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Abstract

:

The adoption of tillage during summer fallow can effectively store precipitation in summer and increase the soil water content in the dryland wheat fields of the eastern Loess Plateau; however, its influencing mechanism is still unknown. Three tillage measures were implemented in 2018, namely, no-tillage during summer fallow (NTF), subsoiling during summer fallow (STF), and plough tillage during summer fallow (PTF), to investigate the changes in soil porosity in different growth periods of winter wheat and their contribution to the soil water storage. The results showed that soil total porosity (Pt) at the 0.2–0.3 m soil depth under the PTF treatment increased significantly from 5.64% to 34.72% compared with that under the STF treatment from pre-seeding to anthesis and significantly increased from 8.67% to 11.56% compared with that under the NTF treatment from pre-seeding to the overwintering stage. In the overwintering period, aeration porosity (Pa) in the 0.1–0.3 m profile under the PTF treatment increased from 31.59% to 73.98% compared with that under the NTF treatment, and that of the 0.2–0.3 m soil layer under the STF treatment increased by 82.47% compared with that under the STF treatment. At the overwintering stage and jointing stage, capillary porosity (Pc) at 0.2–0.3 m soil depth under the NTF treatment increased significantly by 17.45–17.72% compared with that under the STF treatment. The Pt and Pa of the 0–0.1 m soil layer promoted soil water storage in the 0.1–1 m soil profile, while the Pc of the 0–0.3 m soil profile was significantly negatively correlated with the gravimetric water content of the 0.1–0.6 m soil profile. In summary, compared with the NTF treatment, the PTF and STF treatments increased the soil water content and soil water storage at a depth of 0–1 m by increasing Pt and Pa.
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1. Introduction


The global dryland area accounts for 45.36% of the total land area [1] and supports 38% of the global population [2]. In the scenario of future climate change, the global dryland area may increase by 11–23% at the end of the 21st century [3], which will bring more serious threats to the available freshwater resources and food security. The arable dryland in China accounts for approximately 50.33% of the total arable land area [4]. Improving dryland crop productivity is of great significance for ensuring food security in China. Soil moisture is the most critical limiting factor for dryland agricultural production. Improving the use efficiency of natural precipitation and enhancing soil water storage is an important way to achieve stable and large yields of dryland crops. Soil pore distribution is closely related to soil water transport, and good soil pores are beneficial to efficient water utilization and crop growth. Soil tillage and other agricultural management practices can affect the distribution of soil pores, change the temporal and spatial distribution of soil water, and then affect the growth and yield of dryland crops.



Tillage practices can directly change the soil porosity [5,6]. However, the effect of tillage on soil porosity is still controversial in previous studies. It was generally recognized that no-tillage was used to significantly reduce the total soil porosity, soil macroporosity [7,8], and even small porosity [9], compared to traditional tilling. However, some scholars believe that no-tillage can increase the total soil porosity and soil macroporosity of the surface layer (0–0.05 m) [5,10]. In addition, compared with traditional tilling, subsoiling can effectively increase the total soil porosity and soil macroporosity at a depth of 0–0.4 m [11]. However, some scholars believe that the effect of subsoiling measures on the total porosity, large porosity and small porosity of the 0–0.2 m soil layer is relatively small [12]. The differences in results among different studies may be related to climatic conditions, soil texture, sampling time, planting system, and tillage machinery power [13].



Time variability is one of the key factors affecting the distribution of soil pores in farmland [14], which further affects biological activities and root growth [15]. At present, research on the effect of tillage practices on soil porosity mainly focuses on the sampling time after the crop is harvested, while the evaluation of soil porosity time variability during the crop growth period is rare. Soracco et al. [16] found that the adoption of no-tillage increased the soil macroporosity during crop growth, whereas it decreased it after harvest; in contrast, the adoption of plough tillage practices showed the opposite trend. Haruna et al. [17] showed that the soil macroporosity increased after soil tillage, but, gradually decreased during the growth period. Due to the differences in climatic conditions, soil types and farming systems, there are different effects of soil tillage on porosity.



Wheat is one of the three main grain crops in China. Dryland wheat plays an important role in agricultural production on the Loess Plateau. The wheat sown area in Shanxi Province accounts for more than 20% of the crop sown area, and its output accounts for approximately 25% of the province’s grain output [18]; in addition, the dryland winter wheat sown area accounts for approximately 60% of the total wheat sown area in Shanxi Province [19]. However, the precipitation in the region is mainly concentrated in July–September, which is very inconsistent with the water demand period of wheat growth. Water conservation technology, with deep tillage during the summer fallow as the core, is one of the characteristic drought-resistant technologies. Previous works of our team has shown that the adoption of water conservation technology can allow the soil to receive greater precipitation during the summer fallow season, leading to an increase in soil moisture storage before winter wheat sowing [20,21]. Then, precipitation in the summer season can be used by winter wheat in dryland and promote a stable and high yield of winter wheat in the region [20,21]. At present, the effect of precipitation accumulation and the features of soil water accumulation and consumption in dryland wheat fields when using this technique have been well understood. However, how soil water content is influenced by tillage during the summer fallow period when changing the spatial and temporal distribution of soil pores is not clear. This study mainly analyzed the spatiotemporal variation in soil pores and their contribution to soil water content in different growth periods of dryland winter wheat under different tillage practices during the summer fallow period to provide a theoretical basis and technical support for further improving soil water storage in dryland wheat fields in the region.




2. Materials and Methods


2.1. Experimental Site Description


This experiment was conducted in the wheat research base of Shanxi Agricultural University, which is located in Shangyuan Village (111°43′ E, 35°39′ N), Hougong Township, Wenxi County, Yuncheng City, Shanxi Province, in the eastern part of the Loess Plateau (Figure 1). It has a typical warm–temperate sub-humid continental monsoon climate, with an average annual temperature of 12.5 °C, an average sunshine duration of 2242 h, and an average annual precipitation of 506 mm. The frost-free period is approximately 190 days. Approximately 60% to 70% of the precipitation is concentrated from July to September during the summer fallow season. Before the experiment was set up, the contents of sand, silt, and clay in the 0–0.2 m soil layer were 16.13%, 54.25%, and 29.62%, respectively. The predominant soil at the experimental site is classified as Calcaric Cambisols. Its basic nutrients were found to be organic matter 8.8 g·kg−1, alkali-hydrolyzed nitrogen 61.31 mg·kg−1, available phosphorus 10.4 mg·kg−1, and available potassium 114.0 mg·kg−1. The pH value was 8.44. Winter wheat summer fallow is the main cropping system in the dryland in the region. In general, the growth season of winter wheat ranges from late September to early June, and no crops are planted the rest of the year. In this study, the local temperature and precipitation distribution from July 2020 to June 2021 are shown in Figure 2.




2.2. Experimental Design


In this study, the treatments were conducted in a randomized complete block design in 2018 with three tillage practices: no-tillage during summer fallow (NTF), subsoiling during summer fallow (STF), and plough tillage during summer fallow (PTF). The plot size was 210 m2 (7 m wide × 30 m long) with three replicates. All treatments left 0.2–0.3 m of stubble after the previous winter wheat harvest. In the PTF and STF treatments, 600 kg·ha−1 of bio-organic fertilizer (SOM ≥ 45%, N + P2O5 + K2O ≥ 5%, Hongtong Jinnongkang Biotechnology Co., LTD) was generally applied after heavy rain in mid-to-late July. In the STF treatment, a subsoiler integrated with a fertilization machine was used for soil loosening and bio-organic fertilizer application. The noninversion tillage depth was approximately 0.3–0.35 m in the STF treatment, and most of the straw still covered the soil surface. In the PTF treatment, after bio-organic fertilizer was spread on the soil surface, a moldboard plough tillage machine was used to disturb the soil to a depth of 0.25–0.3 m. Straw was buried in the soil under the PTF treatment. The NTF treatment is a common practice used by local farmers, with no tillage or fertilization during summer fallow. Bio-organic fertilizer was applied before sowing under the NTF treatment. At the end of August, rotary tillage (with a depth of approximately 0.1 m) was applied for harrowing to prevent water loss and bury weeds. Before sowing, 600 kg·ha−1 of compound fertilizer (N:P2O5:K2O = 18:22:5) was applied in all treatments, and rotary tillage was applied to provide a good environment for planting again. In this study, the winter wheat cultivar Yunhan 618 was used, and the sowing amount was 165 kg·ha−1.




2.3. Sampling and Determination Methods


In this study, undisturbed soil samples in the 0–0.1 m, 0.1–0.2 m, and 0.2–0.3 m soil layers were collected to determine the soil bulk density, soil total porosity (Pt), aeration porosity (Pa), capillary porosity (Pc), and gravimetric water content (GWC) before tillage during summer fallow, before the sowing of winter wheat, at the overwintering stage, at the jointing stage, at the anthesis stage, and after harvest during the 2020–2021 season.



Soil porosity was measured by the cutting-ring method [22]. A cutting ring of 100 cm3 (diameter 5.05 cm, height 5.00 cm) was used to collect the undisturbed soil in the 0–0.3 m profile. At the same time, the additional soil in the same nearby layer was taken into a valve bag, 140 g of which was loaded into a 100 cm3 empty cutting ring after air-drying and passing through a 1 mm sieve (Figure 3I). The cutting ring with the undisturbed soil sample was brought back to the laboratory, and the soil outside the cutting ring was wiped. After removing the top nonporous lid, the cutting ring with the undisturbed soil covered with the bottom mash lid (Figure 3II) was placed into a plastic box (height 0.1 m) covered with gauze. Then, water was slowly added from the edge of the plastic box to a level slightly lower than the upper surface of the cutting ring, so that the undisturbed soil was fully saturated with water (Figure 3III). The top nonporous lip was covered on the cutting ring with the water-saturated undisturbed soil sample, the bottom mash lid was removed, and a layer of qualitative filter paper was immediately attached to the bottom (Figure 3IV) and placed on the cutting ring with the soil. The edges of the two cutting rings were neatly placed together and compacted with an approximately 2 kg weight to put them into close contact (Figure 3V). After the gravity water was completely discharged, the weight of the cutting ring with the undisturbed soil sample was measured and recorded as M1. After that, the cutting ring with the undisturbed soil sample was placed in an electrothermal blow-drying oven at 105 °C to dry it to a constant weight, which was recorded as M2. Finally, the undisturbed soil within the cutting ring was removed and wiped clean, and the weight of the empty cutting ring was recorded as M0. Based on the above data, Pt, Pa, and Pc were calculated using Equations (1), (3) and (5), respectively, by Zou et al. [23].


   P t  = ( 1 −    ρ b     P d    ) × 100 %  
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   P c  =   ( F C − P W C ) ×  ρ b    W D   × 100 %  



(5)




In the above Equations, Pt is the total porosity (%), ρb is the soil bulk density (g·cm−3), and Pd is the particle density, which is generally 2.65 g·cm−3 for most mineral soils [24]. V is the volume of the ring cutter (cm3), Pa is the aeration porosity (%), and FC is the soil field water capacity (g·g−1). WD is the density of water, 1 g·cm−3; Pc is the capillary porosity (%), and PWC is the soil permanent wilting water content (g·g−1), which was determined according to the method by Yi [25].



A 0.05 m diameter soil drill was used to collect 0–2 m (0–0.6 m profile sampling depth interval of 0.1 m, 0.6–2 m profile sampling depth interval of 0.2 m) soil samples, and the aluminum box drying method was used to determine GWC. The soil water storage (SWS) in different growth periods was calculated by multiplying the soil bulk density by GWC according to the method of Ge et al. [26]. Here, the soil bulk densities in the 0–0.3 m profile were measured in different growth periods during the 2020–2021 season and used to calculate the GWC of the 0–0.3 m profile, which was different among different growth periods. However, we measured soil bulk densities in the 0–2 m profile before the experiment carried out in 2018 and applied them to calculate the GWC of the 0.3–2 m profile.




2.4. Statistical Analysis


In this study, Microsoft Excel 2016 software was used for routine calculation of the data, and Origin 2019b software was used for drawing. SPSS 16.0 software was used to conduct variance analysis, multiple comparison analysis, and regression analysis for the data from the tillage treatments and different growth periods. A new multiple range method was used for multiple comparisons.





3. Results


3.1. Total Porosity


By analyzing the effects of tillage during summer fallow on Pt in different growth periods (Figure 4), we found that the Pt of the 0–0.2 m profile for all treatments before the sowing of winter wheat was significantly higher than that before tillage during summer fallow. With the growth process winter wheat, the Pt of the 0–0.2 m profile under all treatments showed a gradually decreasing trend. In the 0.2–0.3 m soil layer, the PTF treatment led to a gradually decreasing trend, while the NTF and STF treatments led to a gradually increasing trend. Compared with NTF and STF, the Pt in the 0.2–0.3 m soil layer under the PTF treatment increased by 9.41–11.56% and 4.57–34.72% at the pre-seeding and overwintering stages, respectively. Compared with the PTF treatment, the Pt of the 0.1–0.3 m soil profile at the jointing stage and of the 0–0.2 m soil profile after harvest increased by 3.18–10.74% under the NTF treatment. Compared with the NTF and PTF treatments, the Pt of the 0.1–0.3 m soil profile under the STF treatment after harvest increased by 3.42–12.91% and 6.70–20.34%, respectively.




3.2. Aeration Porosity


The Pa of the 0–0.2 m soil profile for all treatments was significantly increased by 44.98–141.13% before sowing compared with that before tillage during summer fallow (Figure 5). Since sowing, the Pa of the 0–0.3 m profile for all treatments showed a gradually decreasing trend with the growth of winter wheat. At the overwintering stage, the Pa of the 0.2–0.3 m soil layer under the PTF treatment was significantly increased by 31.58% and 82.47% compared with that under the NTF and STF treatments, respectively. At the overwintering and harvesting stages, the Pa of the 0–0.1 m soil layer was significantly increased by 17.29% and 40.79% under the NTF treatment compared with that under the PTF treatment, while the Pa of the 0.1–0.2 m soil layer under the STF treatment was significantly increased by 15.29% and 50.43% compared with that under the NTF treatment. In addition, the Pa of the 0.1–0.3 m profile under the STF treatment increased by 17.07–135.61% compared with that under the PTF treatment.




3.3. Capillary Porosity


The Pc of the 0–0.1 m soil layer before tillage during summer fallow significantly increased by 16.23–36.61% compared with that at pre-seeding (Figure 6). Since the sowing of winter wheat, the Pc of the 0–0.3 m profile for all treatments showed a gradually increasing trend with the growth process of winter wheat. Compared with the STF treatment, the NTF treatment significantly increased the Pc of the 0.2–0.3 m layer from the overwintering to the jointing stage by 17.44–17.73% and that of the 0–0.1 m layer by 9.93% at the anthesis stage.




3.4. Soil Water Content and Water Storage


Compared with the NTF treatment, the average GWC in the 0–2 m profile was significantly increased by 11.14–14.25%, and the SWS was significantly increased by 9.28–10.41% before tillage during the summer fallow at the jointing and anthesis stages (Figure 7). The SWS of the 0–2 m profile under the STF treatment was significantly increased by 3.14% and 13.14% compared with that under the NTF treatment before sowing and at the jointing stage, respectively. By analyzing the contributions of the soil porosity of the 0–0.3 m profile to the GWC of each layer in the 0–2 m soil profile (Figure 8), we found that the Pt and Pa of the 0–0.1 m soil layer were significantly positively correlated with the GWC in each 0.1–1 m soil layer. Every 1% increase in Pt and Pa, the GWC increased by 0.38–0.68% and 0.19–0.38%, respectively. There was a significant negative correlation between Pt and Pa in the 0.1–0.2 m soil layer and GWC in the 0–0.1 m soil layer. There was a significant negative correlation between Pc in the 0–0.3 m soil layer and GWC in the 0.1–0.6 m soil profile. For every 1% increase in Pt and Pa, the GWC decreased by 0.26% to 0.70%, respectively. In addition, the Pt and Pa of the 0–0.1 m soil layer were positively correlated with the average GWC of the 0–2 m profile and soil water storage. The Pc of the 0–0.2 m soil profile was negatively correlated with the GWC and SWS of the 0–2 m soil profile.





4. Discussion


4.1. Effect of Tillage during Summer Fallow on Soil Porosity


Generally, tillage can loosen soil and increase soil total and aeration porosity [27,28]. The results showed that Pt and Pa increased significantly, and Pc decreased significantly in the 0–0.2 m soil profile before the sowing of winter wheat compared with their respective values before tillage during summer fallow. This was mainly due to deep plough under the PTF treatment and loosening under the STF treatment at the end of July and rotary tillage for all treatments at the end of August in the current study. Although the tillage intensity was different under different treatments, the soil pore structure was strongly damaged under all treatments, and Pt and Pa were significantly increased. In addition, with the implementation of rotary tillage at the end of August, the straw stubble of winter wheat was buried in the tilled zone. Then, straw decomposition could promote the formation of porosity [29,30]. However, with the passage of time, Pt and Pa of the 0–0.2 m soil profile under all treatments gradually decreased, while Pc gradually increased. This might be due to soil subsidence under gravity and the strike of precipitation, resulting in a gradual compact arrangement of the soil particles.



Soil pore distribution is directly related to water storage and migration, gas diffusion, root growth and development, and biological community distribution [31]. This study showed that compared with the PTF treatment, the Pt in the 0.2–0.3 m soil layer under the NTF treatment and in the 0.1–0.3 m soil layer under the STF treatment significantly decreased from the pre-seeding to the overwintering stage (Figure 4), and the Pa of the 0.1–0.3 m soil profile under the NTF treatment and the 0.2–0.3 m soil layer under the STF treatment significantly decreased during the overwintering stage (Figure 5). This may be due to the severe disturbance of the 0–0.3 m soil profile by plough tillage under the PTF treatment at the end of July, which was looser in the tilled zone [32] and resulted in the increase in Pt and Pa. In addition, crop residues and bio-organic fertilizer under the PTF treatment were turned over into deeper soil, the decomposition of which could improve the soil aggregate structure and thus increase soil porosity [33]. An excellent soil pore structure can promote the downward growth and extension of crop roots [34,35]. Previous studies showed that soil subjected to the PTF treatment contained more abundant roots in the 0–0.8 m profile than after the NTF treatment in the growing season of winter wheat [20,36], which also increased soil porosity to a certain extent. For the STF treatment, which can also break the plough layer, however, the effect of increasing soil pores in the 0.1–0.3 m soil profile was not as good as that of the PTF treatment. This may be attributed to the fact that the implementation of subsoil at the end of July only breaks a plough pan without changing the order of the upper and lower soil layers under the STF treatment [37]. Meanwhile, the topsoil becomes more tightly packed with the self-regulation of soil [38] from the pre-seeding to the overwintering stage, resulting in relatively lower Pt and Pa. In addition, the NTF treatment did not cause any disturbance to the soil at the end of July, and the depth of rotary tillage was shallow at the end of August and at the pre-seeding stage in this study. Therefore, the soil >0.1 m under the NTF treatment was less disturbed and was subjected to long-term soil compaction by agricultural machinery and soil gravitational effects [39], resulting in lower Pt and Pa.




4.2. Relationship between Soil Porosity and Soil Water


The storage of soil water is affected by the spatial and temporal distribution of soil pore quantity, size, and continuity, especially Pa. In general, preferential flow generated by aeration pores is considered to be the sole way to source water in deep soil [40]. In this study, it was found that Pt and Pa in the 0–0.1 m soil layer were positively correlated with GWC in the 0.1–1 m soil profile, which had a significant impact on the average GWC and SWS in the 0–2 m soil layer. The above results indicated that the increase in Pt in the 0–0.1 m soil layer, especially Pa, can promote soil water reserves in the 0.1–1 m soil profile. This may be responsible for the fact that Pa is a major pathway for soil water movement, and water in aeration pores flows from top to bottom under the action of gravity. The higher the Pa is, the more pathways for preferential flow can be provided [41], thus promoting the rapid infiltration of precipitation and increasing water storage in deep soil. Generally, the adoption of PTF and STF treatments can promote soil Pa [42]. However, there was little difference in Pa among the different treatments before the seeding of winter wheat in this study. This may be ascribed to the fact that rotary tillage was carried out in each treatment at the end of August, which weakened the influence of tillage during summer fallow on Pa at the end of July. In addition, previous studies concluded that compared with the NTF treatment, the adoption of the PTF and STF treatments could lead to the storage of precipitation during summer fallow into the soil and improve SWS before seeding and water use efficiency [20,21]. This may be mainly because the effect of soil aeration pores storing precipitation in the soil mainly occurred in the period from soil tillage at the end of July to rotary tillage at the end of August; meanwhile, the main precipitation in the region was also concentrated in that period. In future studies, we will conduct sampling analyses before rotary tillage at the end of August to scientifically evaluate the mechanism of water storage by changing soil pores under the condition of tillage during summer fallow. In addition, the reason for the small difference in GWC and SWS under different treatments may be related to a larger precipitation in the study year. That is, when the precipitation is low, the water storage effect of the soil aeration pores and the water retention effect of the capillary pores may be stronger. Therefore, we will continue to conduct long-term experiments to evaluate the contribution of the soil pores to water storage under different tillage practices during the summer period based on multiyear experimental data.



The amount of Pc can reflect the ability of soil to preserve water [43]. It is concluded that the Pc of the 0–0.3 m soil profile had a significant negative correlation with the GWC of the 0.1–0.6 m soil profile, and Pc of the 0–0.2 m soil profile significantly affected the average GWC and SWS of the 0–2 m soil profile. Generally, soil water in the capillary pores is classified as available water, which can be absorbed and utilized by the crop root system. With the increase of Pc, the amount of available water increases. Then, the amount of water absorbed by crops could increase, and the amount of water consumed by crops would also increase, leading to a decrease in the GWC.



Surprisingly, there were greater soil gravimetric water content and soil water storage in the 0–2 m soil profile under PTF compared with those under NTF and STF. In our study, the tillage experiment was implemented since 2018, and subsoiling and plough tillage were carried out during summer fallow after heavy rain in mid-to-late July every year with the STF and PTF treatments. Previous work of our team showed that subsoiling and plough tillage during summer fallow affected the soil water storage of the 0–3 m soil profile during the whole growth season of winter wheat in different rainfall years, and there was still a difference in soil water storage at the stage of mature winter wheat among tillage treatments [44]. Therefore, this might be due to the legacy effect of plough tillage during summer fallow in late July 2019, leading to the difference in greater soil water storage before tillage during summer fallow for the PTF treatment in 2020. Additionally, there were great differences in the growth of weeds among tillage treatments from tillage during summer fallow to before rotary tillage at the end of August in our study, which would affect the consumption of soil water during fallow. Howsoever, in past research, we did not pay proper attention to changes in the soil water storage of the 0–2 m profile from winter wheat harvest to before tillage during summer fallow. Therefore, we will assess the change in soil water storage of the 0–2 m profile after winter wheat harvest. Lower GWC and SWS at the jointing stage after the NTF treatment were observed compared with those after the PTF and STF treatments in the current study. A plausible explanation is larger soil evaporation for the NTF treatment compared with the PTF and STF treatments from the overwintering stage to the jointing stage and even the anthesis stage, because of the lower total number of seedling tillers and leaf area index for the NTF treatment.




4.3. Limitations and Prospects


This study mainly analyzed the effect of soil porosity of the 0–0.3 m profile on soil water of the 0–2 m profile and found that soil porosity had a significant effect on the GWC of the 0.1 m–1.2 m soil profile, especially on that of the 0.1 m–0.6 m soil profile; however, we found no significant effect on the GWC of the >1.2 m soil profile. This suggests that the effect of tillage practices on the GWC by changing soil porosity may not be limited to the tilled zone. Although the influence of soil tillage and crop roots on soil porosity is mainly in the tilled zone, the soil pores would change to a certain extent due to the formation of macro-pores in deeper soil by the downward growth of crop roots and soil animal activities [11], thus affecting the soil water movement. In future studies, we will increase the sampling depth of the soil pores to analyze the influence of deeper soil pores on soil water.



In this study, the soil pores were classified into aeration pores and capillary pores according to the traditional classification method; however, the specific pore size was not determined. In recent years, X-ray tomography (CT) and image processing technology have been gradually applied to the study of soil pores in farmland [45,46]. These technologies can provide three-dimensional imaging of the soil pore structure without damaging it and can quantitatively analyze the changes in soil pore size, number, distribution, and continuity [47,48,49]. At present, a large number of studies have used the CT technology and image processing technology to quantitatively analyze the influence of tillage practices on soil porosity [50,51,52]. In future studies, we will conduct relevant experiments based on the CT technology to evaluate the influence of tillage measures in the summer fallow period on soil pores in dryland wheat fields and then quantitatively evaluate the contribution of soil pore changes to soil water storage.





5. Conclusions


This study analyzed the dynamics of soil porosity at the main growth stage of winter wheat and its relationship with soil water under different tillage practices during the summer fallow period and concluded that (1) with the progress of winter wheat growth, the Pt and Pa of the 0–0.2 m soil profile decreased gradually, while the capillary porosity increased gradually; (2) the increase in the Pt and Pa of the 0–0.1 m soil layer promoted the increase in GWC and SWS in the 0.1–1 m soil profile, whereas the Pc in the 0–0.3 m soil profile had a negative effect on GWC in the 0.1–0.6 m soil profile; (3) compared with the NTF treatment, the increase in GWC and SWS under the PTF and STF treatments could be mainly due to the increase in Pt and Pa; however, this effect might mainly occur from after tillage during summer fallow (at the end of July) to before rotary tillage (at the end of August).
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Figure 1. Location of the experimental site and tillage treatments during summer fallow. 
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Figure 2. Temperature and precipitation at the experimental site from July 2020 to June 2021. 
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Figure 3. Schematic diagram of the soil porosity measurement process. I indicate filling an empty cutting ring with 1 mm of soil. II indicate the cutting ring with the undisturbed soil sample covered with the bottom mash lid. III indicate the cutting ring with water-saturated undisturbed soil sample covered with the bottom mash lid. IV indicate the cutting ring with water-saturated undisturbed soil sample covered with the nonporous lip and a layer of qualitative filter paper. V indicate a complex of two cutting rings and 2 kg weight. 
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Figure 4. Effects of tillage during summer fallow on soil total porosity in the examined dryland wheat field. NTF is no tillage during summer fallow, STF is subsoiling during summer fallow, and PTF is plough tillage during summer fallow. The lowercase letters in the same column indicate significant differences among those treatments at p < 0.05. The capital letters with the same color indicate significant differences among different sampling times at p < 0.05. * indicate the significant at p < 0.05. 
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Figure 5. Effects of tillage during summer fallow on aeration porosity in the dryland wheat field. NTF is no tillage during summer fallow, STF is subsoiling during summer fallow, and PTF is plough tillage during summer fallow. The lowercase letters in the same column indicate significant differences among those treatments at p < 0.05. The capital letters with the same color indicate significant differences among different sampling times at p < 0.05. * indicate the significant at p < 0.05. 
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Figure 6. Effects of tillage during summer fallow on soil capillary porosity in the dryland wheat field. NTF is no tillage during summer fallow, STF is subsoiling during summer fallow, and PTF is plough tillage during summer fallow. The lowercase letters in the same column indicate significant differences among those treatments at p < 0.05. The capital letters with the same color indicate significant differences among different sampling times at p < 0.05. * indicate the significant at p < 0.05. 






Figure 6. Effects of tillage during summer fallow on soil capillary porosity in the dryland wheat field. NTF is no tillage during summer fallow, STF is subsoiling during summer fallow, and PTF is plough tillage during summer fallow. The lowercase letters in the same column indicate significant differences among those treatments at p < 0.05. The capital letters with the same color indicate significant differences among different sampling times at p < 0.05. * indicate the significant at p < 0.05.



[image: Land 12 00230 g006]







[image: Land 12 00230 g007 550] 





Figure 7. Effects of tillage during summer fallow on soil gravimetric water content and soil water storage in the dryland wheat field. The lowercase letters indicate significant differences among those treatments at p < 0.05. BTSF indicates the sampling time before tillage during summer fallow. BS indicates the sampling time before the sowing of winter wheat. OW indicates the sampling time at the overwintering stage. JS indicates the sampling time at the jointing stage. AN indicates the sampling time at the anthesis stage. AH indicates the sampling time after the harvest of winter wheat. 
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Figure 8. Correlation between soil porosity and soil moisture. GWC indicates the soil gravimetric water content, and SWS indicates the soil water storage. * indicate the significant at p < 0.05. 
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