
    
      Skip to main content
    

        
      
    
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    [image: ]

  




  


  
  



  



    

  


  


  


  
  
    
  
    
  
                
    
      
  
    
  
        Main menu

    
  
  
    
  
    
  
      
  
  
    
  	Home
	Content 	Current Issue
	Early Online
	Archive
	Subject Collections


	Info For 	Authors
	Reviewers
	Subscribers
	Advertisers


	About 	About JSWC
	Editorial Board
	Permissions
	Alerts
	RSS Feeds
	Contact Us
	Special Issue: Call for Papers





  


  
  



  



  


  
  


  
        User menu

    
  
  
    
  
    
  
      
  
  
    
  	Register
	Subscribe
	My alerts
	Log in
	 My Cart



  


  
  



  
      
  
  
    
  


  
  



  



  


  
  


  
        Search

    
  
  
    
  
    
  
      
  
  
    
  Search for this keyword 
 







  


  
  



  
      
  
  
    	Advanced search

  


  
  



  



  


  
  




  



    

  



  
                
    
      
  
    
  
      
  
  
    [image: Journal of Soil and Water Conservation]  


  
  



  



    

  


  


  


  
      
  	    
  
    
  
              

            
    
          

  

  



  
    
  
                
    
      
  
    
  
      
  
  
    
  


  
  


  
      
  
  
    	Register
	Subscribe
	My alerts
	Log in
	 My Cart

  


  
  



  



    

  


  


  


  
  
    
  
        
            
        [image: Journal of Soil and Water Conservation]      

                

          



  
    
  
                
    
      
  
    
  
      
  
  
    
  Search for this keyword 
 







  


  
  



  
      
  
  
    Advanced Search
  


  
  



  



    

  


  


  

  
  
    
  
        
  
                
    
      	Home
	Content 	Current Issue
	Early Online
	Archive
	Subject Collections


	Info For 	Authors
	Reviewers
	Subscribers
	Advertisers


	About 	About JSWC
	Editorial Board
	Permissions
	Alerts
	RSS Feeds
	Contact Us
	Special Issue: Call for Papers




    

  



  
                
    
      	 Follow SWCS on Twitter
	 Visit SWCS on Facebook

    

  


  



  

  
  
  	      

    
      
    
      
        
    
  
    
                        
  
                
    
      
	  
		
		
			
			  
  
      
  
  
    
  
  
      Research ArticleResearch Section

  
      

  
      Long-term subsoiling and straw return increase soil organic carbon fractions and crop yield
  
    	Z. Liu, L. Nie, M. Zhang, S. Zhang, H. Yang, L. Guo, J. Xia, T. Ning, N. Jiao and Y. Kuzyakov

  
    	Journal of Soil and Water Conservation May 2023,  78 (3) 234-244; DOI: https://doi.org/10.2489/jswc.2023.00094 

  
  
  


Z. Liu 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


L. Nie 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


M. Zhang 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


S. Zhang 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


H. Yang 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


L. Guo 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


J. Xia 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


T. Ning 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


N. Jiao 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site


Y. Kuzyakov 
	Find this author on Google Scholar
	Find this author on PubMed
	Search for this author on this site




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    	Article
	Figures & Data
	Info & Metrics
	References
	 PDF


  


  
  



  
      
  
  
    [image: Loading]

  
    
  
      
  
  
    Abstract
Conservation tillage has been adopted worldwide as an attractive alternative to conventional tillage. However, suitable conservation tillage for increasing soil organic carbon (SOC) and crop yield simultaneously is still limited. Two conservation tillage methods, subsoiling to the 40 cm depth (ST) and no-tillage (NT), were combined with three straw return treatments (i.e., no return [−0], return of whole wheat (Triticum aestivum L.) straw and 1 m high maize (Zea mays L.) stubble [−1], and return of whole wheat and maize straw [−a]) to study their impacts on SOC content, labile C fractions, and crop yields, with conventional tillage (CT) used as a control in a 15-year field experiment. Subsoiling with 1 m high maize stubble return (ST-1) increased the mean annual grain yields by 18% and the mean SOC content by 39% at the 0 to 100 cm depth compared with conventional tillage with no maize straw return (CT-0) in 2016 and 2017. The mean SOC at the 0 to 100 cm depth of the NT treatment was lower than those of ST and CT because of the reduced transformation from straw to SOC and labile C fractions. One meter high maize stubble return can maintain high SOC content, C fractions, and crop yield compared with whole maize straw return. Thus, subsoiling combined with 1 m high maize stubble return was an effective conservation tillage to increase the SOC content and crop yield.

Key words	crop yield
	labile organic carbon fractions
	North China Plain
	no-tillage
	soil organic carbon pools
	subsoiling

Introduction
Subsoiling, a type of noninversion deep tillage, is a key component of conservation tillage, which can effectively improve the soil structure, eliminate soil compaction, and increase yield and water use efficiency compared with plowing tillage (conventional tillage) (Cai et al. 2014; Simoes et al. 2009; Joseph and Kristian 2003; Pikul and Aase 2003). A subsoiler penetrates into the ground vertically and is dragged horizontally by the tractor to break the hard pan layer; it does not turn the poor subsoil to the surface and helps to maintain soil fertility (Singh et al. 2019). Subsoiling increases the use efficiency of inputs such as nutrients (Yu et al. 2016), connectivity of soil macropores (Zhang et al. 2017), and the water content and infiltration (Kaur and Arora 2019), which consequently decreases drought stress (Cai et al. 2014). Crops have access to minerals and nutrients in subsoil to stimulate root growth (Pikul and Aase 2003; Chibuike et al. 2021) and promote crop yield (Zhai et al. 2017). The effects of subsoiling are affected by the climate, soil type and moisture, subsoiler, and depth of loosening. Subsoiling decreased the bulk density and increased the macroporosity in clayey soils but completely destroyed the biopores in silty soils (Schneider et al. 2017). Subsoiling should be carried out under suitable soil moisture; otherwise, it will not be conducive to soil loosening (Schneider et al. 2017). Subsoiling can increase carbon (C) sequestration with deeper root growth and residue mixing in deeper layers, but on the other hand, it affects the aggregates (Jakobs et al. 2019) and porosity, which could potentially affect decomposition. The loosening intensity generally strengthens with increasing subsoiling depth and decreasing furrow distance (Spoor 2006). The 30 to 40 cm depth range for subsoiling is beneficial for increasing crop yields and water use efficiency (WUE) (Qin et al. 2008). The wheat yield and WUE of subsoiling both increased by more than 16% compared with conventional tillage (Wang et al. 2004).
Crop straw return is very important to increase soil organic carbon (SOC) and labile C fractions (Martínez et al. 2017), as well as improve water retention, control erosion, and strengthen soil quality (Blanco-Canqui and Lal 2007). The fractions of SOC such as microbial biomass C (MBC), dissolved organic C (DOC), permanganate oxidizable C (POxC), and particulate organic C (POC) can be used to indicate soil quality (Chen et al. 2009). SOC and its fractions are the source and sink of atmospheric C (Datta et al. 2018). Each fraction of SOC has different characteristics, stabilities, and functions, which can reveal the complex components of SOC to better understand their stability mechanism (Haynes 2005). Adding crop residues to farmland increases the stability of soil aggregates and physical properties (Ma et al. 2020). Crop straw is the most valuable natural organic fertilizer to increase productivity (Saroa and Lal 2003) and improve the soil structure (Getahun et al. 2018). The contribution of a high straw return amount to SOC was higher than that of low straw application (Dougherty et al. 2022). Many agricultural SOC stocks have been consumed. The serious loss of SOC may damage soil health and reduce soil function (Lal 2020). The combination of tillage technology with straw incorporation is one of the most important methods to prevent soil erosion and boost organic matter and nutrients (Wang et al. 2015).
Conservation tillage methods, such as no-tillage (NT) and subsoiling (ST), have different effects on SOC and crop yield. Compared with conventional tillage (NT), NT and straw return can improve SOC storage, the SOC fraction concentration (Andruschkewitsch et al. 2013), and crop yield (Pittelkow et al. 2015). For example, after a 10-year experiment, straw mulching combined with NT increased the SOC content of Crosby silt loam in the middle of Ohio (Blanco-Canqui and Lal 2007). After 11 years of experiments in northern China, the SOC storage under NT and straw return increased by 13.7% compared to that under CT (Chen et al. 2009). However, some studies have shown that long-term NT can increase the soil bulk density (Afzalinia and Zabihi 2014) and reduce SOC reserves (Wang et al. 2019) and crop yields (Känkänen et al. 2011). The conversion to ST from long-term NT increased SOC sequestration (Tian et al. 2016). The rotation system of two conservation tillage methods (NT and ST) can improve the crop yield and WUE (Hou et al. 2012). Cropping systems have different effects on SOC due to various local climates, soil types, tillage methods, residue management, and crop rotations (Qin et al. 2010).
The arable land plow pan problem has attracted widespread attention (Man et al. 2017; Sang et al. 2016). Tillage and straw return methods affect the distribution of SOC and labile C fractions in various soil layers. A farmland management method that combines suitable conservation tillage and straw return is necessary. However, previous studies have mostly focused on the response of surface SOC and its components under NT with whole straw return. The effects of combinations of suitable conservation tillage and straw return are still limited. Thus, the effects of ST and partial straw returning were added in this study to study the co-effects of tillage and straw return methods on deep SOC and its components. We hypothesized that ST and NT with straw return can increase the crop yield as well as SOC and labile C fractions compared with CT. Therefore, the objectives of this research were (1) to study the SOC, labile C fractions in various soil depths, wheat (Triticum aestivum L.) and maize (Zea mays L.) yields, and their correlation under different tillage and straw management practices; (2) to compare the contributions of ST and 1 m high maize stubble as well as their combination to crop yields, SOC, and C fractions compared with CT with no straw return and NT with no straw return; and (3) to select an optimal method of the combined use of conservation tillage and straw return practices to increase SOC and crop yield.

Materials and Methods
Trial Site. This trial was established in 2002 and has continued for 15 years at the time of this study at the farm of Shandong Agricultural University, Shandong, North China (36°09′ N, 117°09′ E). This area has a temperate continental monsoon climate. The field used for this study was a previously abandoned wasteland. The soil is a Cambisol (FAO) or Inceptisols (Soil Taxonomy) containing 40% sand, 44% silt, and 16% clay. The main characteristics of the initial soil at the 0 to 20 cm depth in 2002 were a pH of 7.09, 1.3 g kg−1 total nitrogen (N), 0.79 mg kg−1 available phosphorus (P), 7.19 g kg−1 SOC, and 41.3 mg kg−1 exchangeable potassium (K).
Trial Design. This study was organized in a randomized complete block design with three replications. The length and width of each plot were 15 m and 4 m, respectively. Three tillage practices were used: CT (30 cm depth), ST to a 40 cm depth with the shanks spaced 45 cm apart, and NT. Three straw return amounts were used: no straw return (−0), the return of whole wheat straw and 1 m high maize stubble (−1), and the return of whole wheat and maize straw (−a). The combination of tillage and residue treatments resulted in a total of nine treatments, including CT with no straw return (CT-0), CT with 1 m high maize stubble (CT-1), CT with whole straw return (CT-a), ST with no straw return (ST-0), ST with 1 m high maize stubble (ST-1), ST with whole straw return (ST-a), NT with no straw return (NT-0), NT with 1 m high maize stubble (NT-1), and NT with whole straw return (NT-a). The management for 1 m high maize stubble return was as follows: after the maize cobs were harvested artificially, the top stubble above a height of 1 m was cut to use as animal feed and the remaining stubble was returned to the soil by a crusher. Tillage and straw return were managed annually before the sowing of wheat and maize (table 1). The mean annual straw return amount of each treatment is shown in table 2.
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Table 1 Description of the field experiment management.
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Table 2 The mean annual straw production and return amount in each treatment.



The cropping system in this experiment was a typical wheat–maize system, with the wheat variety Jimai 22 and maize variety Zhengdan 958.Wheat was sown by 2BJK-6 wide width precision seeder, and maize was sown by finger clamp precision maize planter. The row spacings for the wheat and maize seedlings were 20 cm and 60 cm, respectively. Wheat was sown on October 10 to 15 with a seed quantity of 225 kg ha−1 and was harvested on June 6 to 10 of the following year. For wheat, basal fertilizers were applied at 225 kg N ha−1 y−1 and 180 kg P ha−1 y−1 before sowing and 110 kg N ha−1 y−1 and 180 kg K ha−1 y−1 were applied as topdressing at the jointing stage under an irrigation amount of 160 mm. Maize was sown on June 15 to 20 with a seed quantity of 66,600 seeds ha−1 and was harvested on October 5 to 10 every year. A basal fertilizer consisting of 120 kg N ha−1 y−1, 120 kg P ha−1 y−1, and 100 kg K ha−1 y−1 was used before maize sowing, and a topdressing of 120 kg N ha−1 y−1 was used at the jointing stage, without irrigation throughout the entire maize season.
Crop Yield Determination. At the mature stage of wheat in 2016 and 2017, 1 m2 of wheat grains was harvested. At the mature stage of maize in 2016 and 2017, maize ears were collected from the middle double rows 5 m in length in each plot. The number of ears, kernel number per ear, and 1,000-grain weight of wheat and maize were measured, and the yields were calculated based on moisture contents of 13% for wheat and 14% for maize. Each measurement was repeated three times.
Soil Sample Collection and Determination. Soil samples were collected randomly using a 50 mm diameter auger from 0 to 20, 20 to 40, 40 to 60, 60 to 80, and 80 to 100 cm depths with three replications per treatment after the maize was harvested on October 7, 2016, and October 9, 2017. Visible stones and crop residues were removed. After drying, the soil samples were fully mixed, crushed, and then passed through a 2 mm sieve for further measurements.
To determine SOC, the soil samples were pretreated with 1 mol L−1 hydrochloric acid (HCl) to remove carbonate (Chen et al. 2009). Approximately 50 mg of dried soil after HCl treatment was wrapped in aluminum foil and combusted at 950°C using a Vario TOC cube (Elementar Analysensysteme GmbH, Hanau, Germany) to determine the SOC.
To determine POC, 10 g of soil sample was mixed with 30 mL of a 5 g L−1 sodium hexametaphosphate ([NaPO3]6) solution and vibrated and shaken for 18 h on a reciprocal shaker, and then the suspension was rinsed with distilled water for C separation on a 53 μm sieve (Cambardella and Elliott 1992). The remaining materials on the sieve were flushed into an aluminum box, and their C content was determined after drying and grinding.
To determine POxC, the soil samples were dispersed in potassium permanganate (KMnO4) (333 mmol L−1), shaken with a table concentrator for 1 h at 60 r min−1, and then centrifuged for 5 minutes at 2,000 r min−1 (Blair et al. 1995). The absorbance value of the supernatant fluid was determined at 565 nm by spectrophotometry after dilution when needed.
To determine MBC, one soil sample was used as an unfumigated control, and another soil sample (the same amount) was fumigated for 24 h with ethanol-free chloroform (Vance et al. 1987). Both the unfumigated and fumigated samples were dispersed in 0.50 mol L−1 potassium sulfate (K2SO4) and shaken with a table concentrator for 30 minutes. Then, the C content in the extract was measured immediately using a Vario TOC cube (Elementar Analysensysteme GmbH, Hanau, Germany).
Data Calculation and Statistical Analyses. The contributions of subsoiling tillage (T) and 1 m high maize stubble (S) as well as their combination (T+S) to crop yields, SOC, and C fractions compared with CT-0 and NT-0 were calculated as equations 1 through 3:
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3
where X represents crop yield, SOC, POC, POxC, or MBC; Y represents CT-0 or NT-0.
The correlation coefficients among SOC, C fractions, POC/SOC, POxC/SOC, MBC/SOC, MBC/POC, and crop yields were analyzed in R (Ver. 3, R Core Team 2016). The significance of differences in crop yield, SOC, and C fractions between treatments was carried out by analysis of variance (ANOVA). One-way ANOVA was used to analyze the SOC and its fractions for individual soil depths among the nine treatments. Two-way ANOVA of the effect of tillage and straw utilization on crop yield and three-way ANOVA of the effect of tillage, straw utilization, and soil depth on SOC and C fractions were carried out by SPSS Statistical Analysis System software (Ver. 18.0, SPSS Inc., Chicago, Illinois) (Duncan’s test at p < 0.05 and p < 0.01).

Results and Discussion
Crop Yield. The mean ranges of wheat and maize yield were 7.5 (NT-0) to 8.7 (ST-1, ST-a) t ha−1, and 10.4 (NT-0) to 13.9 (CT-1, ST-1) t ha−1 in 2016 and 2017 (figure 1). The mean wheat yield under NT-0 was significantly lower than that under the other tillage and straw management practices. ST-1 increased the mean maize yield by 26% (2.8 t ha−1) compared to that of CT-0 (11.1 t ha−1). The mean annual yields were 15% (2.8 t ha−1) and 12% (2.4 t ha−1) higher with 1 m high maize stubble return and whole maize straw return, respectively, than with no straw return. Tillage and straw return had significant effects on crop yield, but their interaction had no significant effect on crop yield.
[image: Figure 1]
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Figure 1 Effects of farming management practices on the mean yields of wheat and maize in 2016 and 2017. CT-0: conventional tillage with no straw return; CT-1: conventional tillage with 1 m high maize stubble return; CT-a: conventional tillage with whole straw return; ST-0: subsoiling with no straw return; ST-1: subsoiling with 1 m high maize stubble return; ST-a: subsoiling with whole straw return; NT-0: no-tillage with no straw return; NT-1: no-tillage with 1 m high maize stubble return; NT-a: no-tillage with whole straw return. Lowercase letters represent significant differences between treatments (p < 0.05). The bars represent the standard deviation. *significant at p < 0.05, **significant at p < 0.01. ns: no significant difference.



Soil Organic Carbon. The mean range of SOC at the 0 to 100 cm soil depth was 4.7 (NT-0) to 7.6 (ST-1) g kg−1 in 2016 and 2017 (figure 2). ST-1 increased the mean SOC at the 0 to 20 cm soil depth by 51% (5.8 g kg−1) compared with that of CT-0 (11.3 g kg−1). The NT-0 (10.3 g kg−1) significantly decreased the mean SOC by 9% (1 g kg−1) compared with that of the CT-0. At the 20 to 40 cm soil depth, ST-1 increased the mean SOC by 31% (2.3 g kg−1) compared with CT-0 (7.4 g kg−1). The mean SOC of the NT treatment was lower than those of the other tillage practices. At the 40 to 100 cm soil depth, the mean SOC of ST-1 was the highest, but that of NT-0 was the lowest. The mean SOC values at the 0 to 100 cm soil depth were 15% (1.1 g kg−1) and 11% (0.8 g kg−1) higher with 1 m high maize stubble return and whole wheat straw return and with whole maize and wheat straw return, respectively, compared with no straw return.
[image: Figure 2]
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Figure 2 Mean soil organic carbon (SOC) determined by tillage and straw return practices in 2016 and 2017. CT-0: conventional tillage with no straw return; CT-1: conventional tillage with 1 m high maize stubble return; CT-a: conventional tillage with whole straw return; ST-0: subsoiling with no straw return; ST-1: subsoiling with 1 m high maize stubble return; ST-a: subsoiling with whole straw return; NT-0: no-tillage with no straw return; NT-1: no-tillage with 1 m high maize stubble return; NT-a: no-tillage with whole straw return. The thin dashed horizontal lines represent the depths of CT (Ap horizon, 30 cm) and ST (0 to 40 cm). Lowercase letters represent significant differences between treatments (p < 0.05). The bars represent the standard deviation. **significant at p < 0.01.



Particulate Organic Carbon. The mean range of POC at the 0 to 100 cm soil depth was 0.6 (NT-1, NT-a) to 1.1 (ST-1) g kg−1 in 2016 and 2017 (figure 3). The mean POC under ST-1 and ST-a increased by 46% (0.9 g kg−1) and 45% (0.9 g kg−1), respectively, compared with that of CT-0 (1.9 g kg−1) at the 0 to 20 cm soil depth. The mean POC of the NT-0 decreased by 24% (0.5 g kg−1) compared with that of the CT-0. At the 20 to 40 cm soil depth, the mean POC under ST-1 was higher than those of the other practices. NT was less effective with respect to the mean POC than the other tillage practices. At the 40 to 100 cm soil depth, the mean POC values of the NT-0 and the NT-1 were the highest and lowest, respectively. The mean POCs at the 0 to 100 cm soil depth were 22% (0.24 g kg−1) and 18% (0.19 g kg−1) higher with 1 m high maize stubble return and whole maize straw return, respectively, than with no straw return.
[image: Figure 3]
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Figure 3 Mean particulate organic carbon (POC), permanganate oxidizable carbon (POxC), and microbial biomass carbon (MBC) depended on tillage and straw return practices in 2016 and 2017. CT-0: conventional tillage with no straw return; CT-1: conventional tillage with 1 m high maize stubble return; CT-a: conventional tillage with whole straw return; ST-0: subsoiling with no straw return; ST-1: subsoiling with 1 m high maize stubble return; ST-a: subsoiling with whole straw return; NT-0: no-tillage with no straw return; NT-1: no-tillage with 1 m high maize stubble return; NT-a: no-tillage with whole straw return. Lowercase letters represent significant differences between treatments (p < 0.05). The bars represent the standard deviation. *significant at p < 0.05, **significant at p < 0.01.



Permanganate Oxidizable Carbon. There was a significant decrease in mean POxC with soil depth, similar to the POC in 2016 and 2017 (figure 3). The mean range of POxC at the 0 to 100 cm soil depth was 0.6 (NT-0) to 1.1 (ST-1) g kg−1. The mean POxC in the topsoil of the ST treatment was higher than those of the other tillage practices. ST-1 and NT-0 had mean POxC values that increased by 34% (0.7 g kg−1) and decreased by 19% (0.4 g kg−1), respectively, compared with CT-0 (2.1 g kg−1) at the 0 to 20 cm soil depth. At the 20 to 40 cm soil depth, the mean POxC values under ST-1 and NT-0 were higher and lower, respectively, than those of the other practices. The same results were obtained at the 40 to 100 cm soil depth as at the 20 to 40 cm soil depth. The mean POxC values at the 0 to 100 cm soil depth were 13% (0.15 g kg−1) and 12% (0.14 g kg−1) higher with 1 m high maize stubble return and whole maize straw return, respectively, than with no straw return.
Microbial Biomass Carbon. The mean range of POC at the 0 to 100 cm soil depth was 143 (NT-0) to 217 (ST-1) mg kg−1 in 2016 and 2017 (figure 3). The mean MBC in the topsoil of the ST-1 was 51% (140.4 mg kg−1) higher than that of CT-0 (275.2 mg kg−1). At 20 to 40 cm, the mean MBC ranged from 222 (NT-0) to 316 (ST-a) mg kg−1. At 40 to 100 cm, ST-1 and NT-0 had mean MBC values that increased by 50% (40.4 mg kg−1) and decreased by 14% (11.5 mg kg−1), respectively, in comparison to CT-0 (80.4 mg kg−1). The mean SOC values were 15% (32 mg kg−1) and 14% (30.2 mg kg−1) higher with 1 m high maize stubble return and whole maize straw return in the 0 to 100 cm soil layer, respectively, than with no straw return. Tillage, straw return treatments, soil depth, and their interaction had obvious effects on the SOC and C fractions (figures 2 and 3).
Analysis of the POC/SOC, POxC/SOC, MBC/SOC, and MBC/POC Ratios. The mean POC/SOC and POxC/SOC ratios of ST were the highest, and those in the NT treatment were the lowest in 2016 and 2017 (figure 4), while the mean MBC/SOC and MBC/POC ratios under NT were the highest. All of the straw return practices had the highest POxC/SOC, MBC/SOC, and MBC/POC ratios.
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Figure 4 Mean particulate organic carbon (POC)/soil organic C (SOC), permanganate oxidizable C (POxC)/SOC, microbial biomass C (MBC)/SOC, and MBC/POC ratios under tillage and straw return practices in 2016 and 2017. Lowercase letters represent significant differences between treatments (p < 0.05). The bars represent the standard deviation. CT-0: conventional tillage with no straw return; CT-1: conventional tillage with 1 m high maize stubble return; CT-a: conventional tillage with whole straw return; ST-0: subsoiling with no straw return; ST-1: subsoiling with 1 m high maize stubble return; ST-a: subsoiling with whole straw return; NT-0: no-tillage with no straw return; NT-1: no-tillage with 1 m high maize stubble return; NT-a: no-tillage with whole straw return.



Relationships among the Yield and Organic Carbon Fractions. There were positive correlations between the crop yield and SOC, POC, POxC, MBC, and POC/SOC (figure 5). The MBC in the SOC fraction was more associated with the crop yield compared with POC and POxC. The MBC/SOC and MBC/POC ratios were negatively related to the SOC fractions and crop yield.
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Figure 5 Correlation coefficients among soil organic carbon (SOC), C fractions, particulate organic carbon (POC)/SOC, permanganate oxidizable C (POxC)/SOC, microbial biomass C (MBC)/SOC, and MBC/POC ratios and crop yields. WY: wheat yield; MY: maize yield; AY: annual yield. Red and blue show positive and negative correlations, respectively.



Contributions of Farming Management to the Crop Yield, Soil Organic Carbon, and Soil Organic Carbon Fractions. ST with 1 m high maize stubble return had better effects on the crop yield, SOC, and C fractions in 2016 and 2017 (figure 6). Compared with CT-0, the contributions of 1 m high maize stubble return to the crop yield and POC were higher than those of ST; the contributions of ST to the SOC, POxC, and MBC were greater than those of 1 m high maize stubble return. Compared with NT-0, the contributions of 1 m high maize stubble return to the crop yield and MBC were higher than those of ST; the contributions of ST to SOC, POC, and POxC were higher than those of straw. The impact of ST with 1 m high maize stubble compared to NT was higher than that of CT.
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Figure 6 Mean contributions of subsoiling tillage (T) and 1 m high maize stubble (S) as well as their combination (T+S) to crop yields, soil organic carbon (SOC), and C fractions compared with CT-0 and NT-0 in 2016 and 2017. The bars represent the standard deviation. AY: wheat and maize yields; POC: particulate organic carbon; POxC: permanganate oxidizable carbon; MBC: microbial biomass carbon. ns: no significant difference; * significant difference at p < 0.05; ** significant difference at p < 0.01.



Effects of Farming Management Practices on Crop Yield. Fifteen years of ST resulted in the greatest effects on the crop yield (figure 1). NT with straw return had fewer positive effects on the crop yield than ST with residue incorporation compared to CT-0 (figure 7). The poor effects of long-term NT are due to compaction of the surface soil and a reduction in macropores (Sip et al. 2013). Soil under NT had a high bulk density and penetration resistance in a 2-year trial and a 14-year trial, respectively (Fabrizzi et al. 2005; Vyn and Raimbault 1993). ST breaks the compacted soil layer, loosens pores, and increases the air permeability and water infiltration in comparison to CT and NT. ST with straw return increases the nutrient and water contents in deep soil and promotes the growth of crops (Hou et al. 2012; Zhang et al. 2013; Xie et al. 2020). Thus, ST with straw return increased crop yields compared with NT without straw return.
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Figure 7 Conceptual graph illustrating the effect of tillage and straw management on the soil organic carbon (SOC) fractions, SOC, and crop yield in 2016 and 2017. The data in the graph represent an increase or decrease in the particulate organic C (POC), permanganate oxidizable C (POxC), microbial biomass C (MBC), SOC, and crop yield of tillage and straw return combinations at the intersection of the horizontal and vertical coordinates compared with CT-0. CT-0: conventional tillage with no straw return; ST-1: subsoiling with 1 m high maize stubble return; ST-a: subsoiling with whole straw return; NT-1: no-tillage with 1 m high maize stubble return; NT-a: no-tillage with whole straw return. AY: annual yield.



Effects of Farming Management Practices on Soil Organic Carbon and Its Fractions. The SOC and labile C fractions of stubble return were almost the same or even greater than those of whole straw return (figures 2 and 3). The microorganisms involved in the decomposition of straw are the primary sources of the labile C fractions (Jacobs et al. 2009). SOC can remain unchanged under a certain amount of aboveground and root residue input (Gong et al. 2009). Akala and Lal (2000) also found that C sequestration rates in fields with straw return for more than 15 years were usually very low. Under ST, a 1 m high maize stubble return had a greater increase in the SOC compared with all other residue incorporations in this study. This result indicated that the method of maize straw return every other year or reducing the straw return area according to a 1 m straw return amount in actual production can be adopted.
ST with maize straw return increased the SOC and labile C fractions in the topsoil and subsoil, but NT without straw return had the lowest effect (figure 2). The decrease in the SOC and labile C fractions from the topsoil to the subsoil was mainly caused by the accumulation of organic matter in the surface layer (Hassan et al. 2016). Residue returns in a tillage system affect the SOC and organic C fractions (Kubar et al. 2019), soil aggregation, and aggregate stability, which may then increase water infiltration (Govaerts et al. 2007). Roots are an important C source in subsoil (Hafner and Kuzyakov 2016; Hoang et al. 2016). Under ST conditions, the depth of tilled soil is greater, which increases the growth of crop roots, C input, and the organic C content (Sun et al. 2017; Banfield et al. 2018). Crop straw and residual roots are the main sources of POC, POxC, and MBC (Yang et al. 2012). The crop roots act not only on the surface soil but also on the deep soil of the soil profile. It has been reported that the soil in the root layer stores more than 70% of organic C (Eswarran et al. 1993). Therefore, this study explored the content of the SOC fractions in deep soil. Because the amount of crop straw below the plow layer is very small, the deep POC mainly comes from root residues. The residue under ST and CT resulted in higher amounts of POC, POxC, and MBC in the deep soil layer (figure 3). Lower amounts of POC, POxC, and MBC were observed under NT in the deep soil layer. NT with crop straw incorporation can enhance the SOC and labile C fractions in the topsoil (Hou et al. 2016; Si et al. 2018). The SOC and labile organic C in the topsoil under NT were lower than those under ST and CT, which was due to the reduction in the conversion of straw to SOC. The SOC and labile organic C changed little at the 60 to 100 cm soil depth, indicating lower C input in the subsoil. The SOC was more stable and not easy to be used by organisms under the NT system. However, the SOC under ST mineralized readily and had a short turnover period. The increase in straw return increased the proportion of labile organic C (Dou et al. 2008). The proportion of labile organic C to SOC is an important indicator of soil C stability (Cambardella and Elliott 1992). POxC/SOC reached the highest value under ST, which indicated that the decomposition of SOC in ST creates suitable water temperature and ventilation conditions (Franzluebbers and Arshed 1997). MBC accounted for a small proportion of SOC, but it was sensitive to the change of soil conditions (Yang et al. 2009). The higher soil microbial activity resulted in the highest MBC/SOC and MBC/POC ratios under NT, which is unfavorable for increasing the soil quality (Jiang et al. 2006). ST resulted in the lowest MBC/POC ratio because the increase in POC was higher than that in MBC.

Summary and Conclusions
After 15 years, long-term ST increased the crop yield, SOC content, and labile C fractions, but long-term NT reduced the crop yield, SOC, and labile C fractions compared with CT. ST with whole maize straw return and ST with 1 m high maize stubble return increased the mean wheat and maize yields on average by 17% in 2016 and 2017. ST with whole maize straw return increased the mean SOC by 25%, while ST with 1 m high maize stubble return increased the mean SOC by 39% compared with CT with no straw return. One-meter high maize stubble return can maintain a high SOC content and crop yield and support a part of the straw for biomass use compared with whole maize straw return. Thus, ST with 1 m high maize stubble return was more sustainable in the long-term cropping system to increase the soil quality and crop productivity.
The advantage of ST was to loosen the subsoil without turning the soil, which was conducive to soil fertility improvement and crop growth. The disadvantage of 1 m high maize stubble return was that it required labor and increased costs. The shortcomings in this study may come from climate, farming machinery, fertilization, irrigation, and other factors. In other areas with similar soil conditions or where straw was needed as feed or bioenergy, ST and stubble return can be used to increase SOC content and crop yield, and research can be conducted to evaluate the amount of straw required. In areas with different soil conditions, it was necessary to carry out experimental research first to get suitable tillage and straw return practices.
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