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Abstract

:

Agriculture is a major source of global greenhouse gas emissions. Approximately 1/3 of vegetables in China are produced in greenhouses. However, the effects of different irrigation strategies and plastic film (PF) mulching combinations on N2O emissions and tomato fruit yields in greenhouses are unclear. The aims of this study were to explore the effects of micro-sprinkler irrigation under plastic film (MSPF), drip irrigation under plastic film (DIPF) and micro-sprinkler irrigation (MSI) on the soil nutrients, enzyme activity, nirS-type denitrifying bacterial community, N2O emissions and fruit yields of tomato. The results showed that MSPF could improve the uniformity of soil water distribution and surface (0–40 cm) soil water content. Film mulching could increase soil temperature at depths of 5–25 cm. Both MSPF and DIPF increased microbial nitrogen, promoted the activity of rhizosphere soil urease and leucine aminopeptidase, changed the community of denitrifying bacteria, accelerated the turnover of soil nutrients and improved yield and water use efficiency. PF mulching had a greater impact on the nirS-type denitrifying bacterial community when compared to irrigation strategy. We conclude that MSPF can be used to configure commercially available installation and operation. The comprehensive benefit of MSPF treatment is that it is more profitable than that of DIPF.
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1. Introduction


Tomatoes are widely loved by vegetable farmers and consumers due to their high fruit yield, nutrition and good taste [1,2]. In Northern China, most tomatoes are planted in greenhouses. It is well known that soil water is one of the key factors regulating tomato growth in facility agriculture [3]. According to statistics, water consumption from irrigation accounts for more than 60% of the total water consumption in the Loess Plateau of China [4,5]. The irrigation water for facility agriculture in this area mainly comes from groundwater, further aggravating the water resource crisis [6,7,8].



It is estimated that farmland accounts for approximately 13.8% of global greenhouse gas emissions worldwide [9]. Greenhouse gas emissions, such as CO2, CH4, and N2O, are affected by environmental factors [10]; additionally, an estimated 66% of global N2O emissions are attributed to crop production, and N2O emissions are expected to double by 2050 [11,12]. Irrigation also affects N2O emissions by regulating soil biochemical reactions, such as soil enzyme activity, soil respiration, nitrification, denitrification and mineralization [13]. Previous research has shown that the global warming potential of N2O is approximately 265 times that of CO2 on a centennial scale [14]. Therefore, under the condition of a shortage of water resources and increased N2O emissions, it is of great significance to obtain a feasible irrigation strategy in facility agriculture. Different irrigation strategies cause different soil water contents and distributions and affect the soil N turnover rate, microbial biomass and soil enzyme activity, all of which change the N2O emissions and plant production [15,16]. A suitable irrigation strategy can not only reduce the waste of water resources and N2O emissions but also achieve higher fruit yields. The results from a field experiment showed that drip irrigation is a water-saving technology, and it is applied mainly in fields and greenhouse crops [17]. It was found that the soil N2O emissions under drip irrigation and sprinkler irrigation were 54.31% and 53.30% lower than those under furrow irrigation [18,19].



Micro-sprinkler irrigation is a new water-saving irrigation technology that has been developed in recent years. Compared with drip irrigation, the manufacturing cost is greatly reduced because it has no labyrinth channel emitters [20,21]. Plastic film can also change the soil microenvironment and increase the soil water content, temperature and fruit yield [22,23]. Micro-sprinkler irrigation and plastic film covering were combined to form micro-sprinkler irrigation under plastic film (MSPF). To date, MSPF has achieved good applicable effects in greenhouses [20,21]. Compared with drip irrigation, the velocity of a single hole in MSPF is approximately 15 times that of drip irrigation, meaning MSPF has a stronger sediment-carrying capacity and better anti-clogging performance [24,25]. The flow velocity of micro-sprinkler emitters is approximately 40 times that of drip irrigation, and the irrigation duration is shorter [26,27]. Micro-sprinkler irrigation reduces the transport of soil water to deep soil and limits the lateral development of roots, and the soil nutrient cycle is also changed due to the increase in the soil dry–wet cycle [28,29].



Due to the great difference in wetted soil area caused by different irrigation strategies, we hypothesize that the difference in soil moisture distribution can change the soil temperature, enzyme activity and soil biochemical reaction and affect the soil N2O emissions and fruit yield. Furthermore, existing studies have not explored the mutual relation between irrigation strategy and nirS-type denitrifying bacteria abundances, N2O emissions and fruit yield. The objective of this study was to determine the response of enzyme activity, the nitrogen cycle, N2O emissions and fruit yields of tomato on sandy loam soils of the semiarid area of Northwest China under MSPF, DIPF and MSI treatments.




2. Materials and Methods


2.1. General Description of Field Site and Materials


The experiment was conducted in the greenhouse at Xi’an Modern Agricultural Science and Technology Extension Center (108°52′ E, 34°03′ N, altitude 435 m). The study site is located on the southern edge of the Loess Plateau. The mean annual temperature is approximately 13.3 °C, and the mean annual rainfall is 613.75 mm. The average bulk density of the 0–1.0 m soil layer is 1.53 g/cm3, and the field capacity is 25.40% (mass water content). The soil is sandy loam, and detailed soil information is shown in Table 1.



The experiment was performed from March 2019 to January 2020 using the tomato cultivar Jingfan 401 (Jing-Yan-Yi-Nong Seed Sci-tech Co., Ltd., Beijing, China). Seventeen tomato seedlings per plot were planted in double rows, with a row spacing of 50 cm, a plant spacing of 40 cm, and row lengths of 3.4 m for each plot. The spacing of each plot was 4 m, and the waterproof membrane, styrene–butadiene–styrene block copolymer, was embedded in the middle to prevent the exchange of water between plots. Guard rows were set up at both ends of the experimental field. Micro-sprinkler pipes (φ16 micro-sprinkler pipe, Hebei Plentirain Irrigation Equipment Technology Co. Ltd., Shijiazhuang, Hebei, China), 28 mm in diameter with an emitter spacing of 0.30 m, were laid spaced 0.50 m apart along the ridges. Drip irrigation pipes (φ16 subsurface drip irrigation pipe, Qinchuan Water-saving irrigation equipment engineering Co. Ltd., Yangling, Xianyang, China), with an emitter spacing of 0.30 m, were laid spaced 0.50 m apart along the ridges. All agronomic management measures taken during the growth period, such as fertilization and chemical spraying, were the same for all treatments.



During the spring experiment, 20-day-old seedlings were transplanted into beds on 27 March 2019, irrigation began on 4 April 2019, and irrigation stopped on 15 July 2019. All the fruit was harvested on 25 July 2019. During the autumn experiment, seedlings were transplanted on 23 August 2019, irrigation began on 30 August 2019, and irrigation stopped on 17 January 2020. All the fruit was harvested on 30 January 2020.




2.2. Experimental Design


Three irrigation strategies were adopted in the experiment: micro-sprinkler irrigation under plastic film (MSPF), drip irrigation under plastic film (DIPF) and micro-sprinkler irrigation (no plastic film, MSI). The treatments were randomized within each block, and each of them was repeated 3 times.



Evaporation was recorded by a φ20 cm evaporation pan. The evaporation amount was measured at 8:00 a.m. every 5 d. The irrigation quota ( W ) was calculated according to Equation (1), and the temperature, irrigation times and amounts are recorded in Figure 1:


  W = A ×  E  p a n   ×  k  c p    



(1)




where    E  p a n     represents the evaporation within the interval of two irrigation events based on the cumulative evaporation from the evaporation pan (mm);  A  represents the planned irrigation area (m2); and    k  c p     represents the crop-pan coefficient. In this study, the crop-pan coefficient of    k  c p     is 1.0.




2.3. Test Items and Methods


2.3.1. Soil Physicochemical Properties and Soil Microorganisms


The soil shaking method was used to collect the rhizosphere soil, the whole 10–20 cm root system was dug from the soil, and a soft bristle brush was used to brush and collect the soil that was closely associated with the roots. The obtained soil samples were sifted through a 2 mm steel sieve. The community of nirS-type denitrifying bacteria in rhizosphere soil was determined at 72 d after transplant, and the total nitrogen (TN), soil microbial biomass nitrogen (MBN) and soil urease (UR), and leucine aminopeptidase (LAP) activity in rhizosphere soil were determined at 36, 72 and 110 days after transplant during spring and autumn.



Soil Moisture and Temperature


A TDR soil moisture sensor (Trime-Pico-Iph, Imko, Inc., Ettlingen, Germany) was used to measure the soil water content in the 0–80 cm soil layers. Three monitoring points were selected in each plot. Soil moisture was monitored at 66 d, 76 d, 86 d, 96 d and 106 d after planting in both the spring and the autumn seasons. Geothermal meters (5, 15 and 25 cm) (Beijing Weixin Yiao Science and Technology Development Co., Ltd., Beijing, China) were used to measure the soil temperature at soil layer depths of 5, 15 and 25 cm. The measurement time was the next day after irrigation.




Soil TN and MBN


TN was extracted by the semimicro Kjeldahl method [30]. The soil microbial nitrogen was extracted by the chloroform fumigation-K2SO4 method. Determination of the MBN in extracted filtrate was performed by a total organic nitrogen analyzer (multiN/C3100, Analytik Jena AG, Jena, Germany) [31].




Soil Enzyme Activity


UR activity was measured by the phenol-sodium hypochlorite colorimetric method [32]. LAP activity was measured by enzyme-linked immunosorbent assay (RT-6100, Shanghai Precision Instruments Co., Ltd., Shanghai, China) [33].




Soil nirS-Type Denitrifying Bacteria Community


1. DNA extraction and PCR amplification; 2. Illumina MiSeq sequencing; 3. sequencing data processing. The experimental procedures were previously described in detail [34].





2.3.2. N2O Emission


N2O emissions were evaluated using static chamber methodology with air analysis by gas chromatography. Samples were collected by static dark box method. The box was made of 6 mm thick polyvinyl chloride (PVC) material (20 cm × 20 cm × 20 cm) and a base box (20 cm × 20 cm× 10 cm). The outer surface of the box was wrapped with sponge and tin foil, and the top was equipped with a small fan for stirring air. Before this field trial, the base box was inserted into soils in the center of each plot. The N2O emission rate from rhizosphere soil was measured at 11:00 a.m. 20, 36, 40, 56, 72, 85, 100 and 110 d after transplantation. The soil N2O emissions were determined using Equation (2) as follows:


  F = 1000 × ρ  V A   P   P o       T o   T    d  C t     d t     



(2)




where F (μg m−2 h−1) is the emission rate of N2O;  ρ  (mg m−3) is the density of N2O under standard conditions; A (m2) is the base area; V (m3) is the chamber volume;    P o    is the atmospheric pressure under standard conditions; P is the atmospheric pressure located inside the chamber; T0and T are the absolute temperatures under standard conditions and in the chamber, respectively; and     d  C t     d t      (h−1) is the variation in the N2O concentration over time.




2.3.3. Yield and Water Use Efficiency


During the mature period, fruit yield was measured by an electronic scale. The water consumption (ETa) was calculated by Equation (3):


  E  T a  = I ± 1000 × H ×  (  θ  t 1   −  θ  t 2   )   



(3)




where ETa (mm) is the water consumption; I (mm) is the irrigation quota during the growth period; H (m) is the depth, H = 0.8 m; and θt1 and θt2 are the 80 cm average soil water contents at times t1 and t2, respectively (cm3/cm3). Crop WUE was calculated by Equation (4):


  W U E = 1000 * Y / E  T a   



(4)




where WUE (kg/m3) is the crop water use efficiency, and Y (kg/hm2) is the crop grain yield.





2.4. Data Analysis


Statistical analysis was performed using SPSS 22.0 (IBM Crop., Armonk, New York, NY, USA) and plotted by OriginPro 2019 (Origin Lab Corporation, Northampton, MA, USA). The mean differences between treatments were assessed by analysis of variance (ANOVA). The differences were compared using Duncan’s test with a significance level of p < 0.05.





3. Results


3.1. Effects of Irrigation Strategy and Plastic Film Mulching on Soil Water and Temperature in the Tomato Root Zone


As shown in Figure 2, MSPF increased the soil water content in the 0–40 cm soil layer during both spring and autumn. The MSI treatment had the lowest water content in the deeper soil layer (40–80 cm). Compared with MSPF, the average soil water content in the 0–40 cm soil layer under the DIPF treatment decreased by 4.80% and 2.38% during spring and autumn, respectively. Compared with MSI, the average soil water content of the 0–40 cm soil layer under the MSPF treatment increased by 8.08% and 4.87% during spring and autumn, respectively, and the 0–80 cm soil water increased by 8.99% and 7.19%, respectively. The results showed that the MSPF treatment could effectively enhance the soil water content at 0–40 cm and improve the uniformity of soil water in the 0–80 cm soil layer.



Figure 3 shows that the variation tendency of the soil temperature was similar to that of the greenhouse temperature (Figure 1). During the spring growing season, compared with DIPF, the 5, 15 and 25 cm layer soil temperatures under the MSPF treatment increased by 2.32%, 3.21% and 1.63%, respectively. During the autumn growing season, these values increased by 1.36%, 2.93% and 0.68%, respectively. During the two growing seasons, compared with the DIPF treatment, the average soil temperature in the 5–25 cm soil layer under the MSPF treatment increased by 2.39% and 1.66%, respectively. During spring, compared with MSI, the 5, 15 and 25 cm layer soil temperatures under the MSPF treatment increased by 6.17%, 5.45% and 15.93%, respectively. During the autumn, the temperatures increased by 0.30%, 4.32% and 1.02%, respectively. During the two growing seasons, the average soil temperatures in the 5–25 cm soil layer under the MSPF treatment increased by 5.85% and 1.68%, respectively.




3.2. Effects of Irrigation Strategy and Plastic Film Mulching on Soil Total Nitrogen (TN) and Microbial Biomass Nitrogen (MBN)


The effects of different treatments on TN and MBN are shown in Figure 4. The results showed that TN decreased with the age of the plants and that MBN increased with the age of the plants. The MSI treatment had the maximum TN at 72 and 110 d after the transplant of tomato, and the MSPF treatment had the minimum observed TN. The average TN during spring and autumn decreased by 2.42% and 3.16%, respectively, under the MSPF treatment compared with the DIPF treatment. In addition, they decreased by 12.50% and 10.50%, respectively, under the MSPF treatment compared with the MSI treatment. The results of this experiment showed that the MSPF treatment significantly enhanced MBN, especially at 72 and 110 d after tomato transplantation.




3.3. Effects of Irrigation Strategy and Plastic Film Mulching on Urease and Leucine Aminopeptidase Activities in Greenhouse Tomato Rhizosphere Soil


Figure 5 shows the rhizosphere UR and LAP activities under different irrigation strategies during both spring and autumn. Both UR and LAP first increased and then decreased with the age of the plants, whereas UR and LAP reached their maximum at 72 d after tomato transplantation. The results showed that PF mulching could increase the activities of both UR and LAP. The UR activity during spring was significantly higher than that during autumn at 72 and 110 d after tomato transplantation. The average value of UR during spring and autumn increased by 13.72% and 8.27%, respectively, under the MSPF treatment compared with the DIPF treatment. In addition, they increased by 24.02% and 24.04%, respectively, under the MSPF treatment compared with the MSI treatment. The average value of LAP during spring and autumn increased by 1.66% and 5.21%, respectively, under the MSPF treatment compared with the DIPF treatment. In addition, it increased by 13.69% and 12.88%, respectively, under the MSPF treatment compared with the MSI treatment.




3.4. Effects of Irrigation Strategy and Plastic Film Mulching on N2O Emissions


Figure 6 shows the effects of the irrigation strategy and PF mulching on N2O emissions. Throughout the spring growth period, the overall N2O emissions exhibited a trend of first increasing and then decreasing, reaching a maximum at 72 d after transplant. Nevertheless, during the autumn, the N2O emissions decreased with the age of the plants, reaching a maximum at 20 d after transplant. As shown in Figure 6, the N2O emission rate of spring tomato in the greenhouse was greater than that in autumn. PF mulching significantly increased N2O emissions, whereas the N2O emission rate reached a maximum under the DIPF treatment and a minimum under the MSI treatment. During the spring growing season, the average N2O emission rate decreased by 4.50% under the MSPF treatment compared with the DIPF treatment, but increased by 24.31% compared with the MSI treatment. During the autumn growing season, the average N2O emission rate decreased by 4.43% under the MSPF treatment compared with the DIPF treatment, but increased by 22.99% compared with the MSI treatment.




3.5. Effects of Irrigation Strategy and Plastic Film Mulching on the nirS-Type Denitrifying Bacterial Community in Tomato Rhizosphere Soil


As shown in Table 2, we analyzed the diversity indices of the denitrifying bacterial community under different treatments. The results showed that irrigation strategy and PF mulching had a significant impact on the ACE, Chao richness indices, and Sobs and Shannon diversity indices of the rhizosphere-denitrifying bacteria. The ACE, Chao, Sobs and Shannon indices for the MSI treatment were lower than those for the MSPF and DIPF treatments (Table 2). However, there were no significant differences in any of the diversity indices of denitrifying bacteria between the MSPF and DIPF treatments. In addition, the ANOVA F values for the main effects showed that the Sobs, Shannon, and ACE indices during spring were more significant than those during autumn. The results indicate that PF mulching significantly improved the denitrifying bacterial community and that the irrigation strategy had no significant effect on the denitrifying bacterial community.



Venn diagrams were constructed to examine unique and shared operational taxonomic units (OTUs) of denitrifying bacteria among the different irrigation treatments during both seasons (Figure 7). In general, the shared OTUs accounted for 26.72% and 42.78% of the total OTUs in the rhizosphere soil for all the treatments during spring and autumn, respectively, which illustrated that some of the nirS-type denitrifying bacteria were able to exist in all the treatments in each soil. During the spring, the number of unique OTUs in the MSPF, DIPF, and MSI treatments was 13.40%, 23.08% and 3.89% of the total OTUs in the soil samples, respectively. During the autumn, these values were 8.87%, 12.17% and 3.30%, respectively. Additionally, 23.66% and 20.25% of the OTUs in the soil samples were common to both the MSPF and the DIPF treatments during spring and autumn, respectively. The results indicate that a large number of bacteria coexisted under the PF mulching treatment.



As shown in Figure 8, we analyzed the microbial composition of nirS-type denitrifying bacteria under different irrigation treatments at the phylum and class classification levels. Proteobacteria accounted for 6.43–24.83% of the community abundance at the phylum level, and the DIPF treatment resulted in higher Proteobacteria richness than that in the MSPF and MSI treatments during both seasons. The dominant bacterial classes found in the analyzed rhizosphere soil were unclassified_k__norank_d__Bacteria, unclassified_p__Proteobacteria, Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria. The community abundance of unclassified_p__Proteobacteria in the DIPF treatment was higher than that in the MSPF and MSI treatments. In addition, the abundance of species was higher in spring than autumn, and it was always DIPF that had the higher species abundance (Figure 8C,D).



As shown in Figure 9, during the spring, the contribution rates of the principal components (PCs) PC1 and PC2 to denitrifying bacterial community differences among the different treatments were 49.6% and 42.75%, respectively. Under the PC1 condition in spring, the effects of the DIPF and MSI treatments were similar, whereas the effects of the MSPF treatment were significantly different from those of the other treatments. Under the PC2 condition, the effects of the DIPF and MSPF treatments were similar, whereas the effects of the MSI treatment were significantly different. During autumn, the contribution rates of PC1 and PC2 to denitrifying bacterial community differences among the different treatments were 38.37% and 29.46%, respectively. Under the PC1 condition, the effects of the MSPF and DIPF treatments were similar, whereas the effects of the MSI treatment were significantly different from those of the other treatments. Under the PC2 condition, the effects of the MSI and MSPF treatments were similar, whereas the effects of the DIPF treatment were significantly different.




3.6. Effects of Irrigation Strategy and Plastic Film Mulching on Fruit Yield and Water Use Efficiency of Tomato


The effects of different irrigation strategies and PF mulching on the fruit yield, water consumption and water use efficiency of spring and autumn tomatoes are shown in Table 3. The results showed that different treatments had a significant effect on fruit yield, water consumption and water use efficiency. The fruit yield and water use efficiency in the MSI treatments were significantly lower than those in the MSPF and DIPF treatments during both seasons, and the water consumption was also significantly higher than that of the other treatments. During the spring, although water consumption was higher under the MSPF treatment than under the DIPF treatment, the fruit yield was higher than that under the DIPF treatment. However, there was no significant difference in water consumption and fruit yield between the MSPF and DIPF treatments in autumn. The results showed that PF mulching could significantly improve water use efficiency and fruit yield.





4. Discussion


4.1. Effect of Irrigation Strategy and Plastic Film Mulching on Soil Water, Temperature and nirS-Type Denitrifying Bacteria Abundances


Soil water is a key factor affecting soil microbial activity, N2O emissions, and nutrient utilization in farmland [35,36]. The results of this study showed that the MSPF treatment could significantly increase the soil water content at depths of 0–40 cm during spring and improve the uniformity of soil water in the 0–80 cm soil layer (Figure 2). Micro-sprinkler irrigation resulted in a larger surface wet area than that in drip irrigation. In addition, this study found that PF mulching could increase soil moisture at deeper depths (40–80 cm). We speculate that PF mulching significantly reduced the ineffective evaporation of surface soil water, and this phenomenon decreased the migration of water from deep soil to the surface. Therefore, the water content of the deep soil decreased. In this study, PF mulching enhanced the soil temperature at depths of 5–25 cm, and the results were consistent with those of previous studies [37].



The soil microbial community is a major driver of nutrient availability and cycling, and it is well characterized to be influenced by the microenvironment [38]. Different irrigation strategies can alter the soil bacterial community structure and the activity of soil nitrogen [39]. Wu’s study confirmed that PF mulching interfered with the complexity of soil bacterial symbiosis networks [40]. Nevertheless, few studies have focused on nirS-type denitrifying bacterial communities under different irrigation strategies. In this study, we found that the Sobs, Chao and Ace indices of the rhizosphere denitrifying bacteria under the DIPF and MSPF treatments were significantly higher than those under the MSI treatment. However, there was no significant difference in the diversity indices of the denitrifying bacterial community between the MSPF and DIPF treatments. The Sobs, Chao and Ace indices were reduced by 4.47%, 3.38% and 10.08%, respectively, with the MSPF treatment compared to the DIPF treatment (Table 2). The results indicated that PF mulching was the main influencing factor of the diversity indices of denitrifying bacteria compared with the irrigation strategy. This results indicate that PF mulching has a greater impact on the nirS-type denitrifying bacterial community than does the irrigation strategy. Moreover, the results of Venn diagrams strongly support the aforementioned viewpoints, in which a large number of bacteria coexisted under the PF mulching treatments (Figure 7).




4.2. Effects of Irrigation Strategy and Plastic Film Mulching on Soil Enzyme Activities and N2O Emissions


Soil enzyme activity is proven to be a key indicator of microbial function in the nutrient cycle and is associated with soil quality [41]. As reported in our previous study, soil enzymes are secreted by plant roots and rhizospheric microorganisms [42]. Irrigation strategies and PF mulching inevitably influence the microenvironment, plant roots and rhizospheric microorganisms. UR is an enzyme that catalyzes the hydrolysis of urea, which is related to the transformations of nitrogenous compounds in ammonium. Drought led to a significant decrease in UR activity [43]. It is generally reported that the process of amide-linked polypeptide degradation and nitrogen circulation is controlled by LAP [44]. In the present case, both UR and LAP were significantly increased by the MSPF treatment (Figure 5). Compared with the MSI treatment, the DIPF treatment also improved enzyme activity, but the effect was not as significant as that of the MSPF treatment (Figure 5). This difference may be because the MSPF treatment improved the soil water content and was uniform in the plough layer, thereby increasing the activities of UR and LAP. The results indicate that PF mulching and micro-sprinkler irrigation could increase the activities of UR and LAP, thereby indirectly accelerating nitrogen cycling.



Nitrification is the main process of N2O production under aerobic conditions, and the denitrification process dominates N2O emissions under anaerobic conditions [45]. Irrigation increases the soil water content and displaces gas between soil pores, and this process creates an anaerobic environment for the soil. Furthermore, soil water plays important roles in regulating N2O to a great extent through substrate mineralization to stimulate microbial activity [46]. The results of this study demonstrate that the N2O emissions under the MSPF treatment were lower than those under the DIPF treatment (Figure 6). However, no previous reports focused on the N2O fluxes under the MSPF and DIPF treatments. In terms of irrigation strategy, the flow rate of the MSPF treatment droppers was approximately 45 times higher than that of the DIPF treatment, and the irrigation duration was shorter for the MSPF treatment [47]. Therefore, the ratio of the horizontal to vertical migration distance of soil water increased under the MSPF treatment [47]. In this study, the MSPF treatment decreased the alternate rate of wetting and drying of soil and improved the water distribution uniformity in the 0–80 cm soil layer (Figure 2). Previous studies have confirmed that a relatively stable soil microenvironment can reduce N2O emissions [35], and alternate wetting and drying irrigation can significantly increase N2O emissions [48]. Therefore, we speculate that the MSPF treatment results in significantly decreased N2O emissions through improved water distribution uniformity.




4.3. Effects of Irrigation Strategy and Plastic Film Mulching on Water Use Efficiency, Fruit Yield and Economic Effectiveness


Previous studies showed that both drip irrigation and PF mulching increased fruit yield and water use efficiency [37,39]. In the present case, compared with the MSI treatment, the average soil water content of the MSPF treatment at 0–40 cm increased by 8.30%, and the 5, 15, and 25 cm soil temperatures increased by 3.83%, 5.85% and 1.68%, respectively. The PF mulching treatment could not only restrain water loss caused by water spray atomization but also effectively reduce ineffective water evapotranspiration and increase soil water content. Our results showed that both the MSPF and the DIPF treatments significantly increased fruit yield compared with the MSI treatment (Table 2). This result suggests that fruit yield can be increased by PF mulching. These findings are in line with previous results [37,49]. This is mainly because the soil temperature and soil moisture increased in response to the PF mulching treatment [50]. Furthermore, during the spring and autumn, the fruit yield under the MSPF treatment was increased by 19.39% and 18.21%, respectively, compared with that under the DIPF treatment (Table 2). This result is mainly because the MSPF treatment created a more stable hydrothermal environment for the rhizosphere (Figure 2 and Figure 3). The improved microenvironment under the MSPF treatment increased the MBN (Figure 4), UR and LAP (Figure 5) in the rhizosphere soil. The increased enzyme activity sped up the circulation of nitrogen in the soil and increased production [50].



Based on the local labor price, the labor cost for film mulching in a 50 m long greenhouse is approximately CNY 500. The costs of micro-spraying and drip irrigation pipes are approximately CNY 700 and CNY 1300, respectively. The cost of mulching film is approximately CNY 300. Because the spacing between each plot was quite large, the total fruit yield for each treatment was lower than that under normal cultivation practices. The tomato price can vary greatly from year to year, and the average price over several years was approximately 4.0 CNY/kg. The additional income for each treatment is shown in Table 4. The calculated maximum total income was approximately 19,192 CNY/greenhouse for the MSPF treatment during the spring. The results showed that the comprehensive benefit order for the treatment combination was MSPF > DIPF > MSI. The results showed that both the MSPF and the DIPF treatments could improve the fruit yield of greenhouse tomato differently, but the comprehensive benefit of the MSPF treatment was more profitable than that of the DIPF treatment because of the lower cost of micro-spraying pipes. The MSPF treatment is appropriate for configuring commercially available installation and operation.





5. Conclusions


Our results demonstrated the following:




	(1)

	
The MSPF treatment could improve the uniformity of soil water in the 0–80 cm soil layer and the water content at 0–40 cm. Film mulching could increase the soil temperature at depths of 5–25 cm.




	(2)

	
The MSPF and DIPF treatments could increase microbial nitrogen, promote the activities of rhizosphere UR and LAP, accelerate the turnover of soil nutrients, and increase the N2O emission rate. However, there were no significant differences between the MSPF and DIPF treatments in terms of the N2O emissions.




	(3)

	
Both the MSPF and the DIPF treatments improved yield and water use efficiency, but there were no significant differences between the MSPF and DIPF treatments.




	(4)

	
Both the MSPF and the DIPF treatments could improve tomato fruit yield in greenhouses. MSPF could be used to configure commercially available installation and operation. The comprehensive benefit of MSPF treatment is that it is more profitable than that of DIPF.













Author Contributions


Y.L. and M.Z. conceived the idea for this study. Y.L. and Z.L. supervised the project. Z.L. and Y.Z. collected the samples. Y.L. and M.Z. performed the composting experiment. M.Z. and Y.L. performed laboratory work. Y.L.; J.W. and M.Z. conducted data analysis. Y.L.; J.W. and M.Z. wrote and revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported jointly by Natural Science Foundation of China (No. 41831284, No. 41807041), Science and Technology Program of Xi’an (20193052YF040NS040) and Fundamental Research Funds for the Central Universities (GK202103129). We are grateful for the helpful comments of the anonymous reviewers.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, H.; Li, H.; Ning, H.; Zhang, X.; Li, S.; Pang, J.; Wang, G.; Sun, J. Optimizing irrigation frequency and amount to balance yield, fruit quality and water use efficiency of greenhouse tomato. Agric. Water Manag. 2019, 226, 105787. [Google Scholar] [CrossRef]

	



Malherbe, S.; Marais, D. Economics, yield and ecology, A case study from the south african tomato industry. Outlook Agric. 2015, 44, 37–47. [Google Scholar] [CrossRef]

	



Constantz, J.; Murphy, F. The temperature dependence of ponded infiltration under isothermal conditions. J. Hydrol. 1991, 122, 119–128. [Google Scholar] [CrossRef]

	



Du, T.; Kang, S.; Zhang, X.; Zhang, J. China’s food security is threatened by the unsustainable use of water resources in North and Northwest China. Food Energy Secur. 2014, 3, 7–18. [Google Scholar] [CrossRef]

	



De, F.T.; Griffiths, R.I.; Knight, C.G.; Nicolitch, O.; Williams, A. Harnessing rhizosphere microbiomes for drought-resilient crop production. Science 2020, 368, 270–274. [Google Scholar]

	



Mu, L.; Wang, C.; Xue, B.; Wang, H.; Li, S. Assessing the impact of water price reform on farmers’ willingness to pay for agricultural water in northwest China. J. Clean. Prod. 2019, 234, 1072–1081. [Google Scholar] [CrossRef]

	



Kang, S.; Zhang, F.; Hu, X.; Zhang, J. Elevated carbon dioxide and soil moisture on early growth response of soybean. Plant Soil 2002, 238, 69–77. [Google Scholar] [CrossRef]

	



Wang, H.Q.; Zhang, M.S.; Dang, X.Y.; Zhu, H. The response of agricultural water demand to climate change in shiyang river basin, in northwest China. Adv. Mater. Res. 2011, 347–353, 1964–1972. [Google Scholar] [CrossRef]

	



Gao, J.; Yan, Y.; Hou, X.; Liu, X.; Zhang, Y.; Huang, S.; Wang, P. Vertical distribution and seasonal variation of soil moisture after drip-irrigation affects greenhouse gas emissions and maize production during the growth season. Sci. Total Environ. 2021, 763, 142965. [Google Scholar] [CrossRef]

	



Takeda, N.; Friedl, J.; Rowlings, D.; De Rosa, D.; Scheer, C.; Grace, P. Exponential response of nitrous oxide (N2O) emissions to increasing nitrogen fertiliser rates in a tropical sugarcane cropping system. Agric. Ecosyst. Environ. 2021, 313, 107376. [Google Scholar] [CrossRef]

	



Qasim, W.; Xia, L.; Lin, S.; Wan, L.; Zhao, Y.; Butterbach, K. Global greenhouse vegetable production systems are hotspots of soil N2O emissions and nitrogen leaching, A meta-analysis. Environ. Pollut. 2021, 272, 116372. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Lv, H.; Qasim, W.; Wan, L.; Wang, Y.; Lian, X.; Liu, Y.; Hu, J.; Wang, Z.; Li, G. Drip fertigation with straw incorporation significantly reduces N2O emission and N leaching while maintaining high vegetable yields in solar greenhouse production. Environ. Pollut. 2021, 273, 116521. [Google Scholar] [CrossRef] [PubMed]

	



Bracken, C.J.; Lanigan, G.J.; Richards, K.G.; Müller, C.; Tracy, S.R.; Grant, J.; Krol, D.J.; Sheridan, H.; Lynch, M.; Brace, C. Source partitioning using N2O isotopomers and soil WFPS to establish dominant N2O production pathways from different pasture sward compositions. Sci. Total. Environ. 2021, 781, 146515. [Google Scholar] [CrossRef] [PubMed]

	



Mann, N. Presentation of Luce Irigaray for the Degree of Doctor of Literature honoris causa, University of Londno. J. Roman. Stud. 2004, 4, 85–88. [Google Scholar] [CrossRef]

	



Xu, Y.; Wang, Y.; Ma, X.; Liu, X.; Zhang, P.; Cai, T.; Jia, Z. Ridge-furrow mulching system and supplementary irrigation can reduce the greenhouse gas emission intensity. Sci. Total Environ. 2020, 717, 137262. [Google Scholar] [CrossRef]

	



Franco, L.S.; Álvaro, F.J.; Plaza, D.; Arrúe, J.L.; Cantero, M.C.; Cavero, J. Influence of irrigation time and frequency on greenhouse gas emissions in a solid-set sprinkler-irrigated maize under Mediterranean conditions. Agric. Water Manag. 2019, 221, 303–311. [Google Scholar] [CrossRef]

	



Lü, G.; Song, J.; Bai, W.; Wu, Y.; Liu, Y.; Kang, Y. Effects of different irrigation methods on micro-environments and root distribution in winter wheat fields. J. Integr. Agric. 2015, 14, 1658–1672. [Google Scholar] [CrossRef]

	



Han, B.; Ye, X.; Zhang, X.; Li, W.; Fan, Q.; Zou, H.; Zhang, Y. Characteristics of Soil Nitrous Oxide Emissions and Influence Factors under Different Irrigation Managements from Greenhouse Soil. J. Soil Water Conserv. 2016, 30, 310–315. [Google Scholar]

	



Mehmood, F.; Wang, G.; Gao, Y.; Liang, Y.; Chen, J.; Si, Z.; Ramatshaba, T.S.; Zain, M.; Shafeeq, U.R.; Duan, A. Nitrous oxide emission from winter wheat field as responded to irrigation scheduling and irrigation methods in the North China Plain. Agric. Water Manag. 2019, 222, 367–374. [Google Scholar] [CrossRef]

	



Zhang, M.; Lu, Z.; Bai, Q.; Zhang, Y.; Qiu, X.; Qin, H.; Yang, H.; Wang, Y. Effect of Microsprinkler Irrigation under Plastic Film on Photosynthesis and Fruit Yield of Greenhouse Tomato. J. Sens. 2020, 2020, 8849419. [Google Scholar] [CrossRef]

	



Zhang, M.; Niu, W.; Bai, Q.; Li, Y.; Wang, J.; Wang, Z.; Zhang, Z. Improvement of quality and yield of greenhouse tomato (Solanum Lycopersicum L.) Plants by micro-sprinkler irrigation under plastic film. Appl. Ecol. Environ. Res. 2020, 18, 6905–6926. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, F.; Shock, C.C.; Yang, K.; Kang, S.; Qin, J.; Li, S. Influence of different plastic film mulches and wetted soil percentages on potato grown under drip irrigation. Agric. Water Manag. 2017, 180, 160–171. [Google Scholar] [CrossRef]

	



Tan, S.; Wang, Q.; Xu, D.; Zhang, J.; Shan, Y. Evaluating effects of four controlling methods in bare strips on soil temperature, water, and salt accumulation under film-mulched drip irrigation. Field Crop. Res. 2017, 214, 350–358. [Google Scholar] [CrossRef]

	



Feng, J.; Li, Y.; Wang, W.; Xue, S. Effect of optimization forms of flow path on emitter hydraulic and anti-clogging performance in drip irrigation system. Irrig. Sci. 2018, 36, 37–47. [Google Scholar] [CrossRef]

	



Yu, Y.; Shi, G.; Xu, D.; Jian, W.; Ma, X. Effects of Treflan injection on winter wheat growth and root clogging of subsurface drippers. Agric. Water Manag. 2010, 97, 723–730. [Google Scholar] [CrossRef]

	



Del, V.Á.; Zubelzu, S.; Juana, L. Numerical routine for soil water dynamics from trickle irrigation. Appl. Math. Model. 2020, 83, 371–385. [Google Scholar]

	



Manoranjan, K.; Ravikant, V.A.; Reddy, K.S.; Reddy, K.S. Development of micro-sprinkler system utilizing renewable energy for small holders in dryland agriculture of India. Clean. Eng. Technol. 2022, 7, 100433. [Google Scholar]

	



Mana, J.; Yu, J.H.; Whitec, P.; Gu, S.B.; Zhang, Y.L.; Guo, Q.F. Effects of supplemental irrigation with micro-sprinkling hoses on water distribution in soil and grain yield of winter wheat. Field Crop. Res. 2014, 161, 26–37. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, Z.; Liu, Y.; Yao, C.; Song, W.; Xu, X.; Zhang, M.; Zhou, X.; Gao, Y.; Wang, Z.; et al. Effects of micro-sprinkling with different irrigation amount on grain yield and water use efficiency of winter wheat in the North China Plain. Agric. Water Manag. 2019, 224, 105736. [Google Scholar] [CrossRef]

	



Bao, S. Soil and Agricultural Chemistry Analysis, 3rd ed.; Chinese Agriculture Press: Beijing, China, 2007. [Google Scholar]

	



Zhang, L.; Zhang, S.Q.; Ren, K.Y.; Li, J.J.; Duan, Y.H.; Xu, M. Soil Ecoenzymatic Stoichiometry and Relationship with Microbial Biomass in Fluvo-Aquic Soils with Various Fertilities. Sci. Agric. Sin. 2020, 53, 4226–4236. [Google Scholar]

	



He, T.; Yuan, J.; Luo, J.; Lindsey, S.; Xiang, J.; Lin, Y.; Liu, D.; Chen, Z.; Ding, W. Combined application of biochar with urease and nitrification inhibitors have synergistic effects on mitigating CH4 emissions in rice field, A three-year study. Sci. Total Environ. 2020, 743, 140500. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Chao, R.; Wan, Z.; Lang, C.; Yang, J.; Bao, T.; Gao, Q. Effects of different grazing intensities on soil extracellular enzyme activities in a typical steppe grassland. J. Arid. Land Resour. Environ. 2019, 33, 145–151. [Google Scholar]

	



Li, Y.; Niu, W.; Zhang, M.; Wang, J.; Zhang, Z. Artificial soil aeration increases soil bacterial diversity and tomato root performance under greenhouse conditions. Land Degrad. Dev. 2020, 31, 1443–1461. [Google Scholar] [CrossRef]

	



Ding, J.; Fang, F.; Lin, W.; Qiang, X.; Xu, C.; Mao, L.; Li, Q.; Zhang, X.; Li, Y. N2O emissions and source partitioning using stable isotopes under furrow and drip irrigation in vegetable field of North China. Sci. Total Environ. 2019, 665, 709–717. [Google Scholar] [CrossRef]

	



Nair, D.; Abalos, D.; Philippot, L.; Bru, D.; Mateo, M.N.; Petersen, S.O. Soil and temperature effects on nitrification and denitrification modified N2O mitigation by 3,4-dimethylpyrazole phosphate. Soil Biol. Biochem. 2021, 157, 108224. [Google Scholar] [CrossRef]

	



Niu, L.; Yan, Y.; Hou, P.; Bai, W.; Zhao, R.; Wang, Y.; Li, S.; Du, T.; Zhao, M.; Song, J.; et al. Influence of plastic film mulching and planting density on yield, leaf anatomy, and root characteristics of maize on the Loess Plateau. Crop J. 2020, 8, 548–564. [Google Scholar] [CrossRef]

	



Van, S.E.; Albeke, S.E.; Scasta, J.; Dvan, D.L. Quantifying the immediate response of the soil microbial community to different grazing intensities on irrigated pastures. Agric. Ecosyst. Environ. 2022, 326, 107805. [Google Scholar]

	



Wang, J.; Du, Y.; Niu, W.; Han, J.; Li, Y.; Yang, P. Drip irrigation mode affects tomato yield by regulating root–soil–microbe interactions. Agric. Water Manag. 2022, 260, 107188. [Google Scholar] [CrossRef]

	



Wu, C.; Ma, Y.; Wang, D.; Shan, Y.; Song, X.; Hu, H.; Ren, X.; Ma, X.; Cui, J.; Ma, Y. Integrated microbiology and metabolomics analysis reveal plastic mulch film residue affects soil microorganisms and their metabolic functions. J. Hazard. Mater. 2022, 423, 127258. [Google Scholar] [CrossRef]

	



Zhou, L.; Xu, S.; Carlos, M.M.; Neil, B.M.; Zhao, B.; Liu, J.; Hao, G. Bentonite-humic acid improves soil organic carbon, microbial biomass, enzyme activities and grain quality in a sandy soil cropped to maize (Zea mays L.) in a semi-arid region. J. Integr. Agric. 2022, 21, 208–221. [Google Scholar] [CrossRef]

	



Li, Y.; Niu, W.; Wang, J.; Liu, L.; Zhang, M.; Xu, J. Effects of Artificial Soil Aeration Volume and Frequency on Soil Enzyme Activity and Microbial Abundance when Cultivating Greenhouse Tomato. Soil Sci. Soc. Am. J. 2016, 80, 1208. [Google Scholar] [CrossRef]

	



Maxwell, T.L.; Augusto, L.; Bon, L.; Courbineau, A.; Altinalmazis, K.A.; Milin, S.; Bakker, M.R.; Jactel, H.; Fanin, N. Effect of a tree mixture and water availability on soil nutrients and extracellular enzyme activities along the soil profile in an experimental forest. Soil Biol. Biochem. 2020, 148, 107864. [Google Scholar] [CrossRef]

	



Wang, C.; Dippold, M.A.; Blagodatskaya, E.; Dorodnikov, M. Oxygen matters, Short- and medium-term effects of aeration on hydrolytic enzymes in a paddy soil. Geoderma 2022, 407, 115548. [Google Scholar] [CrossRef]

	



Kuang, W.; Gao, X.; Tenuta, M.; Gui, D.; Zeng, F. Relationship between soil profile accumulation and surface emission of N2O, Effects of soil moisture and fertilizer nitrogen. Biol. Fertil. Soils 2019, 55, 97–107. [Google Scholar] [CrossRef]

	



Li, Y.; Zheng, Q.; Yang, R.; Zhuang, S.; Lin, W.; Li, Y. Evaluating microbial role in reducing N2O emission by dual isotopocule mapping following substitution of inorganic fertilizer for organic fertilizer. J. Clean. Prod. 2021, 326, 129442. [Google Scholar] [CrossRef]

	



Zotarelli, L.; Scholberg, J.M.; Dukes, M.D.; Muñoz-Carpena, R.; Icerman, J. Tomato yield, biomass accumulation, root distribution and irrigation water use efficiency on a sandy soil, as affected by nitrogen rate and irrigation scheduling. Agric. Water Manag. 2009, 96, 23–34. [Google Scholar] [CrossRef]

	



Liao, B.; Wu, X.; Yu, Y.; Luo, S.; Hu, R.; Lu, G. Effects of mild alternate wetting and drying irrigation and mid-season drainage on CH4 and N2O emissions in rice cultivation. Sci. Total Environ. 2020, 698, 134212. [Google Scholar] [CrossRef]

	



Luo, L.; Wang, Z.; Huang, M.; Hui, X.; Wang, S.; Zhao, Y.; He, H.; Zhang, X.; Diao, C.; Cao, H.; et al. Plastic film mulch increased winter wheat grain yield but reduced its protein content in dryland of northwest China. Field Crop. Res. 2018, 218, 69–77. [Google Scholar] [CrossRef]

	



Wang, H.; Zheng, J.; Fan, J.; Zhang, F.; Huang, C. Grain yield and greenhouse gas emissions from maize and wheat fields under plastic film and straw mulching: A meta-analysis. Field Crop. Res. 2021, 270, 108210. [Google Scholar] [CrossRef]








[image: Agriculture 12 00296 g001 550] 





Figure 1. Irrigation date, amount and greenhouse temperature during the growing season. 
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Figure 2. Average soil water content under different irrigation strategies during spring (A) and autumn (B). 
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Figure 3. Soil temperature at 5 cm (A), 15 cm (B) and 25 cm (C) depths under different irrigation strategies. 
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Figure 4. Response of soil total nitrogen (A) and soil microbial biomass nitrogen (B) to irrigation strategy and plastic film mulching during spring and autumn season. 
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Figure 5. Rhizosphere soil urease (A) and leucine aminopeptidase (B) activities under different irrigation strategies. 
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Figure 6. N2O emission rate in response to irrigation strategy and plastic film mulching. 
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Figure 7. Venn diagram showing the unique and shared nirS-type denitrifying bacteria in rhizosphere soil samples at the OTU classification level under different irrigation strategies and PF during spring (A) and autumn (B). 
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Figure 8. Microbial structure composition of nirS-type denitrifying bacteria under different irrigation treatments. Note: (A) community structure at the phylum level during spring; (B) community structure at the phylum level during autumn; (C) community structure at the Class level during spring; (D) community structure at the Class level during autumn. 
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Figure 9. Principal component analysis (PCA) of denitrifying bacterial communities under different irrigation treatments during spring (A) and autumn (B). The points with the same color and shape indicate replicate samples for each treatment. 
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Table 1. Physical and chemical properties of the soil at the study site.






Table 1. Physical and chemical properties of the soil at the study site.












	Texture
	Clay
	Silt
	Gravel
	





	Effective diameter (mm)
	<0.002
	0.002–0.02
	>0.02
	



	Content (%)
	6.47
	29.63
	63.9
	



	Nutrient
	Total organic matter
	Total phosphorus
	Total potassium
	Total nitrogen



	Content (g/kg)
	5.53
	0.38
	14.33
	0.36
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Table 2. Diversity indices of the denitrifying bacterial community under different irrigation strategies and PF mulching.
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Growing Season

	
Treatment

	
Sobs

	
Shannon

	
Simpson

	
Ace

	
Chao

	
Coverage






	
Spring

	
MSPF

	
440.333 ± 18.009 a

	
4.074 ± 0.066 ab

	
0.044 ± 0.008 a

	
549.428 ± 19.646 a

	
531.713 ± 11.074 a

	
0.9921 ± 0.001 a




	
DIPF

	
463.667 ± 58.347 a

	
4.192 ± 0.334 a

	
0.039 ± 0.014 a

	
560.432 ± 69.79 a

	
545.986 ± 69.462 a

	
0.9921 ± 0.002 a




	
MSI

	
316 ± 35.679 b

	
3.67 ± 0.258 b

	
0.059 ± 0.015 a

	
409.457 ± 52.667 b

	
402.954 ± 52.067 b

	
0.9925 ± 0.0015 a




	
F-value

	
11.339 **

	
3.694 **

	
2.008 ns

	
7.940 *

	
7.294 *

	
0.091 ns




	
Autumn

	
MSPF

	
449 ± 101.946 a

	
3.616 ± 0.468 ab

	
0.072 ± 0.023 a

	
574.282 ± 112.76 a

	
548.788 ± 109.586 a

	
0.9927 ± 0.0009 ab




	
DIPF

	
504 ± 106.86 a

	
3.947 ± 0.364 a

	
0.057 ± 0.031 a

	
603.154 ± 116.073 a

	
585.874 ± 110.158 a

	
0.9918 ± 0.0006 b




	
MSI

	
236 ± 41.761 b

	
2.801 ± 0.485 b

	
0.176 ± 0.094 a

	
335.344 ± 123.487 b

	
297.574 ± 72.131 b

	
0.9946 ± 0.002 a




	
F-value

	
7.655 *

	
5.340 *

	
3.675 ns

	
4.693 *

	
7.544 *

	
3.589 ns








Note: The values with the same letter within rows are statistically non-significant by Duncan’s test at p < 5%. ns, not significant. * ANOVA F value for main effect was not significant or significant at ≤5% level; ** ANOVA F value for main effect was not significant or significant at ≤1% level.
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Table 3. Effects of different irrigation strategies and PF mulching on the fruit yield and water use efficiency of tomato.
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Growing Season

	
Observation Variable

	
MSPF

	
DIPF

	
MSI

	
F-Value






	
Spring

	
Yield (kg/ha)

	
119,961.18 ± 15,863.47 a

	
100,482.01 ± 10,345.32 b

	
99,582.82 ± 11,169.57 b

	
9.873 **




	
Water consumption (mm)

	
374.12 ± 15.82 b

	
344.94 ± 22.42 c

	
406.69 ± 22 a

	
27.764 **




	
Water use efficiency (kg/m3)

	
32.16 ± 4.75 a

	
29.23 ± 3.38 a

	
24.54 ± 3.03 b

	
12.315 **




	
Autumn

	
Yield (kg/ha)

	
97,979.17 ± 12,550.56 a

	
93,722.22 ± 18,965.42 a

	
65,659.72 ± 12,688.55 b

	
16.368 **




	
Water consumption (mm)

	
266.97 ± 7.57 b

	
260.18 ± 14.67 b

	
282.85 ± 18.46 a

	
7.950 **




	
Water use efficiency (kg/m3)

	
36.73 ± 4.83 a

	
35.9 ± 6.41 a

	
23.24 ± 4.51 b

	
24.249 **








Note: The values with the same letter within rows are statistically non-significant by Duncan’s test at p < 5%. ** ANOVA F value for main effect was not significant or significant at ≤1% level.
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Table 4. Economic effectiveness of irrigation strategies and plastic film mulching in each greenhouse.
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Growing Season

	
Treatments

	
Additional Labor Cost

(CNY)

	
Irrigation Pipe Cost

CNY)

	
Mulching Film Cost

(CNY)

	
Fruit Yield

(Kg)

	
Total Income

(CNY)

	
Additional Cost Compared

with MSI (CNY)

	
Additional Income Compared

with MSI (CNY)






	
Spring

	
MSPF

	
500

	
700

	
300

	
4798

	
19,192

	
800

	
4452




	
DIPF

	
500

	
1300

	
300

	
4019

	
16,076

	
1400

	
736




	
MSI

	
0

	
700

	
0

	
3983

	
15,932

	
0

	
1992




	
Autumn

	
MSPF

	
500

	
700

	
300

	
3919

	
15,676

	
800

	
5685




	
DIPF

	
500

	
1300

	
300

	
3749

	
14,996

	
1400

	
4405




	
MSI

	
0

	
700

	
0

	
2626

	
10,504

	
0

	
1313
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