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Abstract

:

Optimal drip irrigation management in shallow groundwater areas needs to clarify the effects of flow rate and layout designs on the soil moisture, salt distribution, cotton root length density, plant height, leaf area, and yield. In this study, a one-year field experiment was conducted from April to October 2018 in the fifth company of the 16th Regiment in Alar City, Xinjiang, to investigate the effects of various drip flow rates and layout designs of cotton growth. Two drip flow rates (2.8 and 5.6 L·h−1) and two layout designs (one film, two drip tapes, and six rows; one film, three drip tapes, and six rows) were applied to explore the optimal combination, resulting in a total of four treatments that were irrigated three times in the whole growth period. Soil moisture, salt distribution, cotton root length density, plant height, and leaf area were measured. The main results were as follows: (1) Under the same layout designs, the soil moisture content was higher and the soil salinity was lower when the drip flow rate was 5.6 L·h−1, and the cotton root length density, plant height, leaf area, and yield were significantly higher than that of 2.8 L·h−1. (2) Under the same drip flow rate, the soil desalination rate, cotton growth indexes, and yield under the three-tapes treatment were significantly higher than the values of the two-tapes treatment. The actual yield of treatment D was 21.56%, 19.23%, and 11.71% higher than that of treatments A, B, and C, respectively. (3) The crop evapotranspiration of cotton during the two irrigation cycles showed an increasing trend, and the groundwater contribution showed a smaller and then increasing trend. Overall, the combination of three tapes and a drip flow rate of 5.6 L·h−1 had the highest cotton yield and net income, which were 6211.36 kg·hm−2 and 4820.21 kg·hm−2 for the theoretical and actual yields. The results of this study can provide a reference for the management of limited irrigation leaching soil salinity and cotton cultivation in shallow groundwater areas.
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1. Introduction


Irrigation plays a key role in agricultural production in arid and semi-arid regions globally [1], and water use for irrigated agriculture accounts for up to 70 per cent of available water resources [2,3,4,5]. In order to guarantee world food security and the sustainable development of agriculture, the adoption of limited irrigation methods and the effective use and management of water resources are important initiatives to cope with the water crisis [6,7], especially in irrigated agricultural areas close to reservoirs, rivers, and other areas with a shallow groundwater table. However, limited irrigation will cause the redistribution of soil moisture and salt in farmland [8,9]. It is necessary to find out the influence of soil salt transport to ensure the stable output of agriculture.



The southern Xinjiang region is the main cotton-producing area in China. Due to extreme drought and the high salt content of the soil parent material, the degree of salinization of cultivated land in southern Xinjiang is significantly higher than that in northern Xinjiang [10], and the efficiency of irrigation water is also lower than that in northern Xinjiang [11]. Therefore, the optimization of drip irrigation technical parameters is an urgent issue. The irrigation frequency of conventional cotton fields under drip irrigation in southern Xinjiang is usually 7–10 times, and the irrigation quota is 300–500 mm [12,13]. However, the soil desalting area formed by large drip flow rates is wide and shallow, and the soil moisture content is high. Moreover, the shallow fine roots of cotton mainly concentrate at a shallow depth, and under suitable groundwater burial depth conditions, groundwater significantly reduces the amount and irrigation frequency in agricultural fields by recharging the soil moisture in the root zone of the crop [14,15]. In addition, water-limited irrigation will promote a change in the crop root architecture and guide crops to absorb and utilize groundwater. Some crop roots can even extend to 2 m below the ground [16,17]. Therefore, reasonable technical parameters of drip irrigation under film are applied under the limited irrigation conditions in the area with the shallow groundwater level buried. This can not only promote crops to make full use of groundwater and reduce irrigation water, but also achieve the purpose of salt pressure and water and fertilizer application. This is of great significance for the sustainable development of agriculture in arid areas.



Previous studies have shown that soil desalination can be controlled by regulating the drip flow rate or drip irrigation tape-laying pattern, which is conducive to the uniform growth of the crop root system and achieves the purpose of enhancing the crop yield [18,19,20]. This would form two desalination zones in the shallow layer (0–40 cm) of soil, and the distribution of crop roots will be looser and more uniform. The soil desalting zone formed by small drip flow rates is narrow and deep, and the crop root distribution is denser with a poor uniformity, which is not conducive to crop growth and development [21,22]. The deployment method of drip irrigation tapes also affects the distribution of soil water, heat, and salt and crop growth under drip irrigation with mulch. In Xinjiang, the commonly used machine-harvested cotton film width is 2.05 m. Under the planting mode of onefilm and two tapes with six rows (drip irrigation tapes are laid out in wide rows), the soil under the film will form two desalination zones [23]. Under this arrangement, the soil in the root zone of the cotton line is prone to salinity accumulation, which will affect the growth of cotton. With a layout of one film, three tapes, and six rows of drip irrigation tape (drip irrigation tapes are laid out in narrow rows), three desalination zones will be formed in the cotton root zone. Compared with the mode of one film and two tapes with six rows, the mode with one film, three tapes, and six rows has more advantages considering the soil salt leaching effect, nutrient retention, cotton growth uniformity, and yield in the root layer [24,25]. Some studies have also found that, under the conditions of one film and three tapes, the emergence rate and soil water utilization rate of cotton were higher, which was more suitable for the growth and development of cotton [26]. Therefore, when formulating the technical parameters of mulch drip irrigation in saline farmland with a shallow groundwater depth in Xinjiang, the desalination range of soil under mulch and the requirements of salt distribution should be considered at the same time. Current research results on this aspect are still lacking and the degree of attention is not high.



However, the effects of various drip flow rates and layout designs on soil salinity, seed cotton yield, and cotton water use efficiency are not clear. More importantly, the soil water and salt in saline–alkali soil in shallow groundwater areas are affected by groundwater, which affects the parameter design of the drip irrigation strategy. It is necessary to further quantitatively explore the effects of the combination of both on the soil water and salt changes and seed cotton yield, and find out the best combination parameters. Therefore, the objectives of this study are: (1) to study the effects of various drip flow rates and layouts on the distribution of soil moisture and salt in the root zone; and (2) to explore effects of various drip flow rates and layouts on groundwater utilization, cotton root distribution, plant growth, and yield. This can provide a theoretical reference for the selection of the appropriate irrigation parameters for drip irrigation under film in areas with a shallow groundwater depth.




2. Materials and Methods


2.1. Site Description


The test was conducted from April to October, 2018, in the 16th Regiment of Aral City, 1st Division, Xinjiang (80°50′ E, 40°29′ N). The test site is adjacent to Aksu River in the north, Shengli Reservoir in the east, and Upstream Reservoir in the west. It is a multi-year drip-irrigated cotton field, which belongs to a typical extreme arid climate zone, with average annual sunshine of 2556.3–2991.8 h. This site has an altitude of 1025 m, average annual precipitation of 40.1–82.5 mm, and average annual evapotranspiration of 1976.6–2558.9 mm. Groundwater is found at a depth of 0.6–1.0 m (Figure 1). The total precipitation of cotton during the whole growth period was 93.0 mm, and there were 6 effective periods of precipitation greater than 5 mm. The average daily maximum temperature was 38.2 °C, and the average daily minimum temperature was 4.1 °C (Figure 2). The physical and hydraulic properties of soil are shown in Table 1.




2.2. Experiment Design


The cotton variety for the test was “Xinluzhong 35”, which is widely promoted and applied in the local area, and was sown on 22 April 2018. The planting pattern was 1 film and 6 rows, wide–narrow row (66 + 11) cm planting, a plant spacing of 11 cm, a film width of 205 cm, and a film spacing of 40 cm. The labyrinth thin-walled drip irrigation tape produced by Xinjiang Tianye Plasticization Group was used. The drip spacing was 30 cm and the maximum drip flow rate was 2.8 L·h−1. Different water distribution under the film was obtained by regulating the drip flow rate and layout design. There were two treatments for the drip flow rate. The first was a single drip irrigation tape with a drip flow rate of 2.8 L·h−1. The second was a combination of the two drip irrigation tapes to work together to obtain a drip flow rate of 5.6 L·h−1 (Figure 3). Two treatments were also set up for the layout design, the cotton planting model with one film, two drip tapes, and six rows and the cotton planting model with one film, three drip tapes, and six rows. The treatments were labelled as A (1 film, 2 tapes, drip flow rate of 2.8 L·h−1), B (1 film, 3 tapes, drip flow rate of 2.8 L·h−1), C (1 film, 2 tapes, drip flow rate of 5.6 L·h−1), and D (1 film, 3 tapes, drip flow rate of 5.6 L·h−1), with a total of 4 treatments. The effects of the different treatments on the distribution of soil moisture and salt in the cotton root zone, cotton growth (root length density, plant height, and leaf area), and yield were observed.



Each treatment was arranged with 7 films (area of 350 m2), and the total area of the test area was 1400 m2. Due to the frequent precipitation in the test year, the widespread planting of rice around the test site, and the influence of being close to the river channel, the soil moisture conditions in the plough layer were better. Therefore, the irrigation in the test area is mainly used for leaching salt and is conducive to fertilization. A total of 3 periods of irrigation occurred during the growth period. The irrigation water in the test area was river water, and the electrical conductivity was lower than 0.8 dS/cm. The irrigation days were 28 June, 10 July, and 25 July, respectively. The irrigation quotas were 37.5 mm, 45 mm, and 45 mm, respectively.




2.3. Test Indicators and Methodology


2.3.1. Soil Moisture and Salt Content


The soil moisture content was determined by a drying method. Seven sampling points were selected for each treatment, which were 0 cm (bare land), 38 cm (narrow row 1 center), 76 cm (wide row center), and 115 cm (narrow row 2 center) from the center of bare land outside the film, and the sampling depths were 0, 10, 20, 30, 40, 60, 80, and 100 cm, respectively. Tests were performed before and after irrigation.



The relationship between the soil salt content and electrical conductivity was determined by the leaching solution conductivity method.


   C g  = 0.0002  E c  + 0.23 (  R 2  = 0.918 , n = 23 )  



(1)




where Cg is the soil salt content (g kg−1), Ec is the conductivity (μS cm−1), and n is the number of samples.



The soil desalination rate calculation formula is:


   C R   = (   C  g 0   −  C  g 1    ) /   C  g 0    × 100 %     



(2)




where CR is the soil desalination rate (%), Cg0 is the soil salt content before irrigation (g kg−1), and Cg1 is the soil salt content after irrigation (g kg−1).




2.3.2. Root Length Density


Cotton root samples were taken by the root drilling method during cotton bolling (15 September). According to the drilling depth, one layer was taken every 15 cm, and the sampling depth was 60 cm. A total of 4 layers were repeated twice. The sampling positions were the center of the bare ground outside the film, the two rows of cotton in narrow row 1, the center of the wide row under film, and the narrow row 2 (Figure 2). The cotton roots were soaked in water for 24 h, and the cotton root segments were picked up with a 0.5 mm aperture sieve, dried to a constant weight at 65 °C, and then the roots were laid on a white paper with a 20 cm control line for photographing. The root length was calculated by R2v 5.5 and Photoshop 2017 software, and the root length density was obtained by dividing the volume of each layer of soil sample.




2.3.3. Plant Height, Leaf Area, and Yield


Five representative cotton rows were selected in each treatment, and the plant height and leaf area were observed. Observation was conducted once at the seedling stage, and once every 20 days from flowering to maturity.



The number of cotton plants in different treatments was counted at maturity, and three 11.4 m2 quadrants were selected in each treatment for the artificial harvesting of cotton to measure its actual yield. The number of cotton bolls in each treatment within 34.2 m2 was counted, and the average number of bolls per plant was calculated. Thirty cotton bolls were randomly picked in each cotton row to obtain the average single boll weight of cotton, and the theoretical yield of cotton in different treatments was calculated.




2.3.4. Irrigation Water Use Efficiency and Crop Water Use Efficiency


Because the groundwater depth was shallow, it was difficult to divide the groundwater and irrigation water. Therefore, the ratio of the seed cotton yield to the irrigation quota is used to evaluate the use efficiency of the irrigation water. The calculation formula is:


IWUE = Y/10I



(3)




where Y is the seed cotton yield (kg·hm−2) and I is the irrigation quota (mm).



The crop water use efficiency of cotton is the ratio of the seed cotton yield to the water consumption, and the calculation formula is:


CWUE = Y/10ETc



(4)




where ETc is the crop’s evapotranspiration (mm·d−1).



Due to the shallow groundwater depth, cotton is not susceptible to water stress, and its water consumption can be estimated by Equation (4).


ETc = Kc × ET0



(5)




where ET0 is the reference crop evapotranspiration (mm·d−1), which is calculated using the Penman–Monteith formula, as shown in Formula (6). Kc is the cotton crop coefficient. It is determined according to the cotton growth stage to be 0.60 (seedling: 1–26 June), 1.15 (flowering to bolling: 27 June–10 August), and 0.58 (bolling to maturity: 11–30 August).


  E  T 0  =   0.408 Δ  (   R n  − G  )  + γ   900   T + 273    u 2   (   e s  −  e a   )    Δ + γ  (  1 + 0.34  u 2   )     



(6)




where Rn is the input canopy net radiation (MJ·m−2·d−1), G is the soil heat flux (MJ·m−2·d−1), T is the daily average temperature (°C) at a 2 m height, u2 is the wind speed at a 2 m height (m·s−1), es is the average saturated vapor pressure (kPa), ea is the actual water vapor pressure (kPa), Δ is the slope of the saturated water vapor pressure and temperature curve (kPa·°C−1), and γ is the dry and wet thermometer constant (kPa·°C−1).



The calculation formula of the net irrigation requirement (NIR) is:


NIR = ETc − R



(7)




where R is the effective precipitation (mm).





2.4. Statistical Analysis


The data were compared with one-way ANOVAs using SPSS 24.0 software (SPSS Inc., Chicago, IL, USA) and with Duncan’s multiple range test with a significance level of p < 0.05. Graphics were drawn using OriginPro 2020 and Microsoft Office 2016.





3. Results and Discussion


3.1. Soil Moisture Distribution


For local irrigation, under the conditions of the same irrigation quota, the vertical infiltration and horizontal distribution characteristics of the soil moisture in the root zone were mainly affected by the drip flow rate. Under the same drip flow rate, the soil moisture content of one film, three tapes, and six rows was higher than that of one film and two tapes with six rows (B treatment > A treatment, D treatment > C treatment). Under the conditions of the same layout design, the soil moisture content increased with an increase in the drip flow rate. Figure 4 shows the distribution of the soil moisture content before (27 June) and after irrigation (29 June) on 28 June.



As shown in Figure 4, the soil moisture content of the 0~40 cm shallow soil layer of each treatment was higher than 75% (21.04%) of the field moisture capacity on 27 June (before irrigation), and all treatments were close to the saturated moisture content (35.73~36.13%) at the depth of 80 cm. On 29 June (after irrigation), the soil moisture content (27.88%) of treatment C exceeded the field moisture capacity at a depth of 30 cm, while treatments A, B, and D exceeded the field moisture capacity in the surface soil (30.29%). The depth of the saturated soil layer in the deep soil of each treatment was also inconsistent. Treatments B, C, and D were close to the soil saturated moisture content (35.31~36.24%) at 60 cm, while treatment A was close to the saturated water content at 80 cm. The effects of different irrigation treatments on the spatial distribution of soil moisture in the 0~40 cm shallow soil were explored. Under the same drip flow rate (5.6 L·h−1, for example), the soil moisture content of one film, three tapes, and six rows was higher. The soil moisture content of treatment D before and after irrigation increased by 5.01% and 16.44%, respectively, compared with that of treatment C. Under the same layout design (one film, three tapes, and six rows, for example), the soil moisture content increased with an increase in the drip flow rate. The soil moisture content of treatment D increased by 4.31% and 7.30%, respectively, compared with that of treatment B. This indicates that the soil moisture content of treatment D was more uniform.




3.2. Soil Salt Distribution


The drip flow rate and layout design significantly affected the distribution of the soil salt content under film. When drip flow rate was the same, the soil salt content was lower under the layout design of one film, three tapes, and six rows. When the laying mode of the drip irrigation tape was the same, the soil salt content decreased with an increase in the drip flow. In addition, the soil salinity inside and outside the film gathered on the surface, while the soil salinity at the depth of 40~100 cm was vertically distributed, which was far less than the soil salinity at the depth of 0~40 cm. The changes in the soil salt content before (27 June) and after irrigation (29 June) in each treatment are shown in Figure 5.



The salt distribution on 29 June (after irrigation) was compared with that on 27 June (before irrigation). It was found that the soil of each treatment was desalted after irrigation (Figure 5). The desalination rates of the 0–40 cm soil layers of treatments A, B, C, and D were 23.60%, 38.83%, 27.15%, and 12.63%, respectively. However, before irrigation, the soil salt content of treatment D was 37.37%, 42.98%, and 26.72% lower than that of treatments A, B, and C, respectively. After irrigation, the soil salt content of treatment D was 20.12%, 0.10%, and 5.67% lower than that of treatments A, B, and C, respectively. This shows that, with an increase in the drip flow or the number of drip irrigation tapes, the soil wetting range was expanded, promoting the overall desalination of the soil under film.



There was a decrease in the soil salinity before and after irrigation on 28 June and during the irrigation cycle from 28 June to 9 July (Table 2). The soil salinity in the root zone of treatment A, treatment B, and treatment C decreased greatly, and the average decrease in soil salinity in the plough layer was 30.5%, 25.7%, and 44.7%, respectively. Treatment D had the lowest decrease in soil salinity in the subintimal root zone at only 5.1%.



Figure 6 shows the distribution of the soil salt content on 9 July. The decrease in soil salinity in the root zone of treatment D before (27 June) and after irrigation (29 June) was low, but the soil salinity remained in the process of reduction from 29 June to 9 July, and the average soil salinity reduction rate was 6.31%. The soil salt content in the center of narrow row 2 under film increased, but the soil salt content was low and would not affect the growth of cotton. Although the soil salt in the topsoil of treatments A and B decreased significantly after irrigation, the soil salt was in the growth stage with influences of cotton transpiration and soil evaporation. The average increases in soil salt in the root zone under the film of treatments A and B were 102.13% and 122.21%, respectively, and the salt accumulation was obvious. The soil salinity in the root zone of treatment C under mulch was in the process of decreasing, providing a good growth environment for cotton.



The experimental results showed that the difference in drip flow rate significantly affected the soil water and soil salinity distribution under mulched drip irrigation. The large drip flow rate made the horizontal desalination range of the soil under mulch wider, while the small drip flow rate promoted the vertical transport of soil salt under mulch [27,28]. Under the same drip irrigation layout design, the large drip flow rate (5.6 L·h−1) increased the wetted area of the soil surface under mulch, met the water demand of the root zone of the side crop, and promoted salt leaching. References [17,28,29] found that the large drip flow treatment had a more obvious effect on the uniformity of the soil moisture content and salt leaching by comparing different drip flow rates, consistent with the results of this experimental study. In contrast, the soil salt transport in the horizontal direction under the condition of a low drip flow rate (2.8 L·h−1) was limited and could not be transported with water to the bare ground outside mulch. The effect of salt compression was poor and cotton in the side rows under mulch was affected by soil moisture and salt stress [30,31,32]. Under the same drip flow rate, the layout design of one film and three tapes was closer to the crop root system, which was beneficial for the soil salt transport in the cotton root zone. It was easy for the crop rhizosphere soil to form a salt desalination zone and the irrigation time was shorter. However, due to the increase in the drip flow rate, soil moisture migration transport under the film of treatment D was greater than that of treatment C, and surface water was obviously caused by the limitation of the soil infiltration capacity, which caused an ineffective loss of water. In addition, by regulating the drip flow rate of one film and two strips, the soil salt leaching effect under mulch could still be guaranteed, which can save investment while ensuring crop yield [33]. Studies have shown that [34], due to surface water accumulation during drip irrigation under mulch, the salt leaching effect of a large drip flow is worse than that of a small drip flow. Due to the different soil texture, it is slightly different from the results of this experiment.




3.3. Crop’s Evapotranspiration and Groundwater Recharge during Cotton Growth Period


According to the local meteorological data, the potential evapotranspiration ET0 of the reference crop in 2018 was calculated (Figure 7). The average ET0 from June to August in this area was 7.49 mm/d. The crop evapotranspiration (ETc) of cotton in each growth stage is shown in Figure 8. It can be seen that the crop’s evapotranspiration in July was higher.



Due to the use of drip irrigation under film, ignoring the evaporation. According to Figure 8 to calculate the crop evapotranspiration of cotton and groundwater recharge in each irrigation cycle. The results are shown in Table 3.



In this experiment, only three periods of drip irrigation were carried out during the growth period of cotton. The results of the previous analysis of soil moisture content (Figure 4) showed that deep leakage occurred after irrigation. According to the water balance relationship, it was found that there was always groundwater recharge from June to August (Table 3). This shows that there is a process of irrigation water infiltration–groundwater recharge for cotton root water absorption, and the growth of cotton basically depends on the recharging of groundwater. In this experiment, only three periods of drip irrigation were carried out during the growth period of cotton. The results of the previous analysis of soil moisture content (Figure 4) showed that deep leakage occurred after irrigation. According to the water balance relationship, it was found that there was always groundwater recharge from June to August (Table 3). This shows that that there is a process of irrigation water infiltration–groundwater recharge for cotton root water absorption, and except for effective precipitation from 6 July to 31 August, NIR of cotton was the same as the cotton evapotranspiration in other irrigation cycles. The amount of irrigation was less than the evapotranspiration of cotton. This showed that the growth of cotton basically depended on groundwater recharge.




3.4. Cotton Root Length Density


Cotton roots were sampled on September 15th (maturity), and the distribution of the total root length density in the 0–60 cm soil layer under different treatments was analyzed by root length density distribution (RLD), (Figure 9). The results showed that the root length density of each measuring point in treatment A was the smallest. This was mainly because the distribution area of the cotton roots under different soil moistures and salt distributions of the drip irrigation of cotton under film was different, and the uniformity of the root distribution of each row of cotton controlled by drip irrigation tape was also different. This ultimately affected the growth of the aboveground canopy. The root length density value of treatment D was the largest, which was 328.95, 227.03, and 47.33 m·m−3 higher than that of treatments A, B, and C, respectively. This shows that, with an increase in the drip flow rate and drip irrigation point, the soil moisture and salt environment in the root zone under the film were relatively close, providing the basic conditions for the uniform growth of cotton plants between rows. Therefore, the distribution of cotton roots between rows was more uniform.



The roots are an important organ for crops to absorb water and fertilizer. They are distributed in the soil and play an important role in crop growth and development, dry matter accumulation, and yield formation. The results showed that the arrangement of drip irrigation tape under mulched drip irrigation had little effect on the root length density of cotton, while the drip flow rate significantly affected the root growth of crops. This was because the distribution of water and salt in the root zone of the crops affected the root configuration and root length density [35,36], crop root length density is a key factor affecting root water absorption intensity, and there is a positive correlation between them [37,38]. In this experiment, the root length density of cotton was always small under the condition of a small drip flow (2.8 L·h−1). On the one hand, because of the poor aeration of deep soil, the growth of the cotton roots was inhibited. Because the number of roots in the shallow soil was small, the main root of the plant elongated to the deep soil and the lateral root became shorter. On the other hand, cotton roots were subjected to salt stress, which changed the osmotic adjustment ability of the roots and inhibited the absorption and utilization of soil moisture and fertilizer by roots. This led to changes in the distribution of the crop roots. Under the condition of a large drip flow rate (5.6 L·h−1), the root length density of cotton was always larger, because the crop rhizosphere was in the low-salt area and most of the roots were concentrated in the shallow soil. The shallow soil had good aeration, a high soil temperature, wide and shallow roots, and the root length density increased, thus improving the absorption efficiency of water and fertilizer by the cotton roots, which was consistent with the literature [39,40].




3.5. Cotton Plant Height and Leaf Area


Plant height and leaf area are important indicators reflecting the growth of cotton. It was found in the experiment that, with the advancement of the growth period, the growth trend of the plant height and leaf area of cotton under different treatments was the same. However, after irrigation on 28 June, the plant height and leaf area of cotton between treatment A and treatment B began to show significant differences (Figure 10). The plant height and leaf area of cotton in treatment C were significantly higher than those in other treatments. The differences in plant height between treatment C and treatments A, B, and D were 12.7, 7.1 and 1.5 cm, respectively. The differences in leaf area between treatment C and treatment A, treatment B, and treatment D were 896.7, 280.6, and 79.2 cm2, respectively. The uniformity of the plant height and leaf area of cotton in treatment D was lower than that in treatment C, which may be related to soil permeability.



In this experiment, it was found that, when the drip flow was large, the plant height and leaf area of cotton were larger than those under the condition of a small drip flow. This was because, with an increase in drip flow, the ability of the root system to absorb water was enhanced, which promoted the growth and development of cotton [39,41]. In addition, during the whole growth period of cotton, it was found that the plant height and leaf area of cotton under the condition of a small drip flow (2.8 L·h−1) and narrow row layout of drip irrigation tape were better than those under the wide row layout (treatment B > treatment A), which indicated that, under the treatment of a low drip flow, the narrow row layout of drip irrigation tape could effectively reduce the soil salt concentration of crop roots. The layout design of one film and three tapes under a small drip flow rate was beneficial for the absorption of water and fertilizer by roots. Under a large drip flow (5.6 L·h−1,), the drip irrigation bandwidth row layout was better than the narrow row layout (treatment C > treatment D), and the cotton plant height and leaf area under the treatment C condition were the first to reach the peak compared with treatment D. The leaf area changes may have been due to the leaf senescence and shedding before treatment D decreased, which may have been because the treatment D soil moisture content was too high, resulting in poor ventilation and reducing the root activity, thus affecting photosynthesis. The wider the soil wetting range, the slower the decrease in cotton leaf area [41].




3.6. Cotton Yield, IWUE, and WUE


The number of bolls, single boll weight, theoretical yield, and water use efficiency of cotton under different treatments are shown in Table 4. It can be seen from the table that the boll number and single boll weight of the cotton plants under treatment A were significantly lower than those of other treatments, resulting in a significantly lower theoretical yield of cotton than other treatments. The theoretical yield of treatment B was not significantly different from that of treatments C and D, and increased by 1.96%, 8.82%, and 21.57%, respectively, compared with that of treatment A. The cotton grew evenly between rows in treatment D, and the single boll weight of cotton was the highest. The actual yield was 21.56%, 19.23%, and 11.71% higher than that of treatments A, B, and C, respectively.



The effects of different drip flow rates and drip irrigation tape layouts on the cotton IWUE and CWUE were analyzed. It was found that, when layout design was the same, IWUE and WUE increased with an increase in the drip flow rate. When the drip flow rate was the same, the values of IWUE and CWUE were higher under the layout of one film, three tapes, and six rows.



Under the same layout design, the number of cotton bolls, single boll weight, yield, and WUE increased with an increase in the drip flow. Under the same drip flow rate, the cotton yield under the condition of one film, three tapes, and six rows was higher than that under the condition of one film, two tapes, and six rows. The soil moisture distribution under drip irrigation under film affected the spatial distribution of soil nutrients in the cotton root zone and the effect of soil salt leaching, thus affecting the root growth and dry matter accumulation of cotton plants, ultimately changing the cotton yield [42,43].



The economic cost difference in the drip irrigation system was mainly reflected in the number of drip irrigation tapes. According to the local drip irrigation tape price of 0.025 USD·m−1 [44], the calculation results are shown in Table 5.



From Table 5, it can be seen that, under the same layout design, the input of drip irrigation tape and net income increased with an increase in drip discharge; under the same dripper flow rate, the input of drip irrigation tape and net income with one film and three tapes was higher than with the layout design of one film and two tapes. In general, the economic income of each treatment was A < B < C < D. Therefore, it is more profitable to choose a dripper flow rate of 5.6 g·L−1, with one film, three tapes, and six rows.



It is worth noting that this experiment covered only one field season, limiting the long-term trend of the test results. At the same time, we did not consider the effect of limited irrigation on the groundwater quality and soil microbial diversity. These are what we need to focus on in the follow-up study.





4. Conclusions


Implementing limited irrigation in shallow groundwater burial areas is an important measure for agricultural water conservation and salt suppression in arid zones. This paper observes and analyzes the effects of the drip flow rate and layout design on soil moisture and salt distribution, cotton growth, yield, and water use efficiency in cotton fields in shallow groundwater burial zones with only three irrigations, and draws the following main conclusions:




	(1)

	
When the layout design was the same and the drip flow rate was 5.6 L·h−1, the soil moisture distribution was more uniform and the soil salinity was lower. When the drip flow rate was the same, soil salt content of the one film, three tapes, and six rows layout was lower than that of the one film, two tapes, and six rows layout. The soil moisture content was higher, the range of soil desalination was larger, and the growth of cotton was promoted more under the combination of one film, three tapes, six rows, and drip flow rate of 5.6 L·h−1.




	(2)

	
When layout design was the same, cotton root length density, plant height, leaf area, and yield increased with an increase in the drip flow rate. When the drip flow rate was the same, the root length density, plant height, leaf area, and yield of cotton in the one film, three tapes, and six rows layout were higher than those in the one film, two tapes, and six rows layout. Therefore, with one film, three tapes, six rows, and a drip flow rate of 5.6 L·h−1, the cotton yield was the highest, with a theoretical yield and actual yield of 6211.36 kg·hm−2 and 4820.21 kg·hm−2 respectively, making it the most suitable combination of drip irrigation technology parameters.
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Figure 1. Groundwater level change. 
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Figure 2. Max temperature, minimum temperature, and rainfall. 
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Figure 3. Schematic diagram of cotton mulched cultivation raw distances, layout design, and sampling points of water and salts (the presented example is for C treatment). 
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Figure 4. Distribution of soil moisture content under different treatments. 
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Figure 5. Distribution of soil salt content before and after irrigation under different treatments. 
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Figure 6. Distribution of soil salt content under different treatments on 9 July. 
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Figure 7. Reference crop evapotranspiration in researched region during cotton growing. 
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Figure 8. Crop’s evapotranspiration during cotton growth period. 
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Figure 9. Distribution of root length density under different treatments. 
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Figure 10. Change of plant height and leaf area under different treatments. 
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Table 1. Physical and hydraulic properties of soil.






Table 1. Physical and hydraulic properties of soil.





	Depth of Soil (cm)
	Volumetric Weight (g·cm−3)
	Saturated Moisture Content (% vol.)
	Field Moisture

Capacity (% vol.)
	Soil Texture





	0–20
	1.51
	34.11
	26.25
	sandy loam



	20–40
	1.48
	34.03
	27.06
	sandy loam



	40–60
	1.43
	36.88
	30.83
	sandy loam



	60–80
	1.34
	37.71
	32.31
	sand



	80–100
	1.36
	37.89
	33.68
	sand










 





Table 2. Reduction in soil salinity under different treatments (%).
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The Distance from the Center of Bare Land (cm)

	
27–29 June

	
29 June–9 July




	
0

	
38

	
76

	
115

	
0

	
38

	
76

	
115






	
Treatment A

	
−11.9

	
28.2

	
60.4

	
45.2

	
−5.5

	
−77.5

	
−122.4

	
−203.0




	
Treatment B

	
−22.1

	
15.6

	
45.4

	
64.0

	
18.1

	
−263.4

	
−158.6

	
−84.1




	
Treatment C

	
21.1

	
47.6

	
54.9

	
55.1

	
2.4

	
−13.9

	
31.7

	
11.3




	
Treatment D

	
−10.3

	
3.2

	
−2.4

	
30.1

	
−24.2

	
49.9

	
18.7

	
−19.0











 





Table 3. Crop’s evapotranspiration and supplement from ground water.






Table 3. Crop’s evapotranspiration and supplement from ground water.





	Irrigation Cycle
	Crop’s Evapotranspiration (mm)
	Groundwater Recharge (mm)
	NIR

(mm)





	1–27 June
	112.26
	112.26
	112.26



	28 June–10 July
	122.05
	84.55
	122.05



	11–25 July
	156.71
	111.71
	156.71



	26 July–31 August
	220.89
	175.89
	208.09










 





Table 4. Cotton yields under different treatments.
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	Treatments
	Boll Number per Plant
	Boll Weight (g)
	Theoretical Yield (kg·hm−2)
	Actual Output (kg·hm−2)
	IWUE (kg·m−3)
	CWUE (kg·m−3)





	A
	6.29 ± 1.85 c
	3.46 ± 0.25 c
	4893.06 ± 1456.23 c
	3965.01
	3.84 b
	0.8 b



	B
	7.24 ± 1.35 a
	3.70 ± 0.32 b
	6018.81 ± 1256.45 b
	4042.76
	4.72 a
	0.98 a



	C
	6.98 ± 1.24 b
	3.94 ± 0.16 a
	6170.87 ± 1026.94 a
	4314.87
	4.84 a
	1.01 a



	D
	6.69 ± 1.11 b
	4.14 ± 0.14 a
	6211.36 ± 1135.75 a
	4820.21
	4.87 a
	1.02 a







Different letters indicate a significant difference based on Duncan test (p < 0.05).













 





Table 5. Cost difference of cotton drip irrigation system.
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	Treatments
	Number of Single-Film

Drip Tapes
	Drip Tape, Plug

(USD·hm−2)
	Seed Cotton

Income (USD·hm−2)
	Net Income

(USD·hm−2)





	A
	2
	216
	4090.45
	3874.45



	B
	3
	324
	4170.66
	3846.66



	C
	4
	432
	4451.27
	4019.27



	D
	6
	648
	4972.71
	4324.71
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