

  water-15-03971




water-15-03971







Water 2023, 15(22), 3971; doi:10.3390/w15223971




Article



Effects of Partial Straw Mulching on Potato Production under Different Rainfall Years in Dry-Farming Region



Deming Zhao 1, Juhua Ma 2, Xunzhen Cui 3, Liangliang Hu 2, Zeyi Wang 2, Lei Chang 4 and Caixia Huang 2,*





1



Gansu Institute of Architectural Design and Research Co., Ltd., Lanzhou 730070, China






2



College of Water Conservancy and Hydropower Engineering, Gansu Agricultural University, Lanzhou 730070, China;






3



Dingxi Institute of Water Conservancy Science, Dingxi 743000, China






4



College of Agronomy, Gansu Agricultural University, Lanzhou 730070, China









*



Correspondence: xlish2008@163.com







Citation: Zhao, D.; Ma, J.; Cui, X.; Hu, L.; Wang, Z.; Chang, L.; Huang, C. Effects of Partial Straw Mulching on Potato Production under Different Rainfall Years in Dry-Farming Region. Water 2023, 15, 3971. https://doi.org/10.3390/w15223971



Academic Editors: Sien Li, Junliang Fan and Lifeng Wu



Received: 25 August 2023 / Revised: 31 October 2023 / Accepted: 9 November 2023 / Published: 15 November 2023



Abstract

:

Improving resource utilization efficiency is critical for achieving high yields and long-term agricultural development in arid and semi-arid settings. Using potato as the research material, a field trial was carried out from 2020 to 2022 in dryland agricultural areas of China, with two treatments of ridge planting with a furrow mulching straw pattern (SML) and flat planting without mulching (CK). The responses of the dryland potato yield, water use efficiency (WUE), and soil hydrothermal properties to the two cultivation patterns were investigated. The results indicated that during the potato reproductive period, the soil temperature of 0–25 cm in the SML treatment dropped by 0.70–0.83 °C, in comparison to CK; the ridge and furrow-covered belt, which showed a warming effect at 7:00 a.m. in the seedling stage (SD) and the budding stage (BP), was lower than CK in all the rest of the time, and also the planting belt on the ridge, which cooled down significantly at 14:00 a.m. and the performance varied between the years of 7:00 a.m. and 17:00 a.m. SML significantly decreased the water consumption before BP but significantly increased it after BP in the year of median water and mild drought, while the total amount of water consumed during the entire growing season did not differ significantly from CK’s. In the year of moderate drought, SML’s total water consumption was significantly less than that of CK, with the water consumption significantly lower before BP and after the tuber bulking stage (TB), but significantly higher from the BP to the TB. In three consecutive growing seasons, SML increased the yields by 9.72–41.67% and WUE by 4.62–11.14% compared with CK, with the yields significantly or positively connected with the average soil temperatures at the TB, the starch accumulation stage (SA), and the water consumption from the BP to the TB. Overall, partial straw mulching could be used as a cultivation technique to achieve sustainable agricultural development in dry farming areas.
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1. Introduction


After rice, wheat, and maize, potato (Solanum tuberosum L.) is the fourth-largest food crop in the world [1]. With 122 million tons of fresh potatoes produced and a national planting area of roughly 5,456,100 hectares, China is one of the world’s leading producers of potatoes [2]. With 36% of the country’s total potato area under cultivation, the arid and semi-arid regions of the Loess Plateau are the main potato-producing locations in China, and the potato business has become a regional specialty industry [3,4]. Water scarcity has long been a major constraint on agricultural development in arid regions, especially in the last 50 years, when there has been a clear trend toward the warming and drying of the climate, with rising temperatures, decreasing precipitation, and a significant increase in the dryness index posing new challenges to agricultural production and food security [5,6].



Cultivation measures are important in regulating the water environment for crop growth to counteract the effects of drought. Ground mulching cultivation, which is commonly employed in the arid and semi-arid regions of China’s Loess Plateau, embodies more advantages than traditional cultivation [7,8,9]. Studies have shown that the benefits of plastic film mulching over straw mulching gradually diminish as the number of years mulched increases [10]. While straw mulching can reuse straw and reduce pollution caused by burning straw [11], it also has soil ecological effects such as improving the soil moisture conditions [12] and soil quality [13,14], as well as it is expected to become an alternative to mulching, reducing white pollution and achieving sustainable agricultural development. It is expected to be one of the key techniques to replace mulching, reduce white pollution, and achieve sustainable agricultural development. Studies have revealed that traditional full straw mulching has a low-temperature effect, which has a greater impact on the growth and development of cool-season growing crops than the moisture retention effect of straw mulching [15], so perfecting and improving the traditional straw mulching technique is one of the crucial approaches to develop dry farming cultivation methods.



The partial straw mulching technique is an improvement of the traditional full straw mulching mode, which has now been investigated for application in grain crops such as wheat [16], soya bean [17], and potato [18], and it has achieved favorable results. Furthermore, because potatoes are a cool-season crop, their output is highly dependent on a number of variables, including seasonal condition and cultivar choice [6,19], fertilization rate [20], and soil mycorrhization [21], with lower nighttime temperatures favoring the formation and accumulation of dry matter in potato tubers [22]. Even though partial straw mulching has been shown to increase the yield and save water, the complexity of agroecosystems and the variability of experiment sites have led to inconsistent results; therefore, it is necessary to explore further to enrich the dry farming cultivation system. In this work, a three-year field trial was carried out using ridge planting with a furrow mulching straw pattern and bare land flat planting as treatments. In order to provide a theoretical foundation for the development of a high-yielding, efficient, and ecological cultivation system in dry farming regions, our objective was to (1) investigate the effects of partial straw mulching on soil moisture and temperature in potato (2) and its effect on the potato tuber yield and WUE.




2. Materials and Methods


2.1. Experimental Site


The filed experiments were carried out from 2020 to 2022 at the irrigation experiment site (104°36′ E, 35°33′ N; asl. 1925 m) of Dingxi City, Gansu Province of China. The area has a distinctly inland climate because it is located in the center of the Loess Plateau. The average annual precipitation, evaporation, frost-free period, and annual sunshine hours are 450 mm, 1500 mm, 141 d, and 2500 h, respectively; the average annual temperature is 6.3 °C; and the ≥10 °C accumulated temperature is 2075.2 °C. The soil in the test area is yellow loamy soil with an organic matter content from 1.0% to 1.5%. An amount of 90 kg·ha−1 of pure N and 90 kg·ha−1 of P2O5 were applied before sowing in each of the three growing seasons, and no additional fertilizer was added during the growing period.



Based on the standard of classification for drought severity (SL424-2008), the drought in 2020–2022 is divided as follows: The total rainfall in 2020 during the growing period of potato was 319.65 mm, with more than adequate rainfall after May (a median water year). The total rainfall in 2021 was 290.64 mm, with less rainfall in August (a mild drought), and the total rainfall was 176.3 mm in 2022 (a moderate drought year) (Figure 1). Compared to the multi-year average temperature, the average daily temperature throughout the potato planting period is 1.1 °C warmer in 2020, 1.53 °C warmer on average in 2021, and 3.91 °C warmer in 2022.




2.2. Experimental Scheme


There were two treatments, including ridge planting with a furrow mulching straw pattern (SML) and bare ground flat cultivation (CK), arranged in randomized block groups with a plot size of 28 m2 (7 m × 4 m). The straw mulching amount of 9000 kg·ha−1 was mulched on the pre-reserved furrow with a 15 cm height at the emergence stage by hand.



The potato varieties tested in 2020 were ‘Xin Daping’ and ‘Qingshu 9′ in 2021 and 2022, with plants spaced 30 cm apart and rows spaced 60 cm apart in a triangular arrangement, sown by hand in holes to a depth of 15 cm (Figure 2). The growth period was divided into five stages: seedling stage (SD), budding stage (BP), tuber bulking stage (TB), starch accumulation stage (SA), and maturity stage (MA), based on the irrigation test specifications and the actual growth process for local potato. For every treatment, the sowing density of potato was 225 kg·ha−1. Throughout all three growing seasons, the same quantity of fertilizer was applied. The basal fertilizer was plowed into the soil before sowing and consisted of 105 kg·ha−1 of P2O5 and 150 kg·ha−1 of net nitrogen. No topdressing was performed. The management was in line with local farmers’ production practices, with no irrigation during the entire growing period.




2.3. Measurements and Calculations


2.3.1. Soil Temperature


Soil temperatures in soil layers of 5, 10, 15, 20, and 25 cm were observed using a curved-tube geothermometer at 7:00, 14:00, and 17:00 in both the planting zone and mulching zone during the main growing period of potato, and the arithmetic average of three measurements was used to determine the daily average soil temperature.




2.3.2. Soil Water Content


Soil water content was measured using a soil auger and the drying method in the soil layers of 0–20, 20–40, 40–60, 60–90, 90–120, 120–150 cm, and 150–180 cm before sowing at SD, BP, TB, SA, and MA. Soil water content (%) = (the mass of fresh soil − the mass of dried soil)/mass of dried soil × 100%.




2.3.3. Soil Water Storage and Water Consumption Calculation


Soil water storage is calculated as


W = h × ρ × ω × 10



(1)




where W is the soil water storage volume (mm); h is the soil depth (cm); ρ is the soil volume mass (g·cm−3); and ω is the mass soil water content (%).



Water consumption on farmland is calculated as


ETi = (W1 − W2) + P



(2)




where ETi is the water consumption during various growth periods (mm); P is the effective precipitation of ≥5 mm at this stage (mm), where the data are measured by the home-made small weather station at the experimental base; and W1 and W2 are the soil water storage before and after each growth stage (mm), respectively.




2.3.4. Yield Measurement


Yields are measured after the potato has matured, according to the actual area of the plot.




2.3.5. Water Use Efficiency (WUE) Calculation


The WUE is calculated as


  W U E =  Y /  E T    



(3)




where WUE is water use efficiency (kg·ha−1·mm−1), Y is the potato tuber yield (kg·ha−1), and ET is the total water consumption of potato during the entire growing season (mm).





2.4. Data Analysis


Microsoft Excel 2010 (Microsoft Corp., Raymond, Washington, DC, USA) was used for data collation and Origin 2018 (Originlab Corp., Northampton, MA, USA) for graphing. IBM SPSS Statistical Analysis 20.0 (IBM Inc., New York, NY, USA) was used for data significance testing (p < 0.05) and correlation analysis. The differences in relevant indicators between the cover treatments and CK were analyzed using one-way ANOVA and post hoc multiple comparisons were made using Duncan’s test.





3. Results


3.1. Soil Temperature


The ridge planting and furrow mulching positively affected the soil temperature in the 0–25 cm soil layer at different stages of potato (Figure 3). Compared with CK, the soil temperature of 0–25 cm was significantly lower in 2020, 2021, and 2022 by 0.83 °C, 0.70 °C, and 0.76 °C, respectively, during the whole reproductive period of potato, while the SD, BP, TB, and SA were cooled by 0.93 °C, 0.31 °C, 1.21 °C, and 0.87 °C in 2020; 1.23 °C, 1.07 °C, 0.19 °C, and 0.29 °C in 2021; and 1.56 °C, 0.33 °C, 0.27 °C, and 0.89 °C in 2022, respectively.



Looking at the different times of the various growth periods (Figure 4), the soil temperature was generally higher than that of CK at 7:00 in the mulching zone at the SD and BP during three growing seasons and decreased significantly at 14:00 and 17:00 compared with CK. The soil temperature in the planting zone was significantly cooler at 14:00 and not significantly cooler at 7:00 and 17:00. During the TB and SA, the soil temperature in the mulching zone was generally lower than that in CK at 7:00, 14:00 and 17:00, and the soil temperature in the planting zone was significantly cooler at 14:00, but it differed among years at 7:00 and 17:00.




3.2. Soil Water Storage


As can be seen in Figure 5, the SML treatment positively affected the soil water storage in the 0–180 cm soil layer during various growth periods of potato compared with CK. The total soil water storage at the BP, TB, SA, and MA in 2020, 2021, and 2022 increased by 4.02–50.69 mm, 32.31–43.28 mm, 23.27–55.79 mm, and 9.10–65.37 mm, respectively, compared with CK.



In terms of differences in the soil water storage of different soil layers, the soil water storage in the 40–90 cm soil layer was significantly higher than that in CK at the BP, TB, SA, and SA in three growing seasons. The soil water storage in the 0–40 cm soil layer was significantly higher than CK during all growth periods except the BP in 2021. In the 90–180 cm soil layer, the differences were not significant or reduced at the BP and TB in 2020 and 2021, not significantly different at TB, significantly increased at SA and MA, and significantly higher than CK at all periods in 2022.




3.3. Soil Water Consumption


The total water consumption of potato differed from year to year during the three growing seasons (Figure 6). In 2020 and 2021, which are the years of median water and mild drought, respectively, there is no significant difference in the total water consumption between SML and CK, but the water consumption of SML is significantly reduced before the BP and the water consumption after the BP is significantly increased compared with CK. Meanwhile, the water consumption from SW to BP decreased by 23.99 mm and 23.02 mm, respectively, while the water consumption from the BP to the TB increased by 6.85 mm and 8.94 mm, respectively, and the water consumption from the TB to the MA increased by 13.33 mm and 14.24 mm, respectively, in both growing seasons, all reaching significant levels.



It was a moderate drought year in 2022, with a significant reduction of 24.37 mm in the total water consumption during the reproductive period compared with CK, among which SW to BP was significantly reduced by 9.69 mm, BP to TB was significantly increased by 10.76 mm, and TB to MA was significantly reduced by 25.44 mm.




3.4. Potato Tuber Yield and Water Use Efficiency (WUE)


The ridge plating and furrow mulching pattern could significantly increase the potato tuber yield and WUE (Figure 7). Compared with CK, ridge plating and furrow mulching increased the tuber yield by 9.72%, 41.67%, and 13.72%, and increased WUE by 11.14%, 4.62%, and 9.51% in 2020, 2021, and 2022, respectively. For the different years, the 2021 potato yield was significantly higher than in 2020 and 2022, which was mainly because 2022 was a moderate drought year and the lack of rainfall during the growing season seriously affected the growth and development of the crop and the formation of its yields; however, it may also be related to the varieties selected for the different years.




3.5. Correlations Analysis of Various Indices


The simple correlation analysis results among all indicators are shown in Figure 8. Correlation analysis showed that the potato tuber yield was highly and positively correlated with the average soil temperature in the 0–25 cm soil layer during the TB and the SA, with the water consumption from the BP to the TB, and also with the soil water storage during the TB and the MA. The WUE showed significant or highly significant positive correlations with the tuber yield, water consumption from the BP to TB, and water storage at the TB, but highly significant negative correlations with the soil temperature at the SA. Additionally, the total water consumption was negatively correlated with the soil temperature at all growth periods and was significantly or extremely significantly correlated with the soil temperature at the BP and the TB.





4. Discussion


4.1. The Effect of Partial Straw Mulching on Soil Temperature


In dry farming areas, with the deepening of cultivation techniques, especially the application of mulching techniques, the efficient use of precipitation resources has been achieved and the relationship between soil water, fertilizer, air, and heat has been effectively improved and harmonized. Potatoes are a cool-loving crop and the right temperature is essential for growth and yield [23]. Studies have shown that straw mulching can reduce soil temperatures throughout the reproductive period of crops in wheat [24] and potato [18], and straw strip mulching significantly reduces soil temperatures by 0.8–1.4 °C during the whole potato growth period. In this study, ridge planting and furrow mulching straw pattern significantly reduced the soil temperature by 0.70–0.83 °C throughout the whole potato period and the cooling effect of the mulching strip was higher than that of the planting strip. The warming effect was evident at 7:00 a.m. and the cooling effect was greater at 14:00 than at 17:00 in the mulching strip zone, while the cooling effect was evident at 14:00 in the planting strip zone and varied with the growth period at 7:00 and 17:00. This is similar to the findings of Chen et al. [25] and Gholamhoseini M et al. [26], i.e., although the soil temperature effect is affected by a variety of factors such as the mulching season, mulching amount, rainfall year pattern, and soil moisture, the seasonal and daily changes in soil temperature after straw mulching tended to be moderate and the variability of soil temperature was reduced, presenting an increase in soil heating when the air temperature is low and a decrease in soil cooling when the air temperature is high.




4.2. The Effect of Partial Straw Mulching on Soil Moisture


For rainfed agriculture, it is critical to optimize the limited soil moisture storage and rainfall to provide more moisture for crops [27,28]. The furrow mulching pattern can effectively improve the moisture conditions of farmland and play a role in rainwater harvesting, water storage, and moisture conservation [29]. Straw mulching has a significant effect on late-growth moisture while increasing the soil water content [18]. The results of this research indicated that ridge planting with furrow mulching straw patterns can significantly improve the soil water and soil conditions at all growth stages of potato, with the soil water storage in the 0–40 cm and 40–90 cm soil layers significantly higher than CK during the three planting seasons, and the increase in the soil water storage in the 90–180 cm soil layer in the dry year of rainfall higher than in the moderate year. This may be because straw mulching effectively reduces surface runoff and optimizes the physical structure of the soil, thus enhancing its water infiltration and retention capacity [30,31]. In this study, in the year of moderate rainfall, the total water consumption of ridge planting and furrow mulching straw pattern was not significantly different from that of CK during the whole potato growth period, but significantly reduced the water consumption before the BP and significantly increased the water consumption after the BP; in the medium dry year (2022), the total water consumption throughout the entire growing period of potato was significantly lower by 24.37 mm compared to CK, while the water consumption was reduced from the SW to the BP and from the TB to the MA. Since straw mulching could inhibit the ineffective evaporation of farmland soil in the initial period to a certain extent, it not only reduced the water consumption at the beginning of the crop reproductive period, but it also reserved water for the later period when the water demand was higher and promoted the seasonal storage effect of the soil reservoir [32]. The above results are consistent with the reports of Chang et al. [18] and Yan et al. [33].




4.3. The Efect of Partial Straw Mulching on Potato Tuber Yield and WUE


Increasing the potato yield and WUE is key to the regulation of cultivation practices. Studies have shown that straw mulching can significantly increase the dryland potato yields in the dry areas of northwest China compared with conventional planting [34], with straw strip mulching increasing the potato yields by 10.5–34.2% and WUE by 8.9–29.8%, which is significantly higher than that of ridge plastic mulching and full-plastic film mulching [18]. In this study, potato yields were increased by 9.72–41.67% in ridge planting with furrow mulching straw patterns compared with CK, and the yield increase in different years is 2021 > 2022 > 2020, indicating that ridge planting and furrow mulching straw pattern showed stronger yield-increasing effects in mild drought years. The reason for this is that under moderate drought stress, straw mulching harmonizes the soil water and heat conditions to create a better soil microenvironment for potato root proliferation, which promotes the growth of plant tubers and thus facilitates yield formation [35]; whereas in moderately dry years, the water deficit and dry climate severely affected crop productivity.



Correlation analysis also showed that the potato tuber yield was high and positively associated with the water consumption from the BP to the TB, with the soil water storage at the TB and the MA, and with the average soil temperature in the 0–25 cm soil layer at the TB and SA. Potato planted on the ridge help to compensate for the cooling problems caused by straw mulching, and the cooling effect on potato alleviates the inhibition of tuber formation and expansion by high soil temperatures in the post-mid seasons [36], of which a relatively stable soil temperature environment is conducive to increased potato yields [37] and that there is a clear reciprocal regulatory effect with the soil water temperature [7].





5. Conclusions


	(1)

	
The ridge planting and furrow mulching straw pattern significantly reduced soil temperatures in all growth periods of potatoes and had a significant effect on water storage and moisture retention.




	(2)

	
The potato tuber yield and WUE were significantly increased by the ridge planting and furrow mulching straw pattern. In normal rainfall years, the ridge planting and furrow mulching straw pattern reduced the water consumption before the BP and the total water consumption during the whole growing period was not significantly different from that of CK; in moderately dry years, the total water consumption during the whole growth period was significantly lower than that of CK.




	(3)

	
Additionally, from the results of correlation analyses, the formation of tuber yield was highly and positively correlated with the average soil temperature during the TB and SA, as well as the water consumption from the BP to TB and the soil water storage during the TB and the MA.







However, this study only made comparative analyses of the potato soil temperature, moisture, yield, and WUE in different years under the two cultivation modes of bare land flat cropping and partial straw mulching and ignored the differences in potato varieties, which has certain shortcomings, and the further refinement of experimental research is needed in the future, taking into account the effects of varieties and mulching cultivation modes in an integrated manner. In conclusion, it is also evident that the partial straw mulching pattern broadens the efficient cultivation technique system of potato, which is practically significant for the sustainable development of the potato industry in dry farming regions.
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Figure 1. Monthly precipitation and mean daily air temperature throughout the potato growing season. 
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Figure 2. Schematic diagram of potato field planting. 
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Figure 3. Soil temperature in different growth stages. SD: seedling stage; BP: budding stage; TB: tuber bulking stage; SA: starch accumulation stage. Different lowercase letters above the bars indicate significant differences among the treatments at p < 0.05. 
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Figure 4. Diurnal variation in soil temperature at different growth stages. SD: seedling stage; BP: budding stage; TB: tuber bulking stage; SA: starch accumulation stage. SMLu: planting zone; SMLd: mulching zone. 
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Figure 5. Soil water storage in different soil layers at various growth stages. SD: seedling stage; BP: budding stage; TB: tuber bulking stage; SA: starch accumulation stage. Different lowercase letters above the bars indicate significant differences among the treatments at p < 0.05. 
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Figure 6. Water consumption in different growth periods. SW-SD indicates from the sowing to the seedling stage; SD-BP indicates from the seedling stage to the budding stage; and BP-MA indicates the budding to the maturity stage. Different lowercase letters above the bars indicate significant differences among the treatments at p < 0.05. 
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Figure 7. Tuber yield and water use efficiency of potato. *, significant at p < 0.05; ns, not significant. 
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Figure 8. Correlation analysis between tuber yield, WUE, soil water, and soil temperature. * and ** indicate significant correlation at the 0.05 and 0.01 probability levels, respectively. X1 is the tuber yield; X2 is the water use efficiency; X3–X6 refers to the average soil temperature in 0–25 cm layer at the seedling stage, budding stage, tuber bulking stage, and starch accumulation stage; X7–X10 refers to the water consumption from the sowing to the budding stage, the budding stage to the tuber bulking stage, the tuber bulking to the maturity stage, and the total water consumption; X11–X13 refers to soil water storage at 0–180 cm layer at the budding stage, tuber bulking stage, and starch accumulation stage. 
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