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Strip tillage is an effective tillage technique, which included the strip seedbed tilled area (ST-IR) and the straw-covered area between the seedbeds (ST-BR). However, soil hydrothermal conditions and soil disturbance varies with strip tillage widths, which might affect crop growth and yields. Therefore, this study explored the effect of strip tillage width on the soil hydrothermal conditions and soil structure of ST-IR and ST-BR, to determine the optimal strip tillage width. A field experiment with three replicates was conducted to analyze soil moisture and soil temperature variation and to clarify the difference of soil structure in the IR and BR. Three strip tillage widths, 20 cm (ST20), 30 cm (ST30), and 40 cm (ST40), were examined in this study. Soil temperature in both the ST-IR and ST-BR increased as the strip tillage width increased, and the average soil temperature of ST30-IR and ST40-IR in the seedling stage was 2.11°C and 2.62°C higher than that of ST20-IR, respectively. Moreover, the daily soil temperature range in both the IR and BR was greater for ST40 than for ST20 and ST30 in the seedling stage; soil temperature differences in other crop growth stages were small. No significant difference in soil temperature was observed between ST30-IR and ST40-IR. Conversely, soil moisture was greater in ST20-IR and ST30-IR than in ST40-IR; soil moisture was also greater in ST30-BR and ST40-BR than in ST20-BR during the monitoring period. Soil moisture in ST40-IR and ST20-BR increased and decreased more rapidly during rainfall events than in the other treatments. Moreover, soil temperature was higher in the ST-IR than in the ST-BR for all 3 strip tillage widths, and the opposite results were observed for soil moisture. In addition, strip tillage widths had no significant differences on soil structure. In conclusion, a 30 cm strip tillage width had higher soil temperature and remained more soil moisture than other strip tillage widths, so this strip tillage width is thus recommended for use by farmers in Northeast China.
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1 INTRODUCTION
Tillage is a critically important agricultural management technique for improving soil properties and grain production (Munkholm et al., 2013; Pires et al., 2017). However, long-term conventional tillage practices (CT), such as rotary tillage and moldboard plowing, can increase soil erosion and decrease soil productivity (Bessam and Mrabet, 2003; Reicosky, 2015; Carretta et al., 2021). To address these problems, many studies have reported that conservation tillage measures, which leave at least 30% of the crop residues on the soil surface, and crop rotation can improve soil quality and control soil erosion (Farooq and Siddique, 2015; Blevins et al., 2018; Klik and Rosner, 2020; Chen et al., 2024).
The Mollisols region of Northeast China is a major soybean and corn-producing region. Recently, CT has been shown to lead to soil degradation, and the on-going soil degradation has an obvious influence on soil quality and crop yields in this region (He et al., 2010; Liu et al., 2010). Ensuring the national food security by rational use of cultivated land is an important challenge in the Mollisols region of Northeast China. Therefore, a shift from CT to conservation tillage is needed to improve soil quality and reduce soil loss (Liu et al., 2010; Xu et al., 2018). In this region, many studies have reported that conservation tillage obviously increased soil water storage, and long-term conservation tillage can improve soil aggregate structure and soil organic carbon content, compared with CT (Li et al., 2019; Zhang et al., 2012; Zhang et al., 2015; Zhou et al., 2022; Zhang et al., 2018). However, some studies have shown that conservation tillage with straw mulching (e.g., no-tillage) reduces soil temperature by 1.5°C–1.8°C in spring and increases soil penetration resistance (Chen et al., 2011; Blanco-Canqui and Ruis, 2018; Shen et al., 2018; Chen et al., 2021; Li et al., 2022). Chen et al. (2011) found that short-term no-tillage reduces maize yields by up to 30%. Li et al. (2022) also observed the maize yields of no tillage with 100% residue coverage was 10.35% less than conventional tillage. Due to crop production losses and their economic benefits reduction, no tillage is hard to be popularized and applied by the farmers in this region, which significantly limit the wide use of no tillage.
Strip tillage (ST) is an effective conservation tillage measure for increasing the seed emergence percentage and maize yields by 8.34% and by 2.82%, respectively, compared with no-tillage in the Mollisols region of Northeast China (Chen et al., 2021). It divides the soil into a strip seedbed zone with no straw mulching (ST-IR) and a straw-covered zone between the seedbeds (ST-BR). The ST-IR is worked mechanically down to a depth of 10–20 cm to enhance the microclimate and surface microtopography for seed emergence and crop growth, and the undisturbed, straw-covered zone between the seedbeds is untilled (Morrison, 2002; Celik et al., 2013). Hence, ST combines the main advantages of no-tillage and conventional tillage. Due to straw mulching in ST-BR, ST can reduce soil evaporation and increase soil moisture, and straw mulching also can increase surface roughness reduce raindrop impact, which led to reduction of soil loss compared with conventional tillage (Al-Kaisi and Licht, 2004; Carretta et al., 2021; Chen et al., 2021). In addition, ST also can increase the surface soil temperature during the seedling period, and seed germination and soil structure are enhanced under ST compared with under no-tillage, as a result of soil loosening in ST-IR (Al-Kaisi and Licht, 2004; Licht and Al-Kaisi, 2005a; Licht and Al-Kaisi, 2005b; Celik et al., 2013; Pöhlitz et al., 2018). Several studies have reported that crop yields are higher under ST than under no-tillage, but crop yields under ST are slightly lower or similar to those under conventional tillage (Opoku et al., 1997; Vetsch and Randall, 2002; Lamm and Aiken, 2007; Chen et al., 2021).
Soil moisture and soil temperature conditions are the important factors affecting seed germination and crop growth (Roberts et al., 2005; Ramakrishna et al., 2006). Soil temperature has a significant effect on soil evaporation, soil aeration, and soil microbial activity (Licht and Al-Kaisi, 2005a; Licht and Al-Kaisi, 2005b; Gharabaghi et al., 2015; Jahanfar et al., 2018). Soil moisture is also a key factor affecting soil heat flow and crop growth and yields (Zhang et al., 2009; Holzman et al., 2014). Meanwhile, better soil structure can improve the ability of crop roots to grow and to supply the leaves with water and nutrients (Passioura, 1991; Zhang et al., 2021; Hartmann and Six, 2023).
Therefore, clarifying the effects of ST on soil water–heat conditions and soil structure is important for optimizing the efficacy of ST practices. Celik et al. (2013) found that differences in strip tillage widths affected soil physical properties, seed emergence, and crop yields. In addition, the soil hydrothermal environment and soil structure might differ in ST-IR and ST-BR for different strip tillage widths due to differences in soil disturbance and surface cover. Therefore, identifying the optimum strip tillage width is essential for the application of ST in the Mollisols region of Northeast China. The aims of this study were (1) to characterize the changes in the soil temperature and soil moisture of ST-IR and ST-BR, and (2) to investigate the differences in soil structure during the crop growing season.
2 MATERIALS AND METHODS
2.1 Field experiments
Field experiments were carried out at the Hailun Monitoring and Research Station of Soil and Water Conservation, CAS, located in Hailun, Heilongjiang Province (47°21′N, 126°50′E) from May to October in 2022. This region was characterized by a typical sub-humid climate with mean annual precipitation of 530 mm, mean annual temperature of 1.5°C, and mean annual accumulated temperature of (>0°C) 3,550°C. The soil of the experimental field is a Mollisol according to the USDA classification. The soil properties (0–20 cm) are presented in Table 1.
TABLE 1 | The initial soil properties in the 0–20 cm soil layer.
[image: Table 1]Three strip tillage width treatments (20 cm, 30 cm, and 40 cm) were established in 2021, and the experiment was conducted in a randomized complete block design with three replicates per plot (5 m × 7 m). For each treatment, the maize straw was crushed and then covered evenly on the soil surface in the region of ST-BR in October after harvest, and the biomass was approximately 8.0 t hm–2. In 2022, maize was planted in the region of ST-IR by artificial sowing in May 1st. No other management measures were applied in all the plots during the other crop growth stage. The plant density was 4.8 plants per m2, and the fertilizer applied comprised 138 kg N·hm–2, 51.75 kg P·hm–2, and 15 kg K·hm–2. The herbicides acetochlor and thifensulfuron-methyl were applied before and after seeding to control weeds. Any remaining weeds were removed manually.
2.2 Measurement of soil moisture and temperature
The soil moisture and soil temperature of ST-IR and ST-BR were measured every 30 min in each treatment using an SMEC 300 device (WaterScout, Graton, CA, United States) at the depth of 5 cm, 10 cm and 20 cm, respectively. Soil temperature and soil moisture in the 0–20 cm depth were calculated as the average values of three monitoring soil layers. Data on air temperatures and the amount of rainfall in the experimental area were collected from the weather station near the plots. The time interval of air temperature data collection was consistent with that of soil temperature.
2.3 Measurement of soil physical properties
After harvest in 2022, bulk density (BD) for each plot was measured by using a steel cylinder measuring 5 cm in diameter and 5 cm high, and repeated three times. Soil samples were dried at 105°C for at least 8 h and then weighed. The mean BD results from the 0–5 cm, 5–10 cm and 13–18 cm cylinders were used to represent the 0–20 cm layers.
Three random soil samples of 0–20 cm depth were collected by the self-made sampling shovel, and placed in the self-sealing plastic bags. All the samples were air dried and crop roots were removed. As aggregate stability is measured on various aggregate sizes depending on the high vacuum slow wetting method (Sun et al., 2014). Three aggregate size classes (2 mm, 0.25 mm, and 0.053 mm) have been used in order to test the influence of initial aggregate size on the size distribution of breakdown fragments. The mass of each of four aggregate fractions (<0.053 mm, 0.053–0.25 mm, 0.25–2 mm and >2 mm) was recorded as Wwi, and the relative percentage was calculated as:
Wi was the proportion of the weight of the size aggregates fraction, and the formula is as follows:
[image: image]
The mean weight diameter (MWD) was calculated as:
[image: image]
Where Xi is the mean particle diameter (mm) of the ith size class, the mean particle diameter was taken as the arithmetic mean of the upper and lower sieve sizes.
2.4 Statistical analysis
All data were analyzed using a one-way ANOVA, and the significance of differences in means was evaluated using Tukey tests with SPSS analytical software 22.0 (SPSS Inc., Chicago, Illinois, United States). Multiple comparisons were performed using the least significant difference tests (p < 0.05). Figures were generated using Origin 2022 software.
3 RESULTS
3.1 Seasonal variation in soil moisture
In this study region, soil moisture plays an important role in crop growth, especially in the seedling stage, due to less rainfall. Average soil moisture in the ST-IR was significantly greater with a 20 cm strip tillage width (ST20-IR) and 30 cm strip tillage width (ST30-IR) than with a 40 cm strip tillage width (ST40-IR) during the growth stages (Figure 1A; Figure 2A). Soil moisture was 4.14% and 6.15% higher in the seedling stage (from May 8th to June 18th), 7.01% and 7.96% higher in the jointing stage (from June 19th to July 16th), 6.45% and 7.61% higher in the filling stage (from July 16th to August 29 th), and 6.83% and 6.60% higher in the mature stage (from August 30th to October 1st) in ST40-IR than in ST20-IR and ST30-IR, respectively. Soil moisture varied with the amount of rainfall, but little differences in soil moisture among strip tillage width treatments were observed when rainfall events occurred. However, in the absence of rain, soil moisture decreased more rapidly in ST40-IR than in the other treatments. For example, from May 25th to May 29th (Figure 1A), the average soil moisture of ST40-IR in this period was 5.40% and 7.33% lower than that of ST20-IR and ST30-IR, respectively.
[image: Figure 1]FIGURE 1 | Variation in soil moisture in the seedbeds (A) and between the seedbeds (B) in the growth stages. ST20, strip width 20 cm; ST30, strip width 30 cm; ST40, strip width 40 cm.
[image: Figure 2]FIGURE 2 | Soil moisture (A) and soil temperature (B) of the seedbeds (IR) and between the seedbeds (BR) in the crop growing season. ST20, strip width 20 cm; ST30, strip width 30 cm; ST40, strip width 40 cm.
Average soil moisture was significantly higher in ST30-BR and ST40-BR than in ST20-BR (Figure 1B; Figure 2A). Average soil moisture was 5.80% and 4.17% higher in ST30-BR and ST40-BR than in ST20-BR in the mature stage. The smallest difference in soil moisture among all treatments was observed in the seedling stage. ST30-BR had the greatest soil moisture in the growth stage, with the exception of the heavy rainfall events. Three heavy rainfall events occurred on July 1st, August 5th, and September 5th; soil moisture was 1.37%, 4.30%, and 1.21% higher in ST40-BR than in ST30-BR on July 1st, August 5th, and September 5th, respectively. The soil moisture of BR was higher than that of IR in all treatments, especially for ST40. Average soil moisture was 9.42% higher in ST40-BR than in ST40-IR during the growing period.
3.2 Seasonal variation in soil temperature
The soil temperature of ST-IR varied with air temperature in all treatments, especially in the seedling stage (Figure 2B; Figure 3A). The soil temperature of ST-IR increased and decreased more rapidly as the strip tillage width increased compared with ST-BR. During the whole growth period, the average soil temperature in ST40-IR was 1.14°C and 0.24°C higher than that in ST20-IR and ST30-IR, respectively. Furthermore, large differences in soil temperature among these treatments were observed in the seedling stage, but little difference was observed in the mature stage. The average soil temperature of ST40-IR in the seedling stage was 2.62°C and 0.51°C higher than that of ST20-IR and ST30-IR, respectively.
[image: Figure 3]FIGURE 3 | Variation in soil temperature in the seedbeds (A) and between the seedbeds (B) at different growth stages. ST20, strip width 20 cm; ST30, strip width 30 cm; ST40, strip width 40 cm.
The soil temperature of ST-BR varied with air temperature, but the range of variation in soil temperature was lower for ST-BR than for ST-IR in the three treatments. During the whole growth period, the average soil temperature was higher in ST40-BR than in the other treatments (Figure 2B; Figure 3B). For example, on September 20th, the minimum soil temperature of ST40-BR was 1.53°C and 0.71°C lower than that of ST20-BR and ST30-BR, respectively. The soil temperature range was higher for ST40-BR than for ST20-BR and ST30-BR. The largest difference in soil temperature among treatments was observed in the seedling stage, and average soil temperature was 1.85°C and 1.25°C higher in ST40-BR than in ST20-BR and ST30-BR, respectively. Soil temperature slightly varied among treatments in the mature stage. Additionally, the average soil temperature of ST30-IR and ST40-IR was greater than that of ST30-BR and ST40-BR, respectively. The soil temperature of ST20-BR was slightly higher than that of ST20-IR during the growing period.
The response of soil moisture to soil moisture during the no rainfall period (May 14th to May 18th) are shown in Figure 4. Soil moisture of ST-IR and ST-BR decreased with the increasing soil temperature for all the strip tillage widths in the form of linear function (y = −a·x + b). The relationship was negative for all the treatments, but was not significant. In addition, the a value of the ST-IR was greater than that of ST-BR, which indicated that soil moisture of ST-IR varied greatly with soil temperature than that of ST-BR.
[image: Figure 4]FIGURE 4 | Relationships between soil moisture and soil temperature of the seedbeds (A) and between the seedbeds (B). ST20, strip width 20 cm; ST30, strip width 30 cm; ST40, strip width 40 cm.
3.3 Variation in soil moisture during rainfall events
During the monitoring period (July 2nd), changes in soil moisture under different strip tillage widths were analyzed during three continuous rainfall events (RE): RE1 (6.8 mm), RE2 (12.0 mm), and RE3 (5.4 mm) (Figure 5). Soil moisture in ST20-IR, ST30-IR, and ST40-IR was increased by 10.3%, 4.8%, and 11.4%, respectively, during RE1. Soil moisture in ST40-IR (ranging from 38.9% to 31.4%) decreased slightly more rapidly than that in ST20-IR (ranging from 44.0% to 37.0%) and ST30-IR (ranging from 39.8% to 37.8%) after RE1. Similar results were observed in RE2 and RE3. During the three rainfall events, average soil moisture was 6.2% and 7.1% higher in ST20-IR and ST30-IR than in ST40-IR, respectively.
[image: Figure 5]FIGURE 5 | Variation in soil moisture of the seedbeds (A) and between the seedbeds (B) under different strip tillage widths during rainfall events. ST20, strip width 20 cm; ST30, strip width 30 cm; ST40, strip width 40 cm.
During the monitoring period, average soil moisture in ST20-BR, ST30-BR, and ST40-BR was 34.85%, 38.84%, and 38.18%, respectively. Soil moisture increased and decreased more rapidly during all rainfall events in ST20-BR than in ST30-BR and ST40-BR (Figure 5B). The average soil moisture in ST20-BR, ST30-BR, and ST40-BR increased by 3.01%, 2.08%, and 1.92%, respectively. After rainfall events, soil moisture decreased by 1.21%, 0.47%, and 0.82% in ST20-BR, ST30-BR, and ST40-BR, respectively. In this study region, rainfall is the major factor affecting soil moisture variability, due to no irrigation. Hence, maintaining higher soil moisture during the rainfall event is good for crop coots to absorb more water and nutrients, and thus improve crop growth and yields.
Furthermore, average soil moisture in ST20-IR, ST30-IR, and ST40-IR was 3.0%, 1.4%, and 5.9% greater than that in ST20-BR, ST30-BR, and ST40-BR, respectively. The highest value of soil moisture in ST-IR were observed earlier in the experimental period than that in ST-BR for all the strip tillage width treatments.
3.4 Daily changes in topsoil temperature
Figure 6 shows daily variation in soil temperature and air temperature under different strip tillage widths on May 20th. Air temperature ranged from 10.0°C to 30.4°C, with an average of 19.7°C. Daily soil temperature ranges were 11.87°C–15.63°C for ST20-IR, 12.03°C–21.40°C for ST30-IR, and 12.33°C–22.03°C for ST40-IR. The maximum values of soil temperature in ST20-IR, ST30-IR, and ST40-IR were observed at 17:30, 13:30, and 13:00, respectively. The mean daily soil temperature was 2.84°C and 3.82°C higher in ST30-IR and ST40-IR than in ST20-IR, respectively.
[image: Figure 6]FIGURE 6 | Daily variation in soil temperature of the seedbeds (A) and between the seedbeds (B) under different strip tillage widths during the seedling stage (in May 20th). ST20, strip width 20 cm; ST30, strip width 30 cm; ST40, strip width 40 cm.
Little variation in soil temperature was observed between the seedbeds for ST20 and ST30 compared with the soil temperature of the seedbeds. Soil temperature ranged from 12.01°C to 16.32°C, 12.57°C–16.80°C, and 12.87°C–20.20°C for ST20-BR, ST30-BR, and ST40-BR, respectively. The maximum values of soil temperature in ST20-BR, ST30-BR, and ST40-BR were observed at 16:30, 17:00, and 13:30, respectively. The minimum values of soil temperature in ST20-BR, ST30-BR, and ST40-BR were observed at 6:30, 6:30, and 5:30, respectively. The daily mean soil temperature of ST40-BR was 2.40°C and 1.87°C greater than that of ST20-BR and ST30-BR, respectively.
3.5 Soil structure
As shown in Table 2, 3 strip tillage widths did not significantly affect the BD of ST-IR and ST-BR, and its value ranged from 1.32 g cm−3 to 1.39 g cm−3. Meanwhile, it was found that the BD of ST-BR was slightly higher than that of ST-IR for each treatment.
TABLE 2 | Soil physical properties in different strip tillage width.
[image: Table 2]Similar to BD, strip tillage widths had no significant effect on water stable aggregate distribution. In both ST-IR and ST-BR, the highest proportion of soil aggregate was observed in the 0.25–2 mm size fractions. Meanwhile, no significant differences of MWD were observed among the different strip tillage widths. Furthermore, for each treatment, the >2 mm aggregate size fractions of ST-BR were slightly lower than that of ST-IR, but the MWD values exhibited the opposite trend.
4 DISCUSSION
4.1 Soil moisture
Soil moisture and soil temperature have major effects on the formation and development of soil, the movement of materials and energy in the soil, and the growth of crops. Conservation tillage with straw mulching can improve soil structure and soil water conservation, control variation in soil temperature and moisture, and enhance soil quality (Li et al., 2019; Chen et al., 2021; Dai et al., 2021; Tian et al., 2023). Previous studies (Licht and Al-Kaisi, 2005a; He et al., 2010; Pires et al., 2017; Rai et al., 2019; Song et al., 2019) have reported that clarifying variation in soil moisture and temperature is essential for evaluating the effects of ST on the soil environment. Differences in strip tillage widths have a marked effect on soil water–heat characteristics and crop yield (Celik et al., 2013). Our study found that strip tillage width had a significant effect on soil moisture in seedbeds and between seedbeds during the crop-growing season (Figure 1). Soil moisture was significantly greater in ST20-IR and ST30-IR than in ST40-IR, and the opposite patterns were observed between the seedbeds. These results could be attributed to (1) soil evaporation in the seedbeds increasing as the strip tillage width increases due to the lack of straw mulching and the high intensity of soil disturbance, which reduces the soil water content of ST-IR. These results were consistent with Liao et al. (2021). They found that mulching increased infiltration after rainfall and it can effectively reduce soil evaporation, and a positive significant correlation was found between evaporation and soil moisture. (2) The surface biomass after harvest was used in three treatments in this study; thus, the thickness of straw mulch between the seedbeds increased as the strip tillage width increased. A thick layer of straw mulch can reduce soil surface net radiation and soil evaporation, increase soil surface roughness and soil infiltration rate, which lead to greater soil moisture (Diaz et al., 2005; Dahiya et al., 2007; Qiu et al., 2014). Therefore, the average soil moisture was significantly higher in ST30-BR and ST40-BR than in ST20-BR during the growing season. Furthermore, our study revealed that the average soil moisture in ST30-BR was similar to that in ST40-BR, which might be related to soil water transport between ST-IR and ST-BR.
Many studies have shown that soil moisture is affected by rainfall conditions (Roberts et al., 2005; Wang et al., 2018). Similar results were observed in our study; specifically, our findings indicate that soil moisture in all three treatments varied with the amount of rainfall during the monitoring period. After rainfall, the rise and fall in soil moisture was more pronounced in ST40-IR than in ST20-IR and ST30-IR (Figure 5). The soil moisture range was greater in ST20-BR than in the other treatments. Furthermore, the soil moisture of ST-IR was significantly lower than that of ST-BR. These results indicate that straw mulching is an effective measure for increasing soil moisture by promoting the transmission and retention of water. Many studies have shown that straw mulching can promote soil infiltration, reduce water evaporation, protect the soil surface from the effects of raindrops, and reduce splash erosion (Fabrizzi et al., 2005; Ramakrishna et al., 2006; Liao et al., 2021).
4.2 Soil temperature
Compared with no-tillage, ST enhanced seed emergence and crop yields by creating loose seedbeds and increasing soil temperature, especially in our study region, which experiences a cold and dry climate during the spring (Chen et al., 2021; Dou et al., 2024). Licht and Al-Kaisi (2005a) found that the soil temperature was lower (by 1.2°C–1.5°C) under no-tillage than under ST and chisel tillage at a depth of 5 cm. A high seedbed soil temperature is important for seed emergence. Soil thermal diffusivity was higher under no-tillage practices than in tilled soil (Abu-Hamdeh, 2000; Fabrizzi et al., 2005; Blanco-Canqui and Ruis, 2018). The results of our study found that the three different strip tillage width treatments had a significant effect on soil temperature in seedbeds and between seedbeds (Figure 3). Soil temperature in ST40-IR increased and decreased more rapidly with air temperature than in the other treatments, and the daily ranges of soil temperature were highest in ST40-IR. The greatest differences in soil temperature among the three treatments were observed in the seedling stage; soil temperature in ST40-IR was 2.51°C and 0.52°C higher than that in ST20-IR and ST30-IR, respectively. However, these results were not consistent with those of Celik et al. (2013). They observed that the average seedbed soil temperature did not significantly differ among strip tillage width treatments during the seed emergence period. This might stem from differences in climate conditions, as spring in our study region is characterized by large differences in day and night air temperatures. Large differences in soil moisture in the seedbeds were observed in our study, and no significant differences in soil moisture were observed among the different strip tillage width treatments in Celik et al. (2013). Several studies have found that the effect of soil moisture on soil temperature can be attributed to its ability to increase soil thermal conductivity (Al-Kayssi et al., 1990; Obia et al., 2020). Furthermore, our results showed that soil temperature increased as the strip tillage width increased; these findings are consistent with those of Celik et al. (2013). This indicates that the area of soil disturbance increases as the strip tillage width increases. Soils disturbed by tillage show increased soil surface roughness and have more air pockets, which accelerates soil drying and heating when evaporation occurs (Morris et al., 2010; Schwartz et al., 2010).
Similar to ST-IR, the average soil temperature of ST40-BR was higher than that of ST20-BR and ST30-BR during the whole growth period, especially in the spring. These results indicate that the heat flow between ST-IR and ST-BR had no effect on the thickness of straw mulch between the seedbeds and that the strip tillage width and soil disturbance explained the variation in average soil temperature. Moreover, the average soil temperature of the seedbeds was significantly greater than that between the seedbeds for ST30 and ST40, and differences in the average soil temperature were small in the ST20 treatments. Generally, disturbed soil with no straw mulching in the seedbeds is much warmer and drier due to the pores, which facilitate the circulation of air, compared with undisturbed areas covered with residue (Abu-Hamdeh, 2000; Chang et al., 2020; Dai et al., 2021). Meanwhile, some studies have found that tillage can reduce soil aggregate size and stability; given that soil aggregates have a lower heat capacity and greater heat conductivity than water, dry soils typically warm and cool faster than wet soils (Licht and Al-Kaisi, 2005a; Licht and Al-Kaisi, 2005b; Blanco-Canqui and Ruis, 2018).
In addition, our study also found that soil moisture was negative related to soil temperature (Figure 4), and soil moisture of ST30-BR and ST40-BR was significantly higher than that of ST30-IR and ST40-IR, which might be a major factor for the lower soil temperature of ST-BR. Previous studies have reported that low soil temperature could inhibit germination and seedling growth of crop (Bhattacharyya and De Datta, 1971; Bollero et al., 1996; Chen et al., 2007). Barlow et al. (1977) found that the changes of soil temperature by 1°C had a significant influence on crop growth. Meanwhile, low soil temperature caused the death of lower leaves and chlorosis of the upper leaves, and both vegetative growth and dry matter production were retarded, which lead to reduction in grain yields (Bhattacharyya and De Datta, 1971; White et al., 1991; Calleja-Cabrera et al., 2020).
4.3 Soil physical properties
Tillage plays a vital role in crop growth and yields by improving soil structure (Opoku et al., 1997; Dahiya et al., 2007; Song et al., 2019). However, long-term CT measures, such as moldboard rotary plowing and chisel plowing, increase soil bulk density and penetration resistance and reduce soil aggregate stability, can directly lead to land degradation and enhance weed growth, and ultimately reduce crop yield (Alvarez and Steinbach, 2009; Chen et al., 2011; Sithole et al., 2016; Chen et al., 2021). Compared with CT, long term ST had a significant enhancement in soil pore and aggregate structure, which conducive to solute transport and root growth (Chen et al., 2011; Han et al., 2024). In this study, only the soil disturbance areas of three treatments were different and other soil management practices were same. Therefore, our study indicated that strip tillage widths did not significantly affect soil bulk density, aggregate distribution and stability.
Furthermore, differences in soil structure were observed between ST-IR and ST-BR. The BD of ST-IR was lower than that of ST-BR, due to the seedbed loosening after harvest (Kukal and Aggarwal, 2003; Jaskulska et al., 2020). Meanwhile, soil aggregate stability of ST-IR was slightly greater than that of ST-BR. Similar to no-tillage with no soil disturbance and straw mulching, short-term ST increased soil compaction and reduced soil aggregate stability of ST-BR. However, no significant differences in BD and soil aggregate stability were found between ST-IR and ST-BR. This could be due to the short duration of this study and sampling time (in October, the mature stage). Although loosening the soils of the seedbeds causes the lower soil bulk density in the seedling stage, the soil bulk density increased with the growing season due to the influence of rainfall and soil compaction (Karunatilake and Van Es, 2002; Keller et al., 2019). Tian et al. (2023) found that no significant difference of BD was between CT and NT in the mature stage, meanwhile, no significant differences in aggregate stability was observed in NT than CT. These results indicated that short-term mulching and soil disturbance treatments had a slight influence on soil structure. The land management practices of ST-IR and ST-BR was similar to that of CT and NT, respectively. Hence, no significant difference in soil structure was found between ST-IR and ST-BR. In addition, Li et al. (2019) reported that long-term NT could improve soil aggregate stability and decrease the BD with the increasing experimental period. They also found that conservation tillage practices positively affected many soil physical properties. In the similar region, Chen et al. (2021) also confirmed that long-term strip tillage can improve soil structure of ST-BR than that of ST-IR, as a result of straw mulching.
5 CONCLUSION
The results of this study demonstrated that the soil temperature of the seedbeds and between the seedbeds increased as the strip tillage width increased during the growing stage, and the greatest difference among the 3 strip tillage width treatments was observed in the seedling stage. The average soil temperature in ST40-IR was 2.62°C and 0.51°C higher than that in ST20-IR and ST30-IR, respectively, and the mean soil temperature was 1.85°C and 1.25°C higher in ST40-BR than in ST20-BR and ST30-BR, respectively. The daily warming rate and maximum values of soil temperature were greater in ST30-IR and ST40-IR than in ST20-IR. The soil moisture of IR decreased as the strip tillage width increased. During the whole growth stage, the average soil moisture was 6.61% and 7.08% higher in ST20-IR and ST30-IR than in ST40-IR, respectively. However, for BR, average soil moisture was higher in ST30 than in the other treatments, and ST40 had the greatest soil moisture during heavy rainfall events. Furthermore, soil moisture increased and decreased more rapidly in ST40-IR and ST20-BR during rainfall events compared with the other treatments. The soil moisture of BR was higher than that of IR in the 3 strip tillage width treatments, and the opposite patterns were observed for soil temperature. In addition, strip tillage widths had no significant effect on soil physical properties. In a word, we concluded that a strip tillage width of 30 cm can maintain a high soil temperature of IR in the spring and better conserve soil moisture. For local farmers and land managers, a strip width of 30 cm is thus recommended when conversion of conventional tillage to strip tillage in the Mollisols region of Northeast China.
This study confirmed that short-term ST can improve the soil temperature of the seedbeds and maintain high moisture. However, due to the single-year duration, we need to further explore the effect of long-term different strip tillage widths on soil properties and crop yields, and determine the suitable strip tillage width for different crops.
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