.2a
	
	2.08c
	1.54ab
	1.26a
	0.63ab

	PN
	2.58b
	1.85a
	1.43b
	0.90c
	
	51.6b
	40.2a
	30.4ab
	23.8c
	
	269.9b
	186.7bc
	142.3b
	72.6b
	
	2.35b
	1.40bc
	1.14b
	0.60bc

	PP
	2.08d
	1.93a
	1.32c
	0.87c
	
	41.3d
	35.8c
	27.5c
	21.0d
	
	189.1d
	215.8a
	122.7c
	63.0c
	
	1.65d
	1.65a
	0.89d
	0.46c

	ANOVA
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	F
	0.03
	ns
	ns
	ns
	
	0.008
	0.014
	0.041
	0.040
	
	0.004
	0.010
	0.020
	ns
	
	0.027
	0.002
	ns
	ns

	T
	<0.001
	ns
	<0.001
	<0.001
	
	<0.001
	<0.001
	0.005
	<0.001
	
	<0.001
	<0.001
	<0.001
	<0.001
	
	<0.001
	0.006
	<0.001
	<0.001

	T*F
	ns
	ns
	ns
	ns
	
	ns
	0.004
	ns
	0.004
	
	ns
	ns
	ns
	ns
	
	ns
	ns
	ns
	ns



ROC: readily oxidizable soil carbon, DOC: dissolved organic C, MBC: microbial biomass C, POC: particulate organic C. BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Different letters in the same columns indicate significant difference among treatments at P< 0.05. ns, non-signiﬁcant.


Table6 Carbon pool management index (CMI) under different treatments.
	Treatment
	L
	
	LI
	
	CPI
	
	CMI

	
	0~10
	10~20
	20~35
	35~50
	
	0~10
	10~20
	20~35
	35~50
	
	0~10
	10~20
	20~35
	35~50
	
	0~10
	10~20
	20~35
	35~50

	Fertilization (F)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	BF
	0.335a
	0.276a
	0.258a
	0.228b
	
	1.06a
	0.90a
	1.04a
	1.00b
	
	1.22a
	1.08a
	1.06a
	1.06a
	
	130.5a
	96.7a
	110.8a
	106.7a

	LF
	0.305b
	0.273a
	0.251a
	0.232b
	
	0.97b
	0.95a
	1.02a
	1.02b
	
	1.18b
	1.06a
	1.06a
	1.04a
	
	125.6a
	94.0b
	107.5a
	105.7a

	CF
	0.345a
	0.291a
	0.259a
	0.249a
	
	1.09a
	0.89a
	1.05a
	1.09a
	
	1.14c
	1.02a
	1.03a
	1.02a
	
	114.4b
	96.3a
	108.3a
	111.9a

	Tillage (T)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	NS
	0.337a
	0.265b
	0.257b
	0.251a
	
	1.07a
	0.86c
	1.04b
	1.10a
	
	1.40a
	1.08a
	1.03b
	1.12a
	
	149.9a
	93.5b
	107.5b
	123.9a

	SP
	0.325b
	0.283ab
	0.269a
	0.246ab
	
	1.03b
	0.92ab
	1.09a
	1.08a
	
	1.10c
	1.05b
	1.07a
	1.06b
	
	113.3c
	97.0ab
	116.6a
	113.9a

	PN
	0.345a
	0.274bc
	0.254b
	0.230bc
	
	1.10a
	0.89bc
	1.03b
	1.01b
	
	1.18b
	1.05b
	1.07a
	0.99c
	
	129.4b
	93.3b
	110.5ab
	100.1b

	PP
	0.306c
	0.298a
	0.242c
	0.218c
	
	0.97c
	0.97a
	0.98c
	0.96b
	
	1.04d
	1.02c
	1.03b
	0.99c
	
	101.3d
	98.9a
	100.8c
	94.7b

	ANOVA
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	F
	0.046
	0.103
	0.39
	0.054
	
	0.036
	ns
	ns
	0.018
	
	0.015
	ns
	ns
	ns
	
	0.019
	0.029
	ns
	ns

	T
	<0.001
	0.008
	0.001
	0.006
	
	<0.001
	0.005
	0.001
	0.003
	
	<0.001
	0.005
	0.021
	0.001
	
	<0.001
	0.021
	0.002
	0.001

	T*F
	0.014
	ns
	ns
	ns
	
	0.016
	ns
	ns
	ns
	
	ns
	ns
	ns
	ns
	
	ns
	ns
	ns
	ns


[bookmark: OLE_LINK332][bookmark: OLE_LINK333]L: SOC lability, LI: SOC lability index, CPI: C pool index, CMI: C pool management index. BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Different letters in the same columns indicate significant difference among treatments at P< 0.05. ns, non-signiﬁcant.

Table7 Yields of wheat and maize under different treatments form 2008 to 2016.

	
	Wheat
	
	Maize

	
	2008
	2010
	2012
	2014
	2016
	
	2009
	2011
	2013
	2015

	Fertilization (F)
	
	
	
	
	
	
	
	
	

	BF
	5597a
	5036a
	5869a
	5106a
	5797a
	
	8831a
	6427a
	8191a
	8502a

	LF
	4678c
	4485b
	5539b
	4520b
	5313b
	
	7934c
	5801c
	7889b
	7877c

	CF
	5258b
	4953a
	5476b
	5081a
	5751a
	
	8456b
	5937b
	7884b
	8330b

	Tillage (T)
	
	
	
	
	
	
	
	
	

	NS
	5413ab
	4901b
	5900a
	5093a
	5836a
	
	9136a
	6278a
	8315a
	8418b

	SP
	5334b
	4730c
	5543b
	4856b
	5755a
	
	8429c
	6044c
	7966c
	8235c

	PN
	5491a
	5184a
	5574b
	5178a
	5742a
	
	8743b
	6335a
	8185b
	8473a

	PP
	4473c
	4483d
	5495b
	4484c
	5148b
	
	7320d
	5562d
	7486d
	7819d

	ANOVA
	
	
	
	
	
	
	
	
	
	

	F
	<0.001
	<0.001
	0.007
	0.001
	0.004
	
	<0.001
	<0.001
	<0.001
	<0.001

	T
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	
	<0.001
	<0.001
	<0.001
	<0.001

	T*F
	<0.001
	<0.001
	<0.001
	0.033
	<0.001
	
	<0.001
	<0.001
	<0.001
	<0.001



BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Different letters in the same columns indicate significant difference among treatments at P< 0.05.





Fig.5 Average yields of wheat and maize under different treatments in the 10-year experimental period。 BF: balanced fertilization, LF: low fertilization, CF: conventional fertilization. NS: no tillage/subsoiling rotation, SP: subsoiling/plowing rotation, PN: plowing/no tillage rotation, PP: continuous plowing tillage. Letters indicate statistical diﬀerence among diﬀerent treatments (P<0.05)

Table8 Relationships between crop yields and SOC, soil labile organic C fractions, and CMI.
	Dependent variable
	Independent variable
	Regression equation
	R2

	

Yield（wheat）


	Input C
SOC
	y = 0.12x+1.03
y = 0.56x+1.13
	0.89**
0.33*

	
	ROC
	y = 2.82x+0.75
	0.62**

	
	DOC
	y = 0.08x+2.54
	0.81**

	
	MBC
	y = 0.02x+2.10
	0.77**

	
	POC
	y = 2.33x+2.34
	0.74**

	
	CMI
	y =0.04x+1.30
	0.58**

	Yield（maize）
	Input C
	y = 0.17x+1.39
	0.97**

	
	SOC
	y = 0.93x+0.85
	0.52**

	
	ROC
	y = 4.12x+1.12
	0.76**

	
	DOC
	y = 0.11x+4.06
	0.84**

	
	MBC
	y = 0.03x+3.74
	0.70**

	
	POC
	y = 3.30x+3.57
	0.85**

	
	CMI
	y = 0.05x+1.96
	0.70**


* Signiﬁcant at P <0.05, **Signiﬁcant at P<0.01.
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