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Abstract

:

The mulch film residues in cotton fields in south Xinjiang have caused serious harm to the soil environment and ecological security in the oasis areas. Non-mulched planting provides an alternative approach to this problem. In this experiment, irrigation was provided on the basis of the reference crop evapotranspiration (ET0). Two layouts of drip tapes (1T4R—one tape for four rows; 2T4R—two tapes for four rows) were applied to the non-mulched, drip-irrigated cotton fields in south Xinjiang, and their impacts on soil water–heat–salt dynamic changes and the water consumption and yield of cotton were compared and analyzed. The experiment shows that the 2T4R layout provided an excellent soil water–salt environment for cotton growth and yield formation. Soil temperature decreased by 0.8 °C and drip irrigation belt input increased by CNY1200·hm−2. However, a higher profit derived from the 2T4R layout could compensate for the increased expenditure. The results show that cotton cultivation using non-mulched drip irrigation instead of mulched drip irrigation can potentially alleviate soil environmental and ecological security problems caused by plastic mulch residues in oasis areas. Although cotton yield was reduced by about 15%, water and nitrogen strategies and other field management could be adjusted to compensate for the disadvantages.
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1. Introduction


The Xinjiang region has sufficient sunshine, sparse precipitation, and strong evaporation, which are conducive to crop agriculture, and the efficiency of agricultural production depends entirely on the available water resources [1,2]. In order to ensure a positive trajectory in agricultural production in Xinjiang, mulched drip irrigation has improved rapidly. With its beneficial effects of water saving, soil moisture conservation, and salt suppression, this technology has been widely applied in cotton cultivation [3,4]. However, the long-term and continuous utilization of this type of cultivation significantly increases the problem of mulch film residues [5]. The mulch films not only harm the soil environment and ecological security in the oasis areas in Xinjiang but also present a serious threat to the sustainable development of regional agricultural production [6]. Studies have shown that the amount of mulch residues in agricultural fields in Xinjiang is about 158.4 kg·hm−2 [7] (with total amount exceeding 5.0 × 105 t [8]) and is increasing dramatically at an annual rate of 15.69 kg·hm−2 [9]. The Aksu region is seriously polluted, with average residual mulch above 275.63 kg·hm−2 [10]. The long-term accumulation of residual mulch can damage soil structure, impede soil water transport, and reduce soil nutrient content. As the amount of residual mulch increases, the unit weight of soil decreases. Consequently, the porosity increases [11], reducing the water-retention capacity of the soil [12]. After the removal of residual mulch, the water-balancing time in the 0–20 cm soil layer is reduced by 45–50% [13]. In addition, residual mulch contamination reduces seed germination and affects crop growth and development, thus reducing the crop yield [14]. In areas with average mulch residue of 261.1 ± 117.8 kg·hm−2, the seed-germination rate decreased by 5.1%, while the rotten seed and root rates increased by 1.7% and 1.58% on average, respectively, compared to areas without residual films [15]. When the amount of soil residual mulch was higher than 210 kg·hm−2, the cotton yield was reduced by 16.9–21.6% [16]. Therefore, how to effectively curb the expansion of pollution caused by residual mulch films in cotton production has become a major scientific and practical issue that needs to be urgently addressed in Xinjiang [17].



Considering the long-term soil environmental problems, attempts to cultivate cotton using drip irrigation without mulch have provided an alternative approach and key technical support for solving the problem of mulch film residues in cotton fields in southern Xinjiang [14]. However, as the cotton cultivation mode changes from mulching cultivation to non-mulching cultivation, the risk of cotton yield reduction increases. The microenvironment of farmland will also be fundamentally changed, and consequently requires corresponding changes in the water-supply pattern and irrigation system. At present, cotton under mulched drip irrigation in Xinjiang is usually cultivated in a configuration of wide (20 cm) and narrow (40 cm) rows with multiple rows under one film. The layout of drip irrigation tapes has a significant impact on the dynamics of soil water and salinity and cotton-root distribution [18], but there are regional differences in the layout of drip tapes. In north Xinjiang, the capillary tape under the mulch film is arranged as one film, one tape, and four rows, which is more beneficial for reducing the soil salinity of cotton-root zones than the layout of one film, two tapes, and four rows [19]. In south Xinjiang, the capillary tape layout of one film, two tapes, and four rows forms desalination zones suitable for cotton growth in the main root layer and the salt stress is relatively small, but the layout of one film, one tape, and four rows produces long horizontal and vertical migration distances for soil salt, and as a result the cotton plants in the outer rows are in the salt-accumulation zone and cotton growth is affected by salt stress [20]. If the drip tape spacing is too large, the cotton in the inner rows and outer rows grows unevenly and the cotton rhizomes become small. Reducing the drip tape spacing can make the cotton grow evenly and the rhizomes large [21]. In respect of different soil types, Liu et al. [22] proposed that the appropriate layout modes of drip tapes under mulch film for sandy and clay soils are one film–one tape–two rows and one film–one tape–four rows, respectively. When the soil is sandy, there is no significant difference in the movement of water to the midpoint of the drip irrigation line at drip tape intervals of 0.91 m or 1.82 m, and the differences in cotton yield and irrigation water use efficiency are also small [23].



However, the change in cotton cultivation from mulching to non-mulching increases the risk of cotton yield reduction. The soil microenvironment of the farmland may also be fundamentally changed. Consequently, farmland water management measures also need to be adjusted accordingly. Firstly, under drip irrigation conditions, ground evaporation is significantly reduced due to the barrier effect of the mulch. Thus, cotton water consumption is significantly reduced. Mulching also has a significant effect on soil water infiltration and redistribution. A relatively independent water transport and absorption unit is usually formed under the same mulch. In contrast, without mulching, soil evaporation will increase significantly in the early stages of cotton growth. Hydrothermal conditions of soils will also significantly change. Therefore, the water consumption process in cotton fields is significantly different from that under mulched drip irrigation. Secondly, salt control is an important element of farmland irrigation management in Xinjiang, especially in southern Xinjiang. Under non-mulching cultivation, strong surface evaporation and serious surface salt aggregation occur during the cotton reproductive period (especially the early reproductive period). Existing irrigation salt washing and salt control measures cannot meet the needs of the non-mulching cotton cultivation mode. Salt washing and control patterns of cotton fields need to be accordingly changed based on the changes in the water and soil environment of farmland under the new cultivation mode.



Therefore, the feasibility of cotton non-mulched cultivation was investigated by field experiments to alleviate the problems of soil environment and ecological safety in the oasis area caused by plastic film residues. The effects of different drip tape layouts on soil water–heat–salt dynamics, water consumption, and yield of cotton were further studied to increase the cotton yield and the possibility of sustainable production in the hope of helping to cope with soil water–heat–salt changes and cotton yield reduction risks in cotton fields, thus providing technical support for the reasonable layout of field irrigation systems with non-mulched drip irrigation in south Xinjiang. This study is significant for sustainable production of cotton in south Xinjiang and large-scale promotion of cotton under drip irrigation without mulch.




2. Materials and Methods


2.1. Experimental Site


The experiments were conducted at the experimental irrigation station of Xinjiang Production and Construction Crops, First Division (81°17′56″ E, 40°32′36″ N, 1014 m above sea level) (Figure 1). The experimental station is in a typical inland zone with a dry climate, sparse precipitation, and strong evaporation all year round. The multiyear average of air temperature is 11.3 °C, precipitation 45.7 mm, evaporation 1876.6–2558.9 mm, sunshine duration 2950 h, frost-free period 207 days, and groundwater depth 3.5–5.0 m. The soil at the experiment station has a sandy, loamy texture, with an average bulk density of 1.58 g cm−3 and good air permeability, and the 0–80 cm field moisture capacity is 23.8% (gravimetric soil moisture determination).




2.2. Experimental Design


The cotton variety provided for the experiments was the new, very early-maturing cotton variety Zhongmian 619, sown on 22 April 2018 and harvested on 27 October 2018. This experiment adopted a single-factor, randomized block design. There were six blocks in total, each with a size of 45 m × 6 m (length × width), and each treatment was replicated three times. The two configurations of the drip tapes were one tape for four rows (1T4R), and two tapes for four rows (2T4R). The row spacing of cotton was 20 + 40 cm (Figure 2), and the plant spacing was 10 cm.



The FAO proposed the crop irrigation strategy based on crop evapotranspiration [24]. Fontanet [25] and Tan [26] et al. demonstrated the feasibility of irrigation strategies by applying different irrigation quota (25–100% ET) and irrigation frequency. In the irrigation experiment, the necessary information on the crop coefficient (KC) in cotton fields under non-mulch cultivation method is not available, so ET0 × KC cannot be used to confirm the irrigation strategy. Therefore, we designed an irrigation strategy referring to the experimental methods used by Cheng [27] and Fan et al. [28]. At present, the irrigation quota for cotton under mulched drip irrigation in south Xinjiang is about 30 mm [29,30]. The irrigation quota for cotton under non-mulched drip irrigation was increased by 50% to 45 mm (1.0 ET0) in this study [27]. The experiments started from the cotton seedling stage. The reference evapotranspiration (ET0) was calculated using the Penman–Monteith formula recommended by FAO-56 (Figure 3), ET0-P (precipitation) was calculated from daily weather data, and irrigation was implemented when the accumulated value had reached 45 mm (ET0-P = 45 mm) [14,31]. Irrigation quotas and irrigation dates are shown in Table 1. The drip tapes used were disposable, single-wing, labyrinth drip tapes with a specification of Φ16, a distance of 30 cm between water droppers, a maximum flow rate of 3.0 L h−1, and a working pressure of 0.1 MPa. The specified fertilizer for drip irrigation was applied at 1200 kg hm−2, and the spraying of pesticides and other agronomic measures were implemented following the local best practice.




2.3. Measurement of Factors and Methods


2.3.1. Soil Moisture Content and Temperature


Soil moisture and temperature were measured by Decagon 5TM sensors and the EM50 (Washington, DC, USA) data loggers recorded data every hour [32,33]. The sensors were distributed in wide and narrow rows and placed at depths of 10, 20, 40, 60, and 80 cm (Figure 1). At the end of each growth stage, the sensors were recalibrated by soil sampling and drying. Table 2 shows the divisions of growth stages.




2.3.2. Soil Salinity


Soil salinity was characterized by the conductivity measurement value. At the end of each growth period, the soil was sampled and dried, and the dried soil sample was crushed. The soil sample was passed through a 1 mm sieve, 20 g was weighed into a flask, and 100 mL distilled water was added. The flask was shaken for 10 min, left to stand for 15 min and filtered to prepare an extract with a water to soil mass ratio of 5:1. The electrical conductance of the extract EC5:1 was measured by the DDB-303A (Shanghai, China) portable conductivity meter [34].




2.3.3. Cotton Yield


During the cotton harvest, three pickings were conducted according to the opening of bolls. The actual picking yield of each of the three harvests was weighed and the number of bolls and mass per hundred bolls recorded at the same time. The total cotton yield was calculated as in Formula (1) [35]:


  Y = 0.01  n p  ω ρ  



(1)




where Y is yield (kg·hm−2), np is number of bolls per plant (pieces·plant−1), ω is mass of a single boll (g), and ρ is planting density (plants·m−2).




2.3.4. Cotton Water Consumption


The water consumption (ET) of cotton was calculated by water balance, following Equation (2) [36]:


  E T = Δ S + P + I + G +  R 0  +  D P   



(2)




where ET is evaporative water consumption (mm) of the cotton field in a certain period, ∆S is changed amount of soil moisture content in the 0.8 m deep soil layer at the beginning of the period compared to the end of the period (mm), P is effective rainfall recharge obtained by the cotton field (mm), I is irrigation water supply to the cotton field in a certain period (mm), G is groundwater recharge (mm), R0 is surface runoff (mm), and DP is deep seepage loss during the period (mm). The terrain of the experiment field was flat, and there was no surface runoff. The groundwater level was deep (3.5–5.0 m), so the groundwater recharge obtained by the cotton field was negligible. The irrigation method of the experiment field was drip irrigation, so the deep seepage loss can also be ignored [28].




2.3.5. Water Use Efficiency


The water use efficiency values WUEET and WUEI were calculated by Formulae (3) and (4), respectively:


  W U  E  E T   = Y / E T  



(3)






  W U  E I  = Y / I  



(4)




where ET represents actual water consumption (mm).




2.3.6. Data Processing


Data processing was performed using Microsoft Excel (2010). Figures were drawn by Origin (2017). Statistical analyses were performed using DPS (16.05), and analysis of variance and treatment differences were calculated using Duncan’s new multiple-range method (α = 0.05).






3. Results


3.1. Dynamic Changes in Soil Moisture with Different Drip Tape Layouts


Under different planting conditions, the differences in the range and distribution of soil moisture have a great impact on the moisture absorption and growth of crops [37]. The dynamic changes in soil moisture at 0–80 cm depths in the two drip tape layouts are shown in Figure 4. The cycle of dynamic changes in soil moisture was consistent with the irrigation cycle. The soil moisture content of the wide rows in the 1T4R layout was higher than that of the narrow rows, while the soil moisture content of the narrow rows in the 2T4R layout was higher than that of the wide rows. In general, the soil moisture content of wide and narrow rows in 1T4R was lower than that in 2T4R. When the drip tape layout was 1T4R, the 0–20 cm soil moisture content of the narrow rows was higher than that of the wide rows, while the soil moisture below 20 cm of the wide rows was higher. The soil moisture content of wide and narrow rows fluctuated greatly at a depth of 0–40 cm. While the soil moisture content decreased rapidly, the soil moisture storage capacity was low, and an obvious “dry zone” was formed in the short term. The fluctuations in soil moisture content gradually diminished at a depth of 40–60 cm. At 60–80 cm depth, the soil moisture content was relatively stable with small fluctuations and a large “wet zone” formed. When the drip tape layout was 2T4R, the 0–20 cm soil moisture content of the wide rows was higher than that of the narrow rows, but was lower in the 20–80 cm zone. The soil moisture content of wide and narrow rows had relatively large fluctuations between the depths of 0 and 20 cm, which was an active layer with relatively low soil moisture content, and an obvious “dry zone” formed. The variation in soil moisture content between 20 and 40 cm was relatively small, as a subactive layer. The soil moisture content between 40 and 80 cm was relatively stable, and this was a stable layer where the relatively high soil moisture content formed a “wet zone.” At soil depth of 0–40 cm, soil moisture levels close to the dry zone based on the type of soil reported can be a problem for the crop in the early phases with low root development.




3.2. Dynamic Changes in Soil Salinity in Different Drip Tape Layouts


The dynamic changes in soil salinity in different drip tape layouts are shown in Figure 5. Before irrigation, the soil salinity of the fields with the two drip tape layouts were all relatively high. After irrigation, salinity decreased significantly (p < 0.05), and at the seedling stage had decreased by 20.38% (1T4R wide), 20.55% (1T4R narrow), 23.42% (2T4R wide), and 16.35% (2T4R narrow) compared with the original value. After entering the blooming and boll-setting stage, a resalinization phenomenon appeared, and at 0–80 cm depth salinity gradually increased. In general, the drip tape layout of 2T4R had a better leaching effect on salt concentration than the 1T4R layout. The layouts of drip tape had different effects on the distribution of salt in the soil profile. When the drip tape layout was 1T4R, the 0–40 cm salinity of the wide and narrow rows of the cotton field was relatively low, while below 40 cm it was relatively high. During the entire cotton growth period, the 0–80 cm salinity of the wide rows was lower than that of the narrow rows. When the drip tape layout was 2T4R, the 0–40 cm salinity of the wide and narrow rows of the cotton field was low, and the salinity gradually increased at depths below 40 cm. The salinity of the 2T4R layout were therefore generally lower than those of the 1T4R layout across the row profiles.




3.3. Impacts of Different Drip Tape Layouts on Soil Temperature


Correct soil temperature is closely related to cotton growth and crop yield [38]. The changes in the outside air temperature and the average soil temperature of the two drip tape layouts are shown in Figure 6. The soil temperature is greatly affected by the air temperature and changes commensurately. At the seedling stage, the soil temperature of the two drip tape layouts was not significantly different. After the bud stage, the average soil temperature in the main root zone of the cotton field using the 1T4R layout was 0.8 °C higher than in the 2T4R layout, but the profile of the two tape types was similar throughout the soil depths, increasing and then decreasing.



The dynamic changes in soil temperature in the wide and narrow rows of cotton fields using two drip tape layouts are shown in Figure 7. When the drip tape layout was 1T4R in the cotton seedling stage, the 0–40 cm soil temperature of the narrow rows was lower than that of the wide rows. After entering the cotton bud stage, the 0–40 cm soil temperature of the narrow rows was higher using the 1T4R configuration, while the 40–80 cm soil temperature of the narrow rows was higher than that of the wide rows. When the drip tape layout was 2T4R in the cotton seedling stage, the 0–20 cm and 60–80 cm soil temperature of the narrow rows was higher than that of the wide rows, while the 20–60 cm soil temperature of the wide rows was higher. After entering the bud stage, the 60–80 cm soil temperature of the wide rows was higher. Until the early stage of cotton blooming and boll setting, the soil temperature of the two drip tape layouts decreased with the increase in soil depth, while in the later stage of cotton blooming and boll setting, it increased with the increase in soil depth.




3.4. Impacts of Drip Tape Layout on Water Consumption of Cotton


The water consumption of the two drip tape layouts is shown in Table 3. In the cotton seedling stage, the plants were small and the air temperature was low. The average daily water consumption of cotton was around 3.2 mm. At the cotton bud stage, as the air temperature gradually increased, the cotton plants entered a period of vigorous growth, and the average daily water consumption reached a maximum of 4.6 mm. After entering the blooming and boll-setting stage, the average daily water consumption of cotton slightly decreased to around 3.8 mm. In contrast, throughout the entire cotton growth period, the 2T4R drip tape layout had higher water consumption. However, the difference was not statistically significant. The water consumption of cotton throughout the entire cotton growth period in the 1T4R layout was 488.87 mm, while that of the 2T4R layout was 514.04 mm.




3.5. Impacts of Different Drip Tape Layouts on Cotton Yield and Irrigation Water Use Efficiency


The cotton yield and water use efficiency can reflect the impacts of different drip tape layouts on cotton growth and water consumption. The number of bolls per plant, the mass of a single boll, and the yield of seed cotton with the 2T4R layout were all higher than those of the 1T4R layout, by 2.73%, 0.87%, and 3.54%, respectively (Table 4). There was no difference in any of the cotton yield and water use efficiency response variables in response to the two drip tape configurations. This is to be expected, as the less water applied, the lower the productive yield, which indicates the high sensitivity of the cotton to the available water. Undoubtedly, there were moments of hydric stress that affected the crop, as documented in [29].





4. Discussion


In terms of methods for real-time irrigation decisions, they are mainly categorized into four types worldwide: based on evapotranspiration (ET) calculation and water balance, soil moisture, crop moisture, and models [39]. The ET and water balance-based irrigation decision method [24] is easier and more general to implement. It has been used in the CROPWAT [40] developed by the USDA FAO on the smartphone software Smart Irrigation Apps [41]. In addition, irrigation decisions need to be combined with precision irrigation systems to form precise irrigation decision and control systems. Thus, the decision effectiveness and the irrigation system benefit can be truly reflected [42]. Currently, precision irrigation systems are mainly studied in three aspects: (1) analyzing the relationship between environment and crop water requirements [43]; (2) conducting simulation experiments using crop irrigation models [44]; and (3) using expert knowledge to obtain irrigation rules [45]. Since cotton cultivation with non-mulched drip irrigation is still in the exploration stage, the ET value remains unclear. Therefore, in this paper, ET0-P was used to guide irrigation [14,27,31]. ET0 is strongly influenced by temperature and rainfall, increasing with temperature and decreasing with rainfall (Figure 3).



Planting and irrigation methods can cause significant differences in soil moisture, salinity, and temperature, affecting cotton growth and yield. For cotton planting under non-mulched drip irrigation, the layout of drip tapes affects the dynamic changes of soil water, temperature and salinity. The spatial dynamic changes in soil moisture content in cotton fields with 1T4R and 2T4R drip tape layouts were relatively consistent. They were characterized by a long cotton seedling period, relatively low air temperature, low soil evaporation, low transpiration of cotton plants, and small water consumption [46]. Therefore, the soil in the cotton seedling stage maintained high moisture content and the layout of drip tapes had little impact on the soil moisture content. As cotton entered the rapid growth phase, the air temperature concomitantly increased, as did soil evaporation, in the absence of mulch film covering. Simultaneously, water consumption of cotton plants increased in the later period of cotton blooming and boll setting, with gradual decrease in air temperature, soil evaporation, and water consumption, as well as soil moisture, such that such the moisture content of the soil rebounded. For the drip tape layout of 1T4R, the fluctuation of 0–40 cm soil moisture content was large, and it was easy to form a “dry zone” in the short term [47]. The fluctuation of 40–60 cm soil moisture content was relatively small, and the 60–80 cm soil moisture content remained stable, forming a stable layer of water recharge [20,48], and a “wet zone” with relatively high moisture appeared. For the drip tape layout of 2T4R, the soil depth of 0–20 cm was a “dry zone” of water activity, the soil moisture change was relatively small between 20–40 cm, and the 40–80 cm depth was a “wet zone” with relatively stable soil moisture content. Since the moisture of the soil surface was greatly affected by cotton transpiration, its fluctuation was large, while the soil moisture in the stable layer was less affected, and moisture accumulation formed at a depth of 80 cm. Meanwhile, affected by the layout of drip tapes and the duration of irrigation, a “narrow and deep” wet zone was formed for the 1T4R layout, and a “broad and shallow” wet zone was formed for the 2T4R layout [49,50]



Before irrigation at the seedling stage, the soil evaporation was strong due to the effect of no mulch film coverage, and the salinity value of the 0–80 cm deep soil layer was relatively high, but as times of irrigation increased, 0–80 cm soil salinity gradually decreased and the salt diffused horizontally and vertically [20]. By the cotton-blooming and boll-setting stage, cotton was affected by both air temperature and evapotranspiration, and soil resalinization occurred. The 2T4R drip tape layout was more beneficial for the leaching of soil salt than the 1T4R layout. This is mainly because the 2T4R layout of drip tapes formed two desalination zones in the cotton main root layer, which widened the salt-leaching areas [20,51]. When the drip tape layout was 1T4R in the cotton seedling stage and bud stage, the 0–20 cm soil salinity of the narrow rows was lower than that of the wide rows, while it was higher than that of the wide rows after entering the blooming and boll-setting stage. Since the 1T4R drip tapes were distributed in the wide rows, the 20–60 cm moisture content of the wide rows was higher than that of the narrow rows, and the salinity was relatively low, but the salinity of the wide rows increased below 60 cm. When the drip tape layout was 2T4R, the 0–20 cm salinity of the narrow rows was lower than that of the wide rows. Since the 2T4R drip tapes were distributed in the narrow rows, the water accumulated in the wide rows, the salt was carried to the wide rows, and the salinity was therefore higher.



Air temperature and drip tape layouts have an impact on soil temperature. The change in soil temperature is the process of absorbing or releasing energy with the change in solar radiation and air temperature [35], and the soil temperature varies concomitantly. When the drip tape layout was 1T4R, the 0–40 cm soil temperature of the narrow rows in the cotton seedling stage was lower than that of the wide rows. After entering the cotton bud stage, the 0–80 cm soil temperature of the narrow rows was higher than that of the wide rows. This is because the exposure of cotton seedlings to solar radiation in wide-row soil was higher than that of the narrow-row soil and the soil temperature was commensurately higher. At the bud stage, the effect of air temperature was ameliorated and irrigation itself was responsible for lowering soil temperature. Therefore, the 0–80 cm soil temperature of the narrow rows was higher than that of the wide rows. When the drip tape layout was 2T4R in cotton seedling stage, the 0–20 cm and 60–80 cm soil temperature of the narrow rows was higher than that of the wide rows, while the 20–60 cm soil temperature of the wide rows was higher. After entering the bud stage, the 60–80 cm soil temperature of the wide rows was higher. The increase in soil moisture content leads to an increase in soil-specific heat capacity, which affects soil warming and is not beneficial for water uptake by crop roots [50,52,53]. In general, in the early stages of cotton growth, the soil temperature of the two drip tape layouts was not much different, but with growth, the soil temperature of the 1T4R layout was higher than that of the 2T4R layout.



The water consumption with the growth process of cotton under non-mulched drip irrigation was characterized as follows. The intensity of daily water consumption was low in the cotton seedling stage. In the bud stage, the cotton plants grew faster, and the intensity of daily water consumption increased significantly, reaching a maximum. In the blooming and boll-setting stage, the intensity of daily water consumption slightly decreased. This is slightly different from the study by Wu et al. [48], because the sowing time of cotton under non-mulched drip irrigation was late and the seedling period was longer, resulting in an overall delay of the growth period. In general, the water consumption during the cotton growth period of the 1T4R layout was slightly less than that of the 2T4R layout—488.87 mm and 514.04 mm, respectively—but the difference was not statistically significant. From the analysis of cotton yield composition, seed cotton yield and water use efficiency, the layout of 2T4R was better than 1T4R, but the differences between the two were not statistically significant. Compared to the 1T4R treatment, the 2T4R treatment showed an increase in the cost of drip irrigation tape and the cotton yield benefits by 1200 and CNY1749.5·hm−2, respectively. Thus, a total of CNY549.5·hm−2 can still be achieved in the 2T4R treatment after the increased input cost is factored in. In addition, with the development in drip irrigation tape production technology, tougher drip irrigation tape can facilitate manual/mechanical recycling and further mitigate soil pollution by plastic particles.



Compared with existing studies on mulched drip irrigation, it was found that the shift from mulching to non-mulching cotton cultivation increased evapotranspiration and soil salinity, reduced soil moisture and temperature, and decreased cotton yield by about 15% [54]. However, increasing the irrigation quota could reduce the yield difference between the two cultivation modes [14,54]. Although there are several obstacles to the large-scale extension of the non-mulched drip irrigation mode, the cultivation mode with non-mulched drip irrigation is a feasible means to maintain sustainable cotton production and reduce mulch pollution in Xinjiang. In addition, this study only investigated the effect of drip irrigation belt arrangement on soil water–heat–salt conditions and cotton yields under drip irrigation without mulch conditions. The feasibility of cotton cultivation with non-mulched drip irrigation was verified. The appropriate drip irrigation belt arrangement was determined. Further studies will be focused on improving cotton yields and irrigation efficiency of cotton under drip irrigation without mulch.




5. Conclusions


The soil moisture content of the 2T4R layout was greater than that of the 1T4R layout, forming a “broad and shallow” wet zone, which was beneficial for the growth of cotton. Moreover, two desalination zones were formed in the main root zone of the cotton, and the desalination effect was better in the 2T4R. However, the average soil temperature in the main root zone of the 1T4R layout was 0.8 °C higher than that of the 2T4R layout. The cotton yield composition, seed cotton yield, and water use efficiency of the 2T4R layout were slightly higher the 1T4R layout. To sum up, soil moisture under 2T4R layout was higher than that in the 1T4R, forming a “broad and shallow” wet zone, two desalination zones of 2T4R were formed in the root zone of cotton, and the 2T4R layout was suitable for the drip-irrigated cotton without mulch in south Xinjiang. Therefore, we recommend farmers use the 2T4R layout for filmless cotton planting.
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Figure 1. Location of the experimental area and field sampling. 
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Figure 2. Schematic diagram of cotton planting method and drip irrigation belt layout (cm). 






Figure 2. Schematic diagram of cotton planting method and drip irrigation belt layout (cm).



[image: Agriculture 12 01589 g002]







[image: Agriculture 12 01589 g003 550] 





Figure 3. Meteorological data for 2018. 
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Figure 4. Dynamic changes in soil moisture under different drip irrigation treatment conditions in 2018a. (a) 1T4R wide, (b) 1T4R narrow, (c) 2T4R wide, (d) 2T4R narrow. 
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Figure 5. Dynamic changes in soil salinity in different drip irrigation treatment conditions in 2018a. Note: KK is 1T4R wide; KZ is 1T4R narrow; ZK is 2T4R wide; ZZ is 2T4R narrow. 
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Figure 6. Average temperature of soil compared to air temperature in different drip irrigation treatment conditions in 2018a. 
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Figure 7. Dynamic changes of soil temperature in different drip irrigation treatment conditions in 2018a. (a) 1T4R wide, (b) 1T4R narrow, (c) 2T4R wide, (d) 2T4R narrow. 






Figure 7. Dynamic changes of soil temperature in different drip irrigation treatment conditions in 2018a. (a) 1T4R wide, (b) 1T4R narrow, (c) 2T4R wide, (d) 2T4R narrow.



[image: Agriculture 12 01589 g007]







[image: Table] 





Table 1. Irrigation quota and irrigation date.
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	Irrigation Quota
	Irrigation Date





	45
	22 May 2018



	45
	31 May 2018



	45
	10 June 2018



	45
	23 June 2018



	45
	5 July 2018



	45
	14 July 2018



	45
	24 July 2018



	45
	6 August 2018



	45
	16 August 2018



	45
	31 August 2018
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Table 2. Divisions of cotton birth stage.
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	Growth Stage
	Date
	Growing Days (d)





	Sowing–emergence
	22 to 30 April 2018
	8



	Emergence stage–seedling stage
	1 May 2018 to 29 June 2018
	60



	Seedling stage–bud stage
	30 June to 2 August 2018
	33



	Bud stage–prophase of boll stage
	3 August to 21 August 2018
	18



	Prophase –later period of boll stage
	22 August to 10 September 2018
	19



	Later period of boll stage–floating period
	11 September to 27 October 2018
	46
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Table 3. Effects of different drip irrigation belt arrangements on cotton water consumption in 2018a.
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Treatment

	
Seedling Stage

	
Bud Stage

	
Flower Bell Period




	
IA

	
WC

	
ADWC

	
IA

	
WC

	
ADWC

	
IA

	
WC

	
ADWC




	
(mm)

	
(mm)

	
(mm d−1)

	
(mm)

	
(mm)

	
(mm d−1)

	
(mm)

	
(mm)

	
(mm d−1)






	
1T4R

	
180

	
194.58a

	
3.24a

	
135

	
151.82a

	
4.60a

	
135

	
142.48a

	
3.85a




	
2T4R

	
180

	
208.72a

	
3.48a

	
135

	
159.42a

	
4.83a

	
135

	
145.90a

	
3.94a








Note: 1. IA is irrigation amount, WC is water consumption, ADWC is average daily water consumption. 2. Different letters in the same column indicate significant differences between treatments (p < 0.05).
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Table 4. Effects of different drip irrigation belt layouts on yield and irrigation water use efficiency of cotton in 2018a.
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	Treatment
	BN
	BM (g)
	Yield (kg hm−2)
	TIA (mm)
	TWC (mm)
	WUEET (kg m−3)
	WUEI (kg m−3)





	1T4R
	4.40a
	4.58a
	4947.96a
	450
	488.87a
	1.01a
	1.10a



	2T4R
	4.52a
	4.62a
	5122.91a
	450
	514.04a
	1.00a
	1.14a







Note: 1. BN is boll numbers per plant, BM is boll mass, TIA is total irrigation amount, TWC is total water consumption. 2. Different letters in the same column indicate significant differences between treatments (p < 0.05).
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