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Reductions in soil productivity and soil water retention capacity, and water scarcity during crop growth, may occur due to long-term suboptimal tillage and fertilization practices. Therefore, the application of appropriate tillage (subsoiling) and fertilization (organic fertilizer) practices is important for improving soil structure, water conservation and soil productivity. We hypothesize that subsoiling tillage combined with organic fertilizer has a better effect than subsoiling or organic fertilizer alone. A field experiment in Henan, China, has been conducted since 2011 to explore the effects of subsoiling and organic fertilizer, in combination, on winter wheat (Triticum aestivum L.) farming. We studied the effects of conventional tillage (CT), subsoiling (S), organic fertilizer (OF), and organic fertilizer combined with subsoiling (S+OF) treatments on dry matter accumulation (DM), water consumption (ET), water use efficiency (WUE) at different growth stages, yield, and water production efficiency (WPE) of winter wheat over 3 years (2016–2017, 2017–2018, 2018–2019). We also analyzed the soil structure, soil organic carbon, soil microbial biomass carbon and nitrogen, and soil enzymes in 2019. The results indicate that compared with CT, the S, OF and S+OF treatments increased the proportion of >0.25 mm aggregates, and S+OF especially led to increased soil organic carbon, soil microbial biomass carbon and nitrogen, soil enzyme activity (sucrase, cellulose, and urease). S+OF treatment was most effective in reducing ET, and increasing DM and WUE during the entire growth period of wheat. S+OF treatment also increased the total dry matter accumulation (Total DM) and total water use efficiency (total WUE) by 18.6–32.0% and 36.6–42.7%, respectively, during these 3 years. Wheat yield and WPE under S+OF treatment increased by 11.6–28.6% and 26.8–43.6%, respectively, in these 3 years. Therefore, S+OF in combination was found to be superior to S or OF alone, which in turn yielded better results than the CT.
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INTRODUCTION

Water scarcity and seasonal drought are major constraints on agricultural development globally. Henan province, the main wheat producing region of China, accounts for a quarter of total wheat production in the country (Wu et al., 2003). In addition, due to historical rotary tillage practices, the soil structure has become suboptimal for agriculture: evaporation rates have increased and the soil moisture retention capacity has decreased (Hemmat and Eskandari, 2004; Vita et al., 2007), which further exacerbates the imbalance between water supply and demand. Thus, wheat yields in the area are severely limited by water deficiency. Therefore, improving the utilization efficiency of limited water resources and alleviating the damage caused by drought stress to crops has become an important issue (Li et al., 2015).

Effective tillage and fertilization measures can improve soil properties, increase the water use efficiency of the crop, and increase yields (Sang et al., 2016; Wang et al., 2016; Bottinelli et al., 2017; Zhang et al., 2017). Subsoiling can break the bottom of the plow layer, deepen the soil tillage layer, improve soil pore characteristics, enhance soil infiltration and moisture retention capacity, and increase water use efficiency (Zheng et al., 2011; Sang et al., 2014) and crop yields (Mohanty et al., 2007; Yan et al., 2011; Hu et al., 2013; Yang et al., 2016; Li et al., 2019). Studies have shown that subsoiling can maintain higher physiological activity in flag leaves, increase the accumulation of dry matter in the middle and later stages of wheat growth, and delay the senescence of wheat plants (Zhang et al., 2008; Chu et al., 2012). In addition, Piovanelli et al. (2006) and Kuzyakov and Xu (2013) found that subsoiling can improve crop root growth, which helps maintain optimal plant growth, increases the activity of urease and sucrase in the soil (Sun et al., 2019), while also increasing root stubble and root secretions, which in turn increase the growth and capacity of microorganisms in the soil, thereby activating soil nutrients and promoting nutrient absorption by crops.

The application of organic fertilizers can also improve soil fertility and soil structure, and increase soil water storage and retention capacity, which then improves photosynthetic capacity, water use efficiency and crop yield (Lu et al., 2011; Karami et al., 2012; Liu et al., 2013). Wang et al. (2020) found that organic fertilizers increased grain yield and water use efficiency by an average of 18 and 20% compared to inorganic fertilizer. Studies have also shown that organic fertilizer can improve photosynthetic capacity and delay leaf senescence, which beneficial for increasing the accumulation of dry matter above ground (Dordas, 2009; Bogard et al., 2010). Furthermore, organic fertilizers are a source of carbon, nitrogen, and microorganisms, which provides energy and material for the growth of microorganisms in the soil, and increases the microbial composition of carbon and nitrogen in the soil (Elfstrand et al., 2007). Liang et al. (2010) showed that compared with non-fertilization, the long-term application of organic fertilizer can increase microbial carbon and nitrogen content in the soil by 1.4–2.7 times and 1.9–2.5 times, respectively. However, Zhang et al. (2013) found that single application of organic fertilizer had no significant impact on microbial carbon volume in the soil. Some studies (Bu et al., 2006; Rehana et al., 2008) have shown that long-term application of organic fertilizer can improve the activity of different types of enzymes in the soil, especially urease, sucrase and protease (Pu et al., 2020).

As discussed above, most prior studies have focused on the effects of solely subsoiling or organic fertilizer treatment. Few studies have systematically studied the impact of long-term application of these treatments and the combined application of subsoiling and organic fertilizer, on soil structure, soil microbial biomass carbon and nitrogen, soil enzyme activity, soil water and water use of crops, and any possible correlations between these outcomes. We hypothesize that subsoiling combined with organic fertilizer has a better effect on physical and chemical properties and water use of wheat than subsoiling or organic fertilizer alone, in alleviating or resolving crop damage due to seasonal drought and water scarcity. This study is based on 3 years of results from a long-term experiment, and studies the influence of the individual practices and their combined application on crop water production efficiency (WPE) and yield. We aim to also investigate the mechanisms underlying the effects of these practices, to provide a theoretical basis that would lead to efficient crop water use and yield increases in the region and other geographically similar regions in China and elsewhere. To accomplish this, we analyze the effects of these treatments on soil microbial biomass carbon and nitrogen, soil enzyme activity, dry matter accumulation, and water use efficiency at various growth stages of winter wheat, and perform correlation analyses on these experimental outcomes.



MATERIALS AND METHODS


Experiment Location

The experiments analyzed in this study were conducted at the Tongxu Experimental Station (144°26′58.47″E; 34°25′44. 26″ N, 62 m above sea level) of the Water Saving Agricultural Base in the east of Henan province from 2016 to 2019, as part of a long-term experiment started in October 2011. The annual average temperature is 14.2°C. The mean annual precipitation is 675.9 mm, of which approximately 60% is received from July to September. The region is topographically flat with uniform fertility. According to the international texture classification system, the soil type is mostly sand and loam [59.1% sand (2–0.02 mm), 22.5% silt (0.02–0.002 mm), with 18.4% clay (<0.002 mm)] derived from loess soils. At the start of the present experiment, the organic matter, total nitrogen, nitrate nitrogen, ammonium nitrogen, available phosphorus, available potassium, and bulk density in top layer of soil (0–20 cm) were 11.4 g kg–1, 0.81 g kg–1, 74.31 mg kg–1, 55.89 mg kg–1, 19.8 mg kg–1, 90.3 mg kg–1, and 1.3 g cm–1, respectively. Crop rotation between wheat and maize has been employed in the area for over 50 years. Figure 1 shows the precipitation and atmospheric temperature during the wheat growing seasons for the years of 2016–2019, and illustrates the rainy growth seasons of 2016–2017 and 2017–2018, and the dry growth season of 2018–2019.
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FIGURE 1. Precipitation and temperature during the growing period of wheat in three seasons (2016–2017, 2017–2018, and 2018–2019).




Experimental Design

In the experiment, a randomized split-plot design was adopted, divided into 12 plots with three replicates: CT (conventional tillage, 15 cm deep, plowing with a rotavator), S (subsoiling, 30 cm deep, loosening the plow bottom layer and the core soil layer with a deep loosening machine without turning the soil layer), OF (organic fertilizer, 15 cm deep, plowing with a rotavator), S+OF (organic fertilizer combined with subsoiling, 30 cm deep, loosening the plow bottom layer and the core soil layer with a deep loosening machine without turning the soil layer). The nitrogen, phosphorus and potassium contents of the organic fertilizer were, respectively, 1.5, 1.2, 0.8%. The plot size was 33.6 m2 (5.6 m × 6 m) with wheat spaced 20 cm apart sown at 195 kg hm–2. Urea (N, 225 kg hm–2), calcium superphosphate (P, 105 kg hm–2) and potassium chloride (K, 75 kg hm–2), and the total amount of N, P, K applied to all treatments were identical. 50% of the nitrogen fertilizer was applied before sowing, and the remaining 30 and 20% were applied at the jointing and booting stage, respectively. Irrigation was carried out at the jointing stage and grouting stage, respectively, with the amount of irrigation being 60 mm. The wheat cultivars were Bainong 207 in 2016–2017, and Zhengmai 369 in 2017–2018 and 2018–2019. Wheat was sown in the middle of October and harvested in early June.



Sampling and Measurements


Measurement of Soil Water Storage

Soil samples in the soil profile (0–100 cm layer) were collected using soil augers at the sowing, booting, anthesis and harvest stages of wheat, while soil water storage was measured with the oven drying method.

Equations (1) and (2) are used to calculate the soil quality water content and soil water storage (Zhang et al., 2019).
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where SWC represents the soil water content (%), W1(g) represents wet soil weight, W2 (g) represents dried soil weight, Di (g cm–3) is the soil bulk density of layer i, and Hi (mm) represents the soil depth. The water consumption at each growth stage was calculated with Equations (3) and (4) (Guo et al., 2015; Wang et al., 2019).

[image: image]

[image: image]

where SWCil and SWCi2 represent the soil water content at the bottom of layer i, and the soil moisture at the top of layer i, respectively; Di (g cm–3) is the soil bulk density of layer i, Hi (mm) represents the soil depth; ET1–2 (mm) is water consumption amounts during a growth stage (mm), and I and P represent the irrigation (mm) and precipitation during the growth period of wheat, respectively.



Dry Matter Accumulation and Water Use Efficiency

The 1 m double-rows of wheat plant samples were collected at the jointing stage, booting stage, anthesis stage and harvesting stage, then dry matter was measured with the oven drying method at 70°C. After calculating the dry matter accumulation per unit area, the water use efficiency (WUE) was computed as:
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where WUE and DM are the water use efficiency and dry matter accumulation of wheat.



Grain Yield and Components

At the harvest stage, the number of ears per 0.5 m2 in each plot was calculated; wheat plants from a randomly chosen 4 m2 area in each plot were harvested and then threshed, air-dried and weighted to calculate the grain yield, and converted into grain yield per unit area. In addition, 10 wheat plants were randomly selected from each plot, their grain numbers were counted, and the grain numbers per ear were calculated. The yield WPE is:
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where WPE is yield WPE; Y is the grain yield; ET is the total water consumption during the entire growth period of wheat.



Determination of Soil Microbial Biomass Carbon and Nitrogen, Soil Enzyme Activity, Soil Organic Carbon, and Soil Aggregates

Determination of soil microbial biomass carbon and soil microbial biomass nitrogen was determined with the chloroform fumigation extraction method (Vance et al., 1987; Christianson, 1988; Moore et al., 2000). 3,5-dinitro salicylic acid was used to determine soil sucrase and cellulase activity (Guan, 1986; Qin et al., 2020), while soil urease activity was determined with the indigo phenol ratio method (Wang et al., 2009; Qin et al., 2020), and protease activity was determined with the ninhydrin contrast color method (Guan, 1986; Qin et al., 2020). The soil total organic carbon content was determined using a heavy cadmium acid potassium outside heating method (Westerman, 1990). The size distribution of water-stable aggregates was determined using the wet sieving method (Elliot, 1986). The aggregated soil was separated into different size fractions by gently shaking the samples into the water through a range of sieves to obtain the aggregate size fractions <0.25, 0.25∼0.5, 0.5∼1.0, 1.0∼2.0, 2.0∼3.0, 3.0∼5.0, and >5 mm.





STATISTICAL ANALYSIS

The experimental data was statistically analyzed using SPSS 19.0. Three replicates were calculated for each treatment, and ANOVA was applied to compare whether different treatments were significantly different at P < 0.05 in Tables 1, 2 and Figures 2–7. The relationships between dry matter accumulation, soil water and soil organic carbon, soil microbial biomass carbon and nitrogen, and soil enzyme activity are described with the linear regression functions listed in Table 3. The relationships between yield of wheat and soil organic carbon, soil microbial biomass carbon and nitrogen, and soil enzyme activity are described with the linear regression functions listed in Table 4. The relationship between yield, WPE and dry matter accumulation, WUE of wheat at different growth stages under different treatments are described with the linear regression functions listed in Table 5.


TABLE 1. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on the dry matter accumulation (DM) at different growth stages of winter wheat in the three seasons of 2016–2019.
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TABLE 2. Differences in spike length, number of spikes, number of grains per ear, kilo-grain weightiness, yield and WPE of wheat between subsoiling, organic fertilizer and subsoiling combined with organic fertilizer in three seasons of 2016–2019.
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FIGURE 2. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on soil organic carbon at different growth stages of winter wheat in 2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 3. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on soil microbial biomass carbon and soil microbial biomass nitrogen at different growth stages of winter wheat in 2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).



[image: image]

FIGURE 4. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on sucrase activity and cellulase activity of soil at different growth stages of winter wheat in 2019. CT, conventional tillage: S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 5. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on urease activity and protease activity of soil at different growth stages of winter wheat in 2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 6. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on soil water storage (0–100 cm) at different growth stages of wheat in the three seasons of 2016–2019. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).
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FIGURE 7. Effects of subsoiling, organic fertilizer and subsoiling combined with organic fertilizer on water consumption (ET) (A) and water use efficiency (WUE) (B) at different growth stages of winter wheat in the three seasons of 2016–2019. Note: STB, sowing to booting; BTA, booting to anthesis; ATH, anthesis to harvest; T(A), the total ET; T(B), the total WUE. CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer combined with subsoiling. Different lowercase letters in the same growth stage indicate significant differences among treatments by LSD test (P < 0.05).



TABLE 3. Relationships among dry matter accumulation, soil water storage and soil organic carbon, soil microbiomass carbon and nitrogen, and soil enzyme activity.
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TABLE 4. Relationships among yield of wheat and soil organic carbon, soil microbiomass carbon and nitrogen, and soil microorganisms enzyme activity.
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TABLE 5. Relationships among yield, WPE, dry matter accumulation, WUE of wheat at different growth stages under different treatments.
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RESULTS


Effects of Combining Subsoiling and Organic Fertilizer on Physical and Chemical Properties of the Soil


Soil Structure

As shown in Table 6. Subsoiling (S), organic fertilizer (OF), and organic fertilizer combined with subsoiling (S+OF) increased the proportion of 0.5–1, 1–2, 2–3, 3–5, and >5 mm aggregates significantly. S+OF treatment showed a larger effect on >3 mm aggregates than S and OF treatments. However, the proportion of <0.25 mm aggregates under CT and S treatments was higher than that under OF and S+OF. S+OF resulted in the highest proportion of >0.25 mm aggregate compared to other treatments.


TABLE 6. The proportion of different diameters of aggregates under subsoiling, organic fertilizer and subsoiling combined with organic fertilizer.
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Soil Organic Carbon

Figure 2 shows that across the growth period of wheat, soil organic carbon first decreased (wintering stage), then increased (anthesis stage) and finally decreased again (filling and harvest). S, OF and S+OF treatments increased soil organic carbon compared to CT at the different growth stages of wheat, and there was no difference between the S and OF treatments. The organic carbon content under S+OF treatment was the highest. This indicates that subsoiling coupled with organic fertilizer was more effective at increasing soil organic carbon compared to solely S or OF treatment.



Soil Microbial Biomass Carbon and Nitrogen

Figure 3 shows that across the growth period of wheat, the content of microbial carbon and nitrogen in the soil first decreased, then increased, and finally decreased again. Soil microbial biomass carbon and nitrogen at the jointing stage were lowest, and that at the anthesis stage was highest, compared to other growth stages. Compared to the other treatments, S+OF treatment was more beneficial for soil microbial biomass carbon and nitrogen.



Soil Enzyme Activity

From Figures 4, 5, S+OF treatment improved sucrase activity, cellulase activity and urease activity of wheat compared to the other treatments. However, protease activity of S treatment was the highest compared to other treatments throughout all growth stages of wheat except the anthesis stage.




Effects of Combining Subsoiling and Organic Fertilizer on Soil Water Storage

As shown in Figure 6, it was found that in comparison with CT and OF, S and S+OF significantly increased soil water storage during the various growth periods of wheat during two experiment years (2016–2017, 2017–2018). Furthermore, water storage under S and S+OF treatments at the harvest stage increased by 27.2, 28.9, and 35.6%, 33.0% compared with CT in these 2 years, respectively. At the harvest stage, the soil water storage under OF and S+OF treatments increased by 32.1, 5.7, and 46.6%, 17.3% compared to CT and S treatments, respectively. In addition, during the 3-year experiment, S+OF treatment led to the highest soil water storage.



Effects of Combining Subsoiling and Organic Fertilizer on Dry Matter Accumulation

As shown in Table 1, during the 3 years of experimentation, OF and S+OF treatment markedly improved the dry matter accumulation (DM) at the STJ (from sowing to jointing) and JTB (from jointing to booting) stages. Compared to CT, the DM in OF and S+OF in the three seasons increased by 15.9–27.2%, 17.5–31.5%, and 11.6–16.3%, 12.7–25.6%, respectively. In addition, DM under S+OF treatment was the largest, followed by S treatment at the BTA (from booting to anthesis) and ATH (from anthesis to harvest) stages in 2016–2018. However, DM under OF and S+OF treatment was significantly higher than that of other treatments at the ATH stage in 2018–2019. The maximum total DM occurred under S+OF treatment in all three seasons. S+OF was more beneficial in increasing DM during the different growth stages, and the total DM of wheat.



Effects of Combining Subsoiling and Organic Fertilizer on Water Consumption and Water Use Efficiency

As shown in Figures 7A,B, OF and S+OF treatments significantly reduced water consumption (ET) and increased water use efficiency (WUE) during STB (from sowing to booting). Compared with CT, WUE in OF and S+OF treatments was larger by 11.5–19.0% and 24.0–25.1%, respectively. At the BTA and ATH stages, S+OF treatment has the lowest ET and the highest WUE, followed by S treatment, except for the ATH stage in 2018–2019. However, ET under OF treatment was significantly lower than that under S and CT treatments at the ATH stage in 2018–2019, and WUE under OF treatment increased by 47.6 and 19.6% compared to S and CT, respectively. Moreover, S+OF treatment reduced the total ET[T(a)], while the total WUE [T(b)] under S+OF was significantly higher than other treatments during the whole growth period of wheat. The present study shows that S+OF treatment improves water storage and moisture retention, reduces ET, and increases the WUE of wheat. Therefore, the combination of S+OF led to greatly increased WUE.



Effects of Combining Subsoiling and Organic Fertilizer on Wheat Yield and Yield Water Production Efficiency

Our results (Table 2) show that compared to CT, the spike length and the number of grains per ear under S treatment during 2016–2017 and 2017–2018 increased by 14.9, 19.1, and 8.2%, 16.1%, respectively, while those under S+OF treatment during 2018–2019 increased by 13.1 and 26.0%, respectively. Additionally, the number of spikes and the 1,000-grain weightiness under S+OF treatment were significantly higher than under other treatments. Compared with CT, the number of spikes and the 1,000-grain weightiness under S+OF treatment in all three seasons larger by 30.7–48.5% and 2.6–13.0%, respectively. The wheat yield and yield WPE of S+OF treatment were the highest in all three seasons, which was 11.6–28.6% and 26.8–43.6% larger compared to CT. In addition, the yield and WPE under S treatment were higher than those under OF and CT treatment in 2016–2018, while the yield and WPE under OF treatment were higher than those under S and CT treatment in 2018–2019.



Correlation Analysis of Dry Matter Accumulation, Soil Water Storage and Soil Organic Carbon, Soil Microbial Biomass Carbon and Nitrogen, and Soil Enzyme Activity

From Table 3, dry matter accumulation showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with organic carbon content, soil microbial biomass carbon and nitrogen, sucrase, cellulase, urease and protease activity. Soil water storage showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with soil microbial biomass carbon and nitrogen, urease and protease activity.



Correlation Analysis of Wheat Yield and Soil Organic Carbon, Soil Microbial Biomass Carbon and Nitrogen, and Soil Enzyme Activity

Soil organic carbon, soil microbial biomass carbon and nitrogen, sucrase, cellulase, urease, protease at different growth stages had positive correlations with the yield and WUE of wheat (Table 4). From Table 4, organic carbon content, soil microbial biomass carbon nitrogen, and sucrase at different stages of wheat showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with yields. Cellulase and urease during the filling and harvest stages showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with yield. Urease and protease at anthesis stage showed significant (P < 0.05) or extremely significant (P < 0.01) positive correlations with yield.



Correlation Analysis of Dry Matter Accumulation, Water Use Efficiency at Different Growth Stages and Yield, Water Production Efficiency of Wheat at Different Growth Stages

Water use efficiency (WUE) and dry matter accumulation (DM) were correlated with wheat yield and WPE (Table 5). At the STB stage, DM and WUE in the all treatments were significantly (P < 0.05) or extremely significantly (P < 0.01) positively correlated to yields, except between DM and yield under S+OF treatment. DM of S, OF, and S+OF was extremely significantly (P < 0.01) positively correlated with the yield, and the WUE of the S and OF treatments were extremely significantly (P < 0.01) and positively correlated with the yield at the BTA stage. At the ATH stage, DM in all treatments were extremely significantly (P < 0.01) and positively correlated with yield, and the regression coefficient of S+OF treatment was higher (R2 = 0.969). In addition, the correlation between WUE and yield under S and S+OF treatments were also significant (P < 0.01) and positive. Moreover, DM and WUE under S treatment were significantly (P < 0.05) and positively correlated with WPE at the STB stage. At the BTA stage, DM and WUE under S and OF treatments were significantly (P < 0.05) or extremely significantly (P < 0.01) and positively correlated with WPE. At the ATH stage, DM and WUE under S, OF and S+OF treatments were significantly (P < 0.05) or extremely significantly (P < 0.01) and positively correlated with WPE.




DISCUSSION


Effects of Combining Subsoiling and Organic Fertilizer on Soil Structure, Microbial Biomass Carbon and Nitrogen and Soil Enzymes

Subsoiling, organic fertilizer, and the combination of these two practices improved soil aggregate structure, microbial biomass carbon and nitrogen and soil enzymes. We found that S, OF and S+OF treatments increased the proportion of >0.5 mm aggregates significantly. Among these, S+OF treatment was most beneficial for increasing the proportion of >0.25 mm aggregates because of the synergistic effects of the combination of S+OF: subsoiling provides loose soil conditions (Yang et al., 2021b) and leads to increased water availability in the root zone, which promotes crop root growth and increases soil organic carbon (Yang et al., 2021b), while organic fertilizers provide nutrients to the crop and soil microorganisms (Spedding et al., 2004; Wang et al., 2015) and thereby promote microbial activity (Piovanelli et al., 2006; Kuzyakov and Xu, 2013) and increase soil organic carbon (Yang et al., 2021a). These factors in turn increased soil structure stability, increased soil water retention, and improved crop growth. The combination of S+OF this results in a positive feedback loop of crop growth and improvements in soil physical properties.

Microbial biomass carbon and nitrogen in the soil can directly or indirectly participate in soil biochemical processes, and plays an extremely important role in the transformation of substances and the energy cycle in the soil (Turner et al., 2001; Nsabimana et al., 2004). In this study, we found that throughout the process of wheat growth, changes in the content of soil microbial biomass carbon and nitrogen had the same trend as soil organic carbon. Soil microbial biomass carbon at the jointing stage and soil microbial nitrogen at the jointing and harvest stages were lowest, and that at the anthesis stage was highest, compared to other growth stages. Previous research has shown that the application of organic fertilizer can effectively increase the carbon content of soil microbes during the crop growth stage, with a 23.0% increase in average annual content (Li et al., 2017). We found that compared to CT, S, and OF treatments, S+OF treatment led to more soil microbial biomass carbon and nitrogen. This indicates that compared to individual application of subsoiling tillage or organic fertilizer, their combination better improves the physical and chemical characteristics of the soil, increases root exudates, promotes nutrient absorption by crop roots, and enhances soil microbial activity and reproduction (Yu, 2015), and microbial biomass quantity (Kuzyakov and Xu, 2013).

Soil enzymes are good catalysts for nutrient metabolism in the soil. Enzyme activity can reflect the extent of decomposition and transformation of substances in the soil, and also reflect changes to soil fertility due to farmland management measures (Zhang et al., 2014). Studies have shown that subsoiling can significantly improve the activity of urease and sucrase in the soil (Huang et al., 2013), while organic fertilizer improves the activity of urease, sucrase, and cellulase in the soil (He et al., 2020). We found that S+OF improved sucrase activity, cellulase activity and urease activity of wheat to a greater extent, compared to sole application of either subsoiling or organic fertilizer. However, protease activity was the highest under S treatment throughout all growth stages of wheat except the anthesis stage. Subsoiling, which creates small disturbances to the soil, increases soil porosity, promotes gas exchange, increases water retention, and facilitates enzyme activity in the soil (Jiang et al., 2012; Nie et al., 2015). Organic fertilizers can increase the carbon content of the soil, and increase root exudates and microbial activity, which increases enzyme activity in the soil (Rehana et al., 2008; Pu et al., 2020). Therefore, the combination of subsoiling combined with organic fertilizer (S+OF) is a good practice to improve the activity of urease, sucrase, and cellulase in the soil and promote crop growth.



Effects of Combining Subsoiling and Organic Fertilizer on Soil Water Storage and Dry Matter Accumulation

Soil water retention is a critical factor and important parameter for evaluating soil productivity, as it has a decisive influence on crop growth conditions and yield (Fu et al., 2005; Yang et al., 2021c). Subsoiling and organic fertilizer can improve soil structure, and promote water storage and infiltration to deeper soil (Hemmat and Eskandari, 2004; Wang et al., 2019; Hu et al., 2013; Liu et al., 2013). In this study, it was found that in comparison with CT and OF, S and S+OF significantly increased soil water storage during the various growth periods of wheat during two experimental years (2016–2017, 2017–2018). This may be due to the better infiltration and soil water retention capacities induced by subsoiling (Hu et al., 2013). Compared to CT and S treatments, OF and S+OF treatments were more effective at increasing soil water storage in 2018–2019, because organic fertilizers improve the soil water retention capacity and moisture content by improving the organic matter content and soil physical properties (Karami et al., 2012). Thus, the application of organic fertilizer leads to higher soil water storage when comparing treatments subject to the same tillage process in the dry growth season. In addition, during the 3-year experiment, S+OF treatment led to the highest soil water storage during the growth stage of wheat, which may be because the synergies between subsoiling and organic fertilizer significantly improved soil and water conservation capacity (Bolan et al., 2003). Therefore, S+OF treatment appears to be most effective at increasing soil water retention capacity.

The accumulation of dry matter during the growth period provides the fundamental materials required for crop formation, which ultimately determines grain yield (Ding et al., 2005; Liu et al., 2009; Hou et al., 2012). Different tillage and cultivation measures can improve the dry matter accumulation ability of wheat by improving soil moisture (Zheng et al., 2013). We found that, during the 3 years of experimentation, OF and S+OF treatment markedly improved dry matter accumulation (DM) at the STJ (from sowing to jointing) and JTB (from jointing to booting) stages. Our results show that the input of organic fertilizer increased DM before the booting stage, which agrees with Yang et al. (2016). This is because organic fertilizer leads to more balanced crop water demand and soil water supply (Liu et al., 2013), improves the effective water content, promotes the transformation of soil organic nutrients, and improves the absorption and utilization of crop nutrients and water, thus promoting the growth of wheat and increasing DM (Dordas, 2009). In addition, our results also show that the application of organic fertilizer may increase post-anthesis DM during the dry growth season (2018–2019). The reason for this may be that organic fertilizer enhanced deep soil water usage in arid years, which promotes ear development and grain filling (Lu et al., 2011; Ni et al., 2013; Wang et al., 2017), thereby resulting in increased DM. However, among different practices, application of organic fertilizer coupled with subsoiling (S+OF) was more beneficial in increasing DM than sole subsoiling due to double advantage for soil microbes, soil properties and water retention mentioned above.



Effects of Combining Subsoiling and Organic Fertilizer on Water Consumption, Water Use Efficiency, and Water Production Efficiency of Wheat

Miriti et al. (2012) reported that when subject to identical tillage practices, the water use efficiency under organic fertilizer treatment was 26% higher than without organic fertilizer. In this study, OF and S+OF treatments significantly reduced ET and increased WUE during STB (from sowing to booting). These results agree with several previous studies (Lu et al., 2011; Miriti et al., 2012; Zhang et al., 2016; Wang et al., 2017). This may because organic fertilizers help conserve water and soil moisture, reduce inter-plant evaporation and promote the absorption and utilization of water by roots (Lu et al., 2011). In addition, we found that OF treatment led to reduced ET and increased WUE during ATH compared to S treatment during the dry growth season, thus increasing wheat yield. Moreover, S+OF treatment reduced the total ET, while the total WUE under S+OF treatment was significantly higher than other treatments. The present study shows that S+OF treatment improves water storage and moisture retention, reduces ET, and increases the WUE of wheat. This is due to an improvement in infiltration, reduction in surface runoff and soil erosion, and increase in WUE due to subsoiling (Mcconkey et al., 1997; Hu et al., 2013). Furthermore, organic fertilizer could also increase WUE (Miriti et al., 2012; Zhang et al., 2016). Therefore, the combination of S+OF led to greatly increased WUE.

The increased soil water storage, post-anthesis DM and the number of spikes and 1,000-grain weight caused by subsoiling (Huang et al., 2009; Zheng et al., 2011; Yang et al., 2016), and the benefits of organic fertilizer in improving soil physical properties, increasing soil water storage capacity, reducing evaporation, and improving crop yields (Sang et al., 2016) and the absorption and utilization of water (Lu et al., 2011; Miriti et al., 2012; Liu et al., 2013; Wang et al., 2017), suggests that the two individual practices in S+OF provide mutually complementary benefits to wheat growth. Therefore, compared to S and OF treatments, S+OF treatment optimized yield components (number of spikes and 1,000-grain weightiness), which led to a higher number of spikes, 1,000-grain weightiness and total DM and lower ET, and increased WPE and wheat yield.

Correlation analyses indicate that high dry matter accumulation and soil water improved soil microbial biomass carbon and nitrogen and soil enzyme activity, which improves soil organic carbon and soil structure and promotes crop growth. We found that the increment in soil microbial biomass carbon and nitrogen at the different growth stages of winter wheat, and the increment in soil sucrase, cellulase, urease and protease activity after anthesis stage of winter wheat were beneficial to increase yield and WPE of winter wheat based on the correlation analysis. In addition, we also found that dry matter accumulation at the different growth stages of winter wheat had a critical and positive impact on yields and WPE under S, OF and S+OF treatments, especially after the anthesis stage under S+OF treatment (Table 5), and that improvements in WUE after the booting stage under S, OF and S+OF treatments, especially after the anthesis stage under S+OF treatment (Table 5), led to increased wheat yield and WPE, in agreement with previous studies (Zheng et al., 2008; Yang et al., 2016). Zheng et al. (2008) reported that the dry matter accumulation of winter wheat after anthesis accounted for more than 80% of total grain yield. This is also reflected in our results, which show that S+OF treatment was highly effective at increasing DM and WUE post-anthesis, thereby increasing yield and WPE. Thus, appropriate agricultural practices such as S+OF can effectively improve soil organic carbon, promote soil microbial biomass carbon and nitrogen and soil enzyme activity, thereby increasing wheat production.




CONCLUSION

Subsoiling (S), organic fertilizer (OF) and subsoiling combined with organic fertilizer (S+OF) are treatments that improve soil structure. Among them, S+OF is most beneficial in increasing the proportion of >0.25 mm aggregates, which leads to higher soil structural stability. In addition, S+OF is also the most effective measure in increasing soil organic carbon content, soil microbial biomass carbon, soil microbial biomass nitrogen and sucrase activity, cellulase activity, urease activity and protease activity. Furthermore, S+OF also improved the absorption and utilization of water and DM, wheat yields, and WPE, more significantly compared to other treatments, regardless of rainfall availability. Correlation analyses indicate that long-term continuous amendments are beneficial for improving wheat yield and WPE because they improve soil organic carbon, soil microbial biomass carbon and nitrogen, soil enzyme activity, dry matter accumulation and soil water storage. Therefore, subsoiling combined with organic fertilizer is an effective measure for improving the soil and increasing yield and WPE of winter wheat production under the experimental conditions. Further research is necessary to determine the effects of long-term application of S+OF on the mechanisms of the interactions between microbial variety, and microbial quantity, soil properties, and water availability, so as to build a more informed scientific basis for applying S+OF in farmland.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

YY wrote the main manuscript. ML wrote the part of the manuscript. JW revised and gave some advice for the manuscript. XP performed most of the experiments. CG prepared the figure and table of the manuscript. DT edited language and modified the main manuscript. All authors reviewed the manuscript.



FUNDING

This work was funded by the National Key R&D Program of China (Grant no. 2017YFD0301102), the National Natural Science Foundation of China (Grant no. U1404404), and Research Project of China Institute of Water Resources and Hydropower Research (Grant no. MK2019J02).



REFERENCES

Bogard, M., Allard, V., Brancourt, H. M., Heumez, E., Machet, J. M., Jeuffroy, M. H., et al. (2010). Deviation from the grain protein concentration-grain yield negative relationship is highly correlated to post-anthesis N uptake in winter wheat. J. Exp. Bot. 61, 4303–4312. doi: 10.1093/jxb/erq238

Bolan, N. S., Adriano, D. C., Natesan, R., and Koo, B. J. (2003). Effects of organic amendments on the reduction and phytoavailability of chromate in mineral soil? J. Environ. Qual. 32, 120–128. doi: 10.2134/jeq2003.0120

Bottinelli, N., Angers, D. A., Hallaire, V., Michot, D., Guillou, C. L., Heddadj, D., et al. (2017). Tillage and fertilization practices affect soil aggregate stability in a humic cambisol of Northwest France. Soil Till. Res. 170, 14–17. doi: 10.1016/j.still.2017.02.008

Bu, Y. S., Miao, G. Y., Zhou, N. J., Shao, H. L., and Wang, J. C. (2006). Analysis and comparison of effects of plastic film mulching and straw mulching on soil fertility. Sciatic Agric. Sin. 39, 1069–1075. doi: 10.3321/j.issn:0578-1752.2006.05.031

Christianson, C. B. (1988). Factors affecting N release of urea from reactive layer coated urea. Fertil. Res. 16, 273–284. doi: 10.1007/BF01051376

Chu, P. F., Yu, Z. W., Wang, D., Zhang, Y. L., and Wang, Y. (2012). Effect of tillage mode on diurnal variations of water potential and chlorophyll fluorescence characteristics of flag leaf after anthesis and water use efficiency in wheat. Acta Agron. Sin. 38, 1051–1061. doi: 10.3724/SP.J.1006.2012.01051

Ding, L., Wang, K. J., Jiang, G. M., Liu, M. Z., Niu, S. L., and Gao, L. M. (2005). Post-anthesis changes in photosynthetic traits of maize hybrids released in different years. Field Crops Res. 93, 108–115. doi: 10.1016/j.fcr.2004.09.008

Dordas, C. (2009). Dry matter, nitrogen and phosphorus accumulation, partitioning and remobilization as affected by N and P fertilization and source-sink relations. Eur. J. Agron. 30, 129–139. doi: 10.1016/j.agwat.2019.105934

Elliot, E. T. (1986). Aggregate structure and carbon, nitrogen, and phosphorus in native and cultivated soils. Soil Sci. Soc. Am. J. 50, 627–633. doi: 10.2136/sssaj1986.03615995005000030017x

Elfstrand, S., Hedlund, K., and Martensson, A. (2007). Soil enzyme activities, microbial community composition and function after 47 years of continuous green manuring. Applied Soil Ecology, 35, 610–621. doi: 10.1016/j.apsoil.2006.09.011

Fu, G. Z., Li, C. H., Wang, J. Z., Wang, Z.L., Cao, H. M., Jiao, N. Y., and Wang, X. D. (2005). Effects of stubble mulching and tillage management on leaf senescence metabolism and grain yield in summer maize. Acta Bot. Boreal.-Occident. Sin. 1, 155–160. doi: 10.1360/biodiv.050022

Guan, S. Y. (1986). Soil Enzymes and Research Methods. Beijing: Agricultural Press.

Guo, Z., Shi, Y., Yu, Z., and Zhang, Y. (2015). Supplemental irrigation affected flag leaves senescence post–anthesis and grain yield of winter wheat in the Huang–Huai–Hai Plain of China. Field Crop Res. 180, 100–109. doi: 10.1016/j.fcr.2015.05.015

He, M., Wang, Y. C., Wang, L. G., Cheng, Q., Wang, L. M., Li, Y. H., et al. (2020). Effects of Subsoiling combined with fertilization on the fractions of soil active organic carbon and soil active nitrogen, and enzyme activities in black soil in northeast China. Acta Pedol. Sin. 2020, 446–456. doi: 10.11766/trxb201810180282

Hemmat, A., and Eskandari, I. (2004). Conservation tillage practices for winter wheat-fallow farming in the temperate continental climate of northwestern Iran. Field Crops Res. 89, 123–133. doi: 10.1016/j.fcr.2004.01.019

Hou, P., Gao, Q., Xie, R. Z., Li, S. K., Meng, Q. F., Kirkby, E. A., et al. (2012). Grain yields in relation to N requirement:optimizing nitrogen management for spring maize grown in China. Field Crops Res. 129, 1–6. doi: 10.1016/j.fcr.2012.01.006

Hu, H. Y., Ning, T. Y., Li, Z. J., Han, H. F., Zhang, Z. Z., Qin, S. J., et al. (2013). Coupling effects of urea types and subsoiling on nitrogen-water use and yield of different varieties of maize in northern China. Field Crops Res. 142, 85–94. doi: 10.1016/j.fcr.2012.12.001

Huang, H. Q., Wang, J. Y., Ling, D. J., Duan, M. X., and Wang, W. J. (2013). Study on relationship between soil catalase activity and soil chemical properties under different land use patterns-Take leizhou peninsula for example. Southw. China J. Agric. Sci. 26, 2412–2416. doi: 10.3969/j.issn.1001-4829.2013.06.045

Huang, M., Wu, J. Z., Li, Y. J., Yao, Y. Q., Zhang, C. J., Cai, D. X., et al. (2009). Effects of tillage pattern on the flag leaf senescence and grain yield of winter wheat under dry farming. Chin. J. Appl. Ecol. 20, 1355–1361.

Jiang, X., He, D. X., Ren, H. Z., Liu, Q. R., and Hu, M. (2012). Effects of different patterns of rotational tillage on soil bulk density in wheat field and wheat root development. J. Triticeae Crops 32, 711–715.

Karami, A., Homaee, M., Afzalinia, S., Ruhipour, H., and Basirat, S. (2012). Organic resource management: impacts on soil aggregate stability and other soil physico-chemical properties. Agric. Ecosyst. Environ. 148, 22–28. doi: 10.1016/j.agee.2011.10.021

Kuzyakov, Y., and Xu, X. (2013). Competition between roots and microorganisms for nitrogen: mechanisms and ecological relevance. New Phytol. 198, 656–669. doi: 10.1111/nph.12235

Li, C. B., Wang, H. Y., Zhao, W., Xu, M. M., Yuan, J. H., and Li, X. Q. (2017). Effect of straw returned to the field with microbial fungus agent and organic fertilizer on microbial carbon content of black soil. Jiangsu Agric. Sci. 45, 265–268. doi: 10.15889/j.issn.1002-1302.2017.05.069

Li, C. X., Liu, Q., Shao, Y., Ma, S. C., Li, S. S., Li, X. B., et al. (2019). Effects of organic materials returning and nitrogen fertilizer reduction on nitrogen utilization and economic benefits of wheat. Agric. Res. Arid Areas 37, 214–220.

Li, M. H., Zhou, Y. X., Zhou, L., Yang, J., and Wang, Y. H. (2015). Comparative advantage changes of regional wheat production in China and analysis of influencing factors. China J. Agric. Resourc. Regional Plann. 36, 7–15. doi: 10.7621/cjarrp.1005-9121.20150502

Liang, B., Zhou, J. B., and Yang, X. Y. (2010). Changes of soil microbial biomass carbon and nitrogen, and mineral nitrogen after a long-term different fertilization. Plant Nutr. Fertil. Sci. 16, 321–326. doi: 10.11674/zwyf.2010.0209

Liu, C. A., Li, F. M., Zhou, L. M., Zhang, R. H., Lin, S. L., Wang, L. J., et al. (2013). Effect of organic manure and fertilizer on soil water and crop yields in newly-built terraces with loess soils in a semi-arid environment. Agric. Water Manag. 117, 123–132. doi: 10.1016/j.agwat.2012.11.002

Liu, W. D., Chen, X. Y., Yin, J., and Du, P. X. (2009). Effect of sowing date and planting density on population trait and grain yield of winter wheat cultivar Yumai 49-198. J. Triticeae Crops 29, 464–469. doi: 10.7606/j.issn.1009-1041.2009.03.097

Lu, W. T., Jia, Z. K., Zhang, P., Cai, T. Y., Li, R., Hou, X. Q., et al. (2011). Effects of organic fertilization on winter wheat photosynthetic characteristics and water use efficiency in semi-arid of southern Ningxia. Plant Nutr. Fertil. Sci. 17, 1066–1074. doi: 10.11674/zwyf.2011.0498

Mcconkey, B. G., Ulrich, D. J., and Dyck, F. B. (1997). Slope position and subsoiling effects on soil water and spring wheat yield. Can. J. Soil Sci. 77, 83–90. doi: 10.4141/S95-067

Miriti, J. M., Kironchi, G., Esilaba, A. O., Hengd, L. K., Gachened, C. K. K., and Mwangic, D. M. (2012). Yield and water use efficiencies of maize and cowpea as affected by tillage and cropping systems in semiarid Eastern Kenya. Agric. Water Manag. 115, 148–155. doi: 10.1016/j.agwat.2012.09.002

Mohanty, M., Bandyopadhyay, K. K., Painuli, D. K., Ghosh, P. K., Misra, A. K., and Hati, K. M. (2007). Water transmission characteristics of a vertisol and water use efficiency of rainfed soybean (Glycine max (L.) Merr.) under subsoiling and manuring. Soil Till. Res. 93, 420–428. doi: 10.1016/j.still.2006.06.002

Moore, J. M., Klose, S., and Tabatabai, M. A. (2000). Soil microbial biomass carbon and nitrogen as affected by cropping systems. Biol. Fertil. Soils 31, 200–210. doi: 10.1007/s003740050646

Ni, Y. J., Ren, D. C., Ge, J., Huang, J. Y., Zhang, F. J., Huang, S. H., et al. (2013). Effects of straw mulching plus nitrogen fertilizer on grain filling rate and grain yield in wheat ‘Zhoumai22’. Chin. Agric. Sci. Bull. 29, 105–108. doi: 10.3724/SP.J.1006.2015.00468?

Nie, L. P., Guo, L. W., Niu, H. Y., Wei, J., Li, Z. J., and Ning, T. Y. (2015). Effects of rotational tillage on tilth soil structure and crop yield and quality in maize-wheat cropping system. Acta Agron. Sin. 41, 468–478. doi: 10.3724/SP.J.1006.2015.00468

Nsabimana, D., Haynes, R. J., and WAllis, F. M. (2004). Size activity and catabolic diversity of the soil biomass as affected by land use. Appl. Soil Ecol. 26, 81–92. doi: 10.1016/j.apsoil.2003.12.005

Piovanelli, C., Gamba, C., Brandi, G., Simoncini, S., and Batistoni, E. (2006). Tillage choices affect biochemical properties in the soil profile. Soil Till. Res. 90, 84–92. doi: 10.1016/j.still.2005.08.013

Pu, Q. M., Yang, P., Deng, Y. C., Xiang, C. Y., Lin, B. M., Liu, L. S., et al. (2020). Effects of different fertilization methods on soil enzyme activity, soil nutrients and quality of spring cabbage. J. Agric. Sci. Technol. 22, 130–139.

Qin, X., Liu, Y., Huang, Q., Zhao, L., and Xu, Y. (2020). Effects of sepiolite and biochar on enzyme activity of soil contaminated by cd and atrazine. Bull. Environ. Contam. Toxicol. 104, 642–648. doi: 10.1007/s00128-020-02833-w

Rehana, R., Kukal, S. S., and Hira, G. S. (2008). Soil organic carbon and physical properties as affected by long-term application of FYM and inorganic fertilizers in maize-wheat system. Soil Ellage Res. 101, 31–36. doi: 10.1016/j.still.2008.05.015

Sang, X. G., Wang, D., and Lin, X. (2016). Effects of tillage practices on water consumption characteristics and grain yield of winter wheat under different soil moisture conditions. Soil Till. Res. 163, 185–194. doi: 10.1016/j.still.2016.06.003

Sang, X. G., Wang, D., and Yu, Z. W. (2014). Effects of subsoiling and harrowing on water consumption characteristics and grain yield of winter wheat under condition of supplemental irrigation. J. Triticeae Crops 34, 1239–1244. doi: 10.7606/j.issn.1009-1041.09.012

Spedding, T. A., Hamel, C., Mehuys, G. R., and Madramootoo, C. A. (2004). Soil microbial dynamics in maize-growing soil under different tillage and residue management systems. Soil Biol. Biochem. 36, 499–512. doi: 10.1016/j.soilbio.2003.10.026

Sun, K., Liu, Z., Hu, H. Y., Li, G., Liu, W. T., Yang, L., et al. (2019). Effect of organic fertilizer and rotational tillage practices on soil carbon and nitrogen and maize yield in wheat-maize cropping system. Acta Agron. Sin. 45, 401–410. doi: 10.3724/SP.J.1006.2019.83028

Turner, B. L., Bristow, A. W., and Haygarth, P. M. (2001). Rapid estimation of microbial biomass in grassland soil by ultraviolet absorbance. Soil Biol. Biochem. 33, 913–919. doi: 10.1016/S0038-0717(00)00238-8

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem. 19, 703–707. doi: 10.1016/0038-0717(87)90052-6

Vita, P. D., Paolo, E. D., Fecondo, G., Fonzo, N. D., and Pisante, M. (2007). No-tillage and conventional tillage effects on durum wheat yield, grain quality and soil moisture content in Southern Italy. Soil Till. Res. 92, 69–78. doi: 10.1016/j.still.2006.01.012

Wang, B., Zhang, Y. H., Hao, B. Z., Xu, X. X., Zhao, Z. G., Wang, Z. M., et al. (2016). Grain yield and water use efficiency in efficiency in extremely-late sown winter wheat cultivars under two irrigation regimes in the North China Plain. PLoS One 11:e0153695. doi: 10.1371/journal.pone.0153695

Wang, L. L., Li, Q., Coulter, J. A., Xie, J. H., Lou, Z. Z., Zhang, R. Z., et al. (2020). Winter wheat yield and water use efficiency response to organic fertilization in northern China: a meta-analysis. Agric. Water Manag. 229:2020. doi: 10.106/j.2019.105934

Wang, L. L., Wang, S. W., Chen, W., Li, H. B., and Deng, X. P. (2017). Physiological mechanisms contributing to increased water-use efficiency in winter wheat under organic fertilization. PLoS One 12:e0180205. doi: 10.1371/journal.pone.0180205

Wang, Q. Y., Zhou, D. M., and Long, C. (2009). Microbial and enzyme properties of apple or chard soil as affected by long-term application of copper fungicide. Soil Biol. Biochem. 41, 1540–1590. doi: 10.1016/j.soilbio.2009.04.010

Wang, Y. D., Hu, N., Xu, M. G., Li, Z. F., and Lou, Y. L. (2015). 23-year manure and fertilizer application increasessoil organic carbon sequestration of a rice-barley cropping system. Biol. Fert. Soils 51, 583–591. doi: 10.1007/s00374-015-1007-2

Wang, Y. H., Liu, H., Huang, Y., Wang, J. F., Wang, Z. Z., Gu, F. X., et al. (2019). Effects of cultivation management on the winter wheat grain yield and water utilization efficiency. Sci. Rep. 9:12733. doi: 10.1038/s41598-019-48962-z

Westerman, R. L. (1990). Soil Testing and Plant Analysis, 3rd Edn. Madison, WI: Soil Science Society of America. doi: 10.1097/00010694-197506000-00011

Wu, J. C., Zhang, C. M., Wang, Z. Y., Li, T. L., and Xue, Y. F. (2003). Research and application of techniques of highly-effective utilization of precipitation resource in west Henan. Agric. Res. Arid Areas 21, 152–155.

Yan, J. T., Kang, Y. L., and Tian, Z. H. (2011). Effects of tillage depth on winter wheat growth and water use in dry land. J. Henan Agric. Sci. 40, 81–83. doi: 10.3969/j.issn.1004-3268.2011.10.023

Yang, Y. H., Wu, J. C., Zhang, Y. T., Pan, X. Y., Ding, J. L., Zhang, J. M., et al. (2016). Effects of tillage, moisture conservation on water use and yield in wheat at different growth stages. Acta Agric. Boreali Sin. 31, 184–190. doi: 10.7668/hbnxb.2016.03.027

Yang, Y. H., Wu, J. C., Zhao, S. W., Mao, Y. P., Zhang, J. M., Pan, X. Y., et al. (2021b). Impact of long-term sub-soiling tillage on soil porosity and soil physical properties in the soil profile. Land Degrad. Dev. 32, 2892–2905. doi: 10.1002/ldr.3874

Yang, Y. H., Wu, J. C., Zhao, S. W., Gao, C. M., Pan, X. Y., Tang, D. W. S., et al. (2021a). Effects of long-term super absorbent polymer and organic manure on soil structure and organic carbon distribution in different soil layers. Soil Till. Res. 206:104781. doi: 10.1016/j.still.2020.104781

Yang, Y. H., Wu, J. C., Du, Y-L., Gao, C. M., Pan, X. Y., Tang, D. W. S., and Van der Ploeg, M. (2021c). Short- and long-term straw mulching and subsoiling affect soil water, photosynthesis, and water use of wheat and maize. Front. Agron. 3:708075. doi: 10.3389/fagro.2021.708075

Yu, H. (2015). Study on the Regulation Effect of Straw Returning on Soil Microorganisms and Maize. Jilin: Jilin Agricultural University.

Zhang, H. Q., Yu, X. Y., Zhai, B. N., Jin, Z. Y., and Wang, Z. H. (2016). Effect of manure under different nitrogen application rates on winter wheat production and soil fertility in dryland. IOP Conf. Ser. Earth Environ. Sci. 39:012048. doi: 10.1088/1755-1315/39/1/012048

Zhang, J., Yao, Y. Q., Lu, J. J., Jin, K., Wang, Y. H., Wang, Y. H., et al. (2008). Soil carbon change and yield increase mechanism of conservation tillage on sloping drylands in semi-humid arid area. Chin. J. Eco Agric. 16, 297–301. doi: 10.3724/SP.J.1011.2008.00297

Zhang, L., Li, Y. J., Fu, Z. G., Jiao, N. Y., and Zhang, Y. Y. (2014). Effects of rotational tillage on spatial and temporal variation of soil enzyme activities in winter wheat field. J. Triticeae Crops 34, 1104–1110. doi: 10.7606/j.issn.1009-1041.2014.08.013

Zhang, R., Zhang, G. L., Ji, Y. Y., Li, G., Chang, H., and Yang, D. L. (2013). Effects of different fertilizer application on soil active organic carbon. Environ. Sci. 34, 277–282.

Zhang, Y. J., Wang, R., Wang, H., Wang, S. L., Wang, X. L., and Li, J. (2019). Soil water use and crop yield increase under different long-term fertilization practices incorporated with two-year tillage rotations. Agriculture Water Management 221, 362–370. doi: 10.1016/j.agwat.2019.04.018

Zhang, Y. Q., Wang, J. D., Gong, S. H., Xu, D., and Sui, J. (2017). Nitrogen fertigation effect on photosynthesis, grain yield and water use efficiency of winter wheat. Agric. Water Manag. 179, 277–287. doi: 10.1016/j.agwat.2016.08.007

Zheng, C. Y., Cui, S. M., Wang, D., Yu, Z. W., Zhang, Y. L., and Shi, Y. (2011). Effects of soil tillage practice on dry matter production and water use efficiency in wheat. Acta Agron. Sin. 37, 1432–1440. doi: 10.1016/S1875-2780(11)60039-4

Zheng, C. Y., Yu, Z. W., Ma, X. H., Wang, X. Z., and Bai, H. L. (2008). Water consumption characteristics and dry matter accumulation and distribution in high-yielding wheat. Acta Agron. Sin. 34, 1450–1458. doi: 10.3724/SP.J.1006.2008.01450

Zheng, C. Y., Yu, Z. W., Zhang, Y. L., Wang, D., Shi, Y., and Xu, Z. Z. (2013). Effects of subsoiling and supplemental irrigation on dry matter production and water use efficiency in wheat. Acta Ecol. Sin. 33, 2260–2271. doi: 10.5846/stxb201112211941


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yang, Li, Wu, Pan, Gao and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-788651-t001.jpg
Year Treatments  STJ

2016-2017 CT 2487.0c
S 2869.6b
OF 3163.5a
S+OF 3269.6a
2017-2018 CT 2837.0c
S 3104.3b
OF 3287.0ab
S+OF 3334.8a
2018-2019 CT 1944.3c
S 2347.8b
OF 2415.2b
S+OF 2556.5a

JTB

4170.4¢
4521.7b
4652.2ab
4700.0a
4614.8¢c
5021.7b
5259.1a
5438.3a
3888.7d
4343.5¢
4523.0b
4884.8a

BTA

2640.0c
3304.3a
2977.4b
3269.6a
2572.2¢
3515.2b
3427.8b
3642.6a
2580.0c

ATH Total DM

3175.7¢c 12473.0c
3434.8b 14130.4b
3256.5¢ 14049.7b
3555.7a 14794 .8a
3366.5¢ 13390.4¢
4063.0b 15704.3b
3991.3b 15965.2b
4412.2a 16827.8a
2654.8¢c 11067.8¢c

3208.7ab 3482.6b 13382.6b

3087.1b
3332.6a

3675.5a 13700.9b
3834.8a 14608.7a

STJ, sowing to jointing; JTB, jointing to booting; BTA, booting to anthesis; ATH,
anthesis to harvest; Total DM, the total dry matter accumulation. CT, conventional
tilage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer organic fertil-
izer combined with subsoiling. Different lowercase letters within a column mean
significant difference between treatments at three seasons by LSD test (P < 0.05).
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Treatments

The proportion of different diameters of aggregates (%)

>5mm 3-56 mm 2-3 mm 1-2 mm 0.5-1 mm 0.25-0.5 mm <0.25 mm >0.25 mm
CT 25.0bc 4.7¢ 3.5b 4.6¢ 7.5b 9.4c 43.2a 54.8d
S 26.2b 5.7b 4.2a 5.3b 6.7¢c 10.4b 42.5a 58.4c
OF 24.3¢c 5.8b 4.3a 7.0a 10.4a 12.9a 35.2b 64.8b
S+OF 34.4a 6.6a 4.4a 5.4b 7.7b 8.5d 33.1b 66.9a

CT, conventional tillage; S, subsoiling; OF, organic fertilizer; S+OF, organic fertilizer organic fertilizer combined with subsoiling. Different lowercase letters within a column

mean significant difference between treatments by LSD test (P < 0.05).
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Treatments Parameters Yield WPE

STB BTA ATH STB BTA ATH

CT DM 0.962"=0.182  0.934™ 0.234 0.275 0.299
WUE 0.722* 0516 0214 0129 0.280 0.278
S DM 0.889"* 0.916* 0.948™ 0.727* 0.715* 0.882**
WUE 0.868" 0.966™ 0.822** 0.718* 0.881** 0.732*
OF DM 0.745* 0.959** 0.877** 0.288 0.887** 0.943**
WUE 0.887** 0.823** 0.557 0.810™ 0.832** 0.790x%
S+0OF DM 0.660 0.907** 0.969 0.275 0.690* 0.813**
WUE 0.819" 0.633 0.971* 0.655 0.624 0.842**

DM, Dry matter accumulation; WUE, water use efficiency; WPE, yield water produc-
tion efficiency; STJ, sowing to jointing; JTB, jointing to booting;, BTA, booting
to anthesis; ATH, anthesis to harvest. CT, conventional tillage; S, subsoiling; OF,
organic fertilizer; S+OF, organic fertilizer organic fertilizer combined with subsoiling.
WPE, water production efficiency. *Means significant correlation at 0.05 level, and
**means extremely significant correlation at 0.01 level.
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Index Wintering
Soil organic carbon 0.969*
Soil microbiomass carbon 0.963*
Soil microbiomass nitrogen 0.977*
Sucrase 0.968*
Cellulase 0.920
Urease 0.943
Protease 0.898

Jointing

0.978*
0.988*
0.999*
0.994*
0.864
0.928
0.695

Anthesis

0.960*
0.987*
0.992*
0.948
0.905
0.995
0.988*

Filling

0.959*
0.953*
0.968*
0.989*
0.958*
0.988*
0.628

*Means significant correlation at 0.05 level, and “means extremely significant

correlation at 0.01 level.





OPS/images/fpls-12-788651-t003.jpg
Index Organic carbon Soil microbial Soil microbial Sucrase activity
biomass carbon biomass nitrogen

Cellulase activity

Urease activity

Protease activity

Dry matter accumulation 0.892** 0.858" 0.807** 0.894*
Soil water storage 0.384 0.698* 0.828"* 0.542

*Means significant correlation at 0.05 level, and **means extremely significant correlation at 0.017 level.

0.928"
0.475

0.780™
0.884*

0.326
0.713*
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Year Treatments Yield components Yield (kg.hm=2)  WPE (kg.hm=2.mm~1)

Spike length Number of spikes Number of 1,000-grain
(cm) ( x 10%.hm—2) grains per ear weightiness (g)
2016-2017 CT 7.0c 439.1d 38.0c 43.5b 7025.8d 16.5¢c
S 8.0a 608.7b 45.3a 43.2bc 7718.2b 20.0ab
OF 7.7b 473.9¢c 42.4b 42.7¢ 7386.5¢ 18.7b
S+OF 7.5b 625.2a 40.6b 44.7a 7841.4a 21.0a
2017-2018 CT 6.3c 520.4c 37.1¢ 43.1¢c 7578.3¢ 17.0c
S 7.0a 640.9b 43.1a 46.6b 9087.4b 23.1ab
OF 6.9ab 630.5b 41.3b 45.2b 9018.6b 22.5b
S+OF 6.7b 700.0a 42.3ab 48.7a 9355.5a 24 1a
2018-2019 CT 6.8c 437.0c 31.5¢ 42.1¢c 6591.2¢ 16.3d
S 7.3b 513.1b 36.5b 44.3ab 7593.2b 20.1¢c
OF 7.4ab 530.4b 37.9ab 44.0b 7625.4b 21.0b
S+OF 7.6a 600.0a 39.7a 45.9a 8475.8a 23.5a

WPE, yield water production efficiency,; CT, conventional tillage; S, subsoiling, OF, organic fertilizer; S+OF, organic fertilizer organic fertilizer combined with subsoiling.
Different lowercase letters within a column mean significant difference between treatments at three seasons by LSD test (P < 0.05).





