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Abstract:



Flat (F), mini-ditch (MD), and ridge-furrow (RF) are three conventional cotton planting patterns that are usually adopted around the world, yet soil and crop responses to these three patterns are poorly studied, as is their suitability for increasing yield for coastal areas in Eastern China. The effects of three planting methods on water and salt dynamics as well as on growth and lint yield of cotton (Gossypium hirsutum L.) were investigated in a saline field in Bohai Rim, China, to select the best planting pattern for cultivating coastal saline fields of Eastern China. Soil moisture in the root zone with RF was 11.9% and 12.1% higher than with F and MD, whereas the electrical conductivity of a saturated soil extract (ECe) in the root zone with RF was 18.0% and 13.8% lower than with MD and F, respectively, during the growth period, which indicated that RF could efficiently collect rainfall and leach salt in the root zone. After drip irrigation, the infiltration and salt-leaching depth with RF were both deeper than that with F and MD. The stand establishment of MD was the highest (80.3%) due to the greenhouse effect from film mulching, and was 12.8% and 4.6% higher than that with F and RF, respectively. Growth indicators and lint yield demonstrated that RF was superior to F and MD because of the higher soil moisture and lower ECe. The lint yield was significantly higher in RF, suggesting that RF can be an optimal planting pattern for agricultural reclamation in similar saline-alkaline areas around the world.
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1. Introduction


Salinity is one of the most important factors limiting the productivity of agricultural crops, and yield is greatly increased when soil salinity is managed to fall below the tolerance threshold of a crop [1,2]. The uncultivated coastal saline plains of the Western Bohai Rim in Northern China are about 670,000 ha, accounting for nearly a quarter of the area with low agricultural production in this region [3,4]. The soils of these plains are highly saline with low crop productivity and cannot meet local agricultural demands for food [4]. Several methods have been introduced to solve the issues of many uncultivated and poorly productive fields and food shortages in this region, including comprehensive improvements such as river sediment amelioration, chemical remediation, and phytoremediation, all of which have been successful in salt alleviation [5,6,7]. However, these remediation measurements can take effect only when they are combined with large amounts of irrigation [8], and available irrigation resources are scarce in these saline areas [9]. Appropriate planting patterns could influence water and salt transport by controlling evaporation and distributing rainfall [10]; moreover, they are inexpensive and do not pollute the soil. Thus, planting patterns are an environmentally friendly way to moderate soil salinity [11].



Flat (F), mini-ditch (MD), and ridge-furrow (RF) are three conventional planting patterns used around the world [11,12,13]. Flat planting is widely accepted for its ease of implementation and is usually regarded as a control when investigating the influence of seeding depth, planting date, planting density, irrigation, or other factors on yield [11,14]. MD is another agronomic technique that is commonly used in arid and semiarid areas [15]. The MD method can increase stand establishment and yield when the soil temperature is suitable [16], while it might delay plant emergence and reduce seedling vigor and yield when the soil temperature is low [17]. However, in other cases, the MD method has no significant influence on stand establishment and yield [18]. When combined with plastic film mulching, the MD method shows a positive effect on crop growth by increasing soil moisture and temperature [19,20]. Ridge-furrow planting, which is well known for efficiently capturing rainfall and improving water-use efficiency, is widely used in the arid and semiarid areas [21]. Li et al. [22] found that RF can increase yield and water-use efficiency by 1.9 and 1.8 times, respectively, when compared to F in Northwestern China. Devkota et al. [11,23] compared different planting patterns for salinity management and found that RF could efficiently reduce salinity in the soil profile in Central Asia. Other studies have also indicated that RF could increase crop yield by 40%–150% when compared to F in arid and semiarid areas [12,21], but it is not known whether RF is suitable for cotton planting in coastal areas.



Around the Bohai Rim, F is the only planting pattern for cotton cultivation [20]. Although cotton is regarded as the most salt-tolerant of the annual crops, the stand establishment rate, growth, and lint yield in this region are relatively low because of high salinity in soils [24,25,26]. Reducing salt content and improving the soil environment for crop growth is important in increasing yield [24,25]. Though studies of F and MD or F and RF have been conducted to investigate the effects on soil water and salt dynamics as well as on crop production [13,24], most of these experiments were carried out in the inland with dry climates, not in the coastal region with a semi-humid climate [11,12]. Planting patterns such as MD and RF, which have proved beneficial for increasing yield in other parts of the world [21], need to be introduced in this region. Water and salt movement, as well as crop production, respond differently to the same planting pattern under the dry and semi-humid conditions [27].



Plastic film mulching is essential when soil temperature is low and evaporation is extensive [20,28]. According to Wang et al. [29], soil temperature 5 cm under the plastic film mulching was 3–5 °C higher than that without plastic film mulching. Du et al. [30] found that plastic film mulching can increase winter wheat yield from late winter to early spring in the North China Plain. When there was a gap between the plastic and soil, Dong et al. [31] found that the temperature in the gap was 1.9 °C higher than that outside the mulch, and the seedling biomass and lint yield were significantly higher than when there was no gap. The effects of plastic film mulching on increasing soil temperature and moisture have been acknowledged, but the effects of plastic film mulching under different planting patterns are not well documented.



Few studies have compared the influence of F, MD, and RF on the soil environment (soil moisture and salt) and crop growth (plant height, leaf area, aboveground biomass, and root-length density) in coastal saline areas, and it is not known which planting pattern is more suitable for these areas. Therefore, the objective of this study was to investigate the response of soil water and salt movement as well as cotton growth to F, MD, and RF planting and to select the best pattern for cultivating the heavy soil in a coastal field along the Bohai Rim.




2. Results


2.1. Temporal and Spatial Distribution of Soil Water and Electrical Conductivity of a Saturated Extract


2.1.1. Soil Water Content


The soil water content of the 0–80 cm layer of the three planting patterns showed a dramatic decrease from 63 to 97 days after sowing (DAS) and a sharp increase from 97 to 136 DAS (Figure 1a). Soil water content was significantly affected by planting pattern and sampling date, but they did not have a significant interaction effect on soil water content (Table 1). Soil water content in RF was 11.9% higher than that of F and was 12.1% higher than that of MD during the growth period, and the coefficients of variation of soil water content for F, MD, and RF were 0.061, 0.054, and 0.069, respectively. Compared to soil water content at the sowing, soil water content at harvest increased by 11.7% and 10.8% for F and MD, respectively, while it decreased by 12.8% for RF.


Figure 1. Temporal dynamics of (a) soil water content and (b) ECe under the mulch in 0–80 cm layer for flat (F), mini-ditch (MD), and ridge-furrow (RF) planting during the cotton growth period. DAS means days after sowing. Values are mean ± standard error (n = 3).
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Table 1. Repeated measures ANOVA of soil water content and ECe affected by different planting patterns.







	
Variables

	
Source

	
Df

	
F-Value

	
p-Value






	
Soil water content

	
Treatment

	
2

	
39.220

	
<0.001




	
Time

	
18

	
6.364

	
<0.001




	
Treatment × time

	
36

	
0.655

	
0.927




	
ECe

	
Treatment

	
2

	
82.498

	
<0.001




	
Time

	
18

	
11.792

	
<0.001




	
Treatment × time

	
36

	
2.738

	
<0.001










Spatial distribution of soil water content showed an increasing trend with the increase of soil depth during the driest period for the three planting patterns (Figure 2a–c). Soil water content in the whole profile of RF was the highest (26.5%), and was 3.0% and 2.0% higher than that of F and MD, respectively. Moreover, soil water content of the 20–80 cm layer under the RF mulched was 11.4% higher than that of the unmulched area, while smaller differences were found for F (−3.1%) and MD (0.7%). The infiltration depth of F, MD, and RF was 30 cm, 30 cm, and 50 cm, respectively at 12 h after drip irrigation (Figure 3a–c). Soil water content of RF in the 0–30 cm layer was 5.1% and 5.0% higher at 120 h after drip irrigation than at 0 h (before drip irrigation) for F and MD, and soil water content in the 20–50 cm layer was 15.8% higher at 120 h after drip irrigation than at 0 h for RF.


Figure 2. Spatial distributions of (a–c) soil water content (cm3/cm3) and (d–f) ECe (electrical conductivity of soil paste extract) (dS/m) in 0–80 cm layer at 97 DAS (boll-setting stage). (a,d) flat (F); (b,e) mini-ditch (MD); and (c,f) ridge-furrow (RF) planting. DAS means days after sowing. Red lines represent plastic film.
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Figure 3. Distributions of (a–c) soil water content and (d–f) ECe in 0–60 cm layer beneath the emitter before (0 h) and after (12 h, 24 h, 48 h, 72 h, 120 h) drip irrigation at 54 DAS (squaring stage). (a,d) flat (F); (b,e) mini-ditch (MD); and (c,f) ridge-furrow (RF) planting. DAS means days after sowing. Values are mean ± standard error (n = 3).
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2.1.2. Electrical Conductivity of the Saturated Soil Extract (ECe)


Planting pattern, sampling date, and their interaction all significantly affected the temporal distribution of ECe (Table 1). The value of ECe in the root zone of RF was 18.0% lower than that for MD and was 13.8% lower than for F, and the coefficients of variation of ECe were 0.15, 0.16 and 0.08 for F, MD, and RF, respectively, during the growth period. The increase in ECe of F and MD during 97–136 DAS was obviously higher than that of RF (Figure 1b), and the ECe decreased dramatically during 136–148 DAS for the three planting patterns. Compared to soil ECe at the sowing, soil ECe at harvest increased by 13.2% and 12.4% for F and MD, respectively, while it decreased by 12.8% for RF.



The spatial distribution of ECe for the three planting patterns during the driest period showed a decreasing trend from the surface layer to the deepest layer (Figure 2d–f). Film mulching clearly lowered the salinity: mulched soil ECe was 29.9% less than that of the unmulched soil for F; the corresponding values were 40.7% and 42.1% for MD and RF, respectively. The ECe of the three patterns in the 0–20 cm layer dropped dramatically from 0 to 12 h after drip irrigation, and it then slowly increased from 12 to 120 h (Figure 3d–f). The salt-leaching depth of ECe was 10, 10 and 30 cm for F, MD, and RF, respectively, at 12 h after drip irrigation. At 120 h after drip irrigation, the ECe of F, MD, and RF in the top 10 cm was 15.3%, 51.8%, and 47.9% lower than that at 0 h, respectively.





2.2. Plant Growth


2.2.1. Root-Length Density (RLD)


Roots were mainly confined to the top 0–40 cm layer for F and MD and the 20–60 cm layer for RF (Figure 4), and the corresponding RLD for F, MD, and RF was 0.73, 0.82, and 0.90 cm/cm3, respectively. Moreover, RLD in RF was 23.3% and 9.8% higher than that in F and MD. Outside the mulch, RLD was 51.7%, 27.0%, and 96.4% lower than that under the mulch for F, MD, and RF, respectively.


Figure 4. Root-length density (RLD) (cm/cm3) distribution in 0–80 cm layer at 121 DAS (boll-setting stage). (a) flat (F); (b) mini-ditch (MD); and (c) ridge-furrow (RF) planting. DAS means days after sowing. Red lines represent plastic film.
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2.2.2. Aboveground Growth Indicators


A significant difference was found at both 36 and 126 DAS for the aboveground growth indicators of the three planting patterns (Table 2). The stand establishment rate (80.3%) in MD was the highest and was significantly higher (12.8% and 4.6%, respectively) than that of F and RF (Table 2). At 126 DAS, plant height in RF was 109.7% and 94.4% higher than that of F and MD, and the aboveground biomass per plant in RF was 185.3% and 145.4% higher than that of F and MD (Table 2). At both 36 and 126 DAS, RF showed the best growth performance among the three planting patterns.



Table 2. Stand establishment rate, plant height, leaf area, number of branches with infructescences per plant (fruiting branches), and aboveground biomass at 36 DAS (seedling stage) and 126 DAS (boll-setting stage) as affected by flat (F), mini-ditch (MD), and ridge-furrow (RF) planting.







	
Time

	
Growth Indicators

	
F

	
MD

	
RF






	
36 DAS (seedling stage)

	
Stand establishment rate (%)

	
71.2 ± 10.8 c

	
80.3 ± 9.6 a

	
76.8 ± 12.1 b




	
Plant height (cm)

	
8.9 ± 0.7 c

	
10.8 ± 0.5 b

	
12.4 ± 0.6 a




	
Leaf area (cm2)

	
49.8 ± 6.1 c

	
66.1 ± 2.5 b

	
97.3 ± 9.3 a




	
Aboveground biomass per plant (g)

	
0.81 ± 0.1 b

	
1.01 ± 0.0 ab

	
1.16 ± 0.12 a




	
126 DAS (boll-setting stage)

	
Plant height (cm)

	
33.1 ± 3.5 b

	
35.7 ± 4.2 b

	
69.4 ± 4.1 a




	
Fruiting branches per plant

	
5.2 ± 0.7 b

	
5.9 ± 0.7 a

	
6.4 ± 0.8 a




	
Leaf area per plant (cm2)

	
375.3 ± 84 b

	
474.3 ± 46 b

	
1185.2 ± 75 a




	
Aboveground biomass per plant (g)

	
19.7 ± 2.3 b

	
22.9 ± 3.4 b

	
56.2 ± 4.5 a








Notes: Mean values within the same row followed by different letters differ significantly (p < 0.05). DAS means days after sowing. Mean values ± standard error (n = 3).










2.3. Yield Components and Fiber Quality


Significant differences (p < 0.05) were found in lint yield and number of bolls per plant among F, MD, and RF (Table 3). The highest lint yield was obtained in RF, with a value of 927.9 kg/ha, which was 50.4% and 66.1% higher than that in MD and F, respectively. The number of bolls per plant in RF was also the highest (10.3 per plant) and 87.9% and 80.7% higher than that in MD and F, respectively (Table 3). However, no significant differences were found in lint percentage, boll weight, and fiber quality among the three planting patterns (p > 0.05) (Table 3).



Table 3. Yield components and fiber quality as affected by flat (F), mini-ditch (MD), and ridge-furrow (RF) planting.







	
Components

	
Indicators

	
F

	
MD

	
RF






	
Lint components

	
Lint yield (kg/ha)

	
493.9 ± 99.1 b

	
617.0 ± 89.1 b

	
927.9 ± 65.4 a




	
Lint percentage (%)

	
41.8 ± 0.6 a

	
41.9 ± 0.2 a

	
42.1 ± 0.3 a




	
Boll weight (g)

	
5.67 ± 0.34 a

	
5.65 ± 0.52 a

	
5.71 ± 0.31 a




	
Number of bolls per plant

	
5.7 ± 0.4 b

	
6.2 ± 0.2 b

	
10.3 ± 0.2 a




	
Fiber quality

	
Fiber length (mm)

	
26.2 ± 1.0 a

	
26.0 ± 1.2 a

	
26.1 ± 0.7 a




	
Fiber length uniformity (%)

	
81.1 ± 0.4 a

	
81.2 ± 0.5 a

	
81.6 ± 0.5 a




	
Fiber micronaire

	
5.8 ± 0.2 a

	
5.8 ± 0.1 a

	
5.9 ± 0.1 a




	
Fiber strength (cN/tex)

	
27.0 ± 1.4 a

	
27.0 ± 1.1 a

	
27.4 ± 0.4 a








Notes: Mean values within the same row followed by different letters differ significantly (p < 0.05). DAS means days after sowing. Mean values ± standard error (n = 3).










3. Materials and Methods


3.1. Experimental Site Description


The field experiment was conducted from April to October in 2014 at the state-run farm in Haixing County (38°05′03″ N, 117°23′48″ E; 6 m above sea level), southeast of Cangzhou City, Hebei Province, China. The farm is about 42 km from the Western Bohai Rim. The average annual rainfall was 482 mm in 1960–2010, and more than 75% of the rainfall occurs from June to September; total rainfall in 2014 was 400 mm and was 17.1% less than the average rainfall of the past 50 years (Figure 5a). There were 50 rainfall events with a total of 352.5 mm during the 185-day growth period of cotton (Figure 5b). The local freshwater aquifers are 320–600 m below the surface, while the water table (0.5–3 m below the surface) is high in salinity (more than 25 dS/m). The soil is predominantly silt loam (USDA classification) [32], which is the typical soil type of coastal farmlands in this region. Details of soil mechanical composition, bulk density, field capacity, ECe (electrical conductivity of saturated soil extract), and pH of the local soil are shown in Table 4. The surface soil (0–40 cm) contained 76 mg/kg organic matter, 420 mg/kg total N, 3.78 mg/kg available P, 176.02 mg/kg available K, with a pH of 7.56 (soil/water ratio of 1:5 by weight) and an ECe of 21.4 dS/m before the experiment.


Figure 5. (a) Monthly average rainfall distribution during the past 50 years (1960–2010) and in 2014; (b) Daily rainfall distribution after sowing in 2014. DAS means days after sowing.
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Table 4. Soil mechanical composition, bulk density, field capacity, ECe (electrical conductivity of saturated extracts), and pH (pH of saturated extract, 1:5 soil: water, w/w) of the test site soil.







	
Soil Depth (cm)

	
Soil Mechanical Composition

	
Bulk Density (g/cm3)

	
Field Capacity (cm3/cm3)

	
ECe (dS/m)

	
pH




	
Sand

	
Silt

	
Clay






	
0–20

	
35.04

	
54.31

	
10.65

	
1.67

	
38.0

	
20.20

	
7.56




	
20–40

	
25.56

	
49.45

	
25.00

	
1.67

	
38.0

	
22.61

	
7.56




	
40–60

	
29.38

	
48.19

	
22.43

	
1.59

	
37.8

	
19.34

	
7.60




	
60–80

	
25.38

	
50.77

	
23.85

	
1.59

	
37.8

	
21.60

	
7.55




	
80–100

	
30.94

	
54.54

	
14.51

	
1.51

	
38.1

	
24.43

	
7.48








Note: Soil mechanical composition was measured with the hydrometer method.









3.2. Experimental Design


The experimental area was 218.7 m2 (4.5 m × 48.6 m) in total, divided into three blocks with an area of 72.9 m2 (4.5 m × 16.2 m), and there were three replications in a randomized block arrangement (Figure 6a). Each block accommodated three plots (4.5 m × 5.4 m), which were F, MD, and RF, respectively (Figure 6a). The field was plowed, harrowed, and leveled with a rotary cultivator (1GQN-230, Tongtian Co., Shijiazhuang, China) in preparation for planting 10 days before sowing. Cotton (Gossypium hirsutum L.) cv ‘Jiza No. 1’ was chosen as the tested cultivar and is widely planted in the experimental area. Cotton was sown on 22 April and harvested on 23 October in 2014.


Figure 6. (a) The schematic diagram of plot layout; (b) cotton row spacing, sampling position, and drip line layout; and (c) planting patterns for the experiment. Black dots represent sampling points. Red lines represent plastic film.
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All planting patterns were established with a north–south orientation to each row. The seeding furrow was 3 cm deep for F and RF, and 12 cm deep for MD (Figure 6c). Cottonseeds were put into the seeding furrow and individually covered with 3 cm of soil, but the rest of the furrow was not filled in. The planting rows had an alternating narrow–wide spacing of 60–90 cm for the three patterns (Figure 6b), and the narrow rows were mulched with transparent plastic film (6 μm thick and 100 cm wide). There was an approximately 9 cm gap between the film and the seeding furrow for MD, and the 12 cm depth for MD was chosen after reviewing similar studies such as Dong et al. [31]. For RF, the ridges were 20 cm high and the bottom width of the furrows was 60 cm (Figure 6c). For all the planting patterns, cottonseeds were sown manually 28 cm apart.




3.3. Irrigation and Fertilization


Each planting row was equipped with one line of drip tape (Figure 6b). The drip tape was 0.04 cm thick and 1.6 cm in diameter, with an emitter spacing of 30 cm and a discharge rate of 2.4 L/h. Drip irrigation was initiated whenever the soil water content of the root zone (0–80 cm layer) fell below 70% of field capacity [33]. During the growth period, cotton was irrigated three times (at 1, 54, and 86 days after sowing (DAS)), and 75 m3/ha of fresh water (0.83 dS/m) was applied each time. Compound fertilizer (18% N, 18% P2O5, and 18% K2O) was applied at 450 kg/ha as top dressing at the sowing, and 300 kg/ha urea (46% N) was applied at the early flowering stage with fertigation. Herbicides were used before planting, insecticides were applied every 5–7 days from the seedling stage to the boll-opening stage with a sprayer pump, and topping was carried out manually at 90 DAS, which is consistent with the local agronomic practices.




3.4. Sampling and Measurements


3.4.1. Soil Water Content and ECe


Soil samples for water content and ECe measurements were taken with an auger (2.0 cm diameter) at an interval of 7 days after sowing from each plot. The soil samples were taken at 10 cm intervals from the midpoint between two neighboring plants along the row from 0 to 80 cm for F and MD and from 20 to 80 cm for RF (Figure 6c). To quantify the influence of the planting pattern on soil water and ECe distribution during the driest period, at 97 DAS (boll-setting stage), soil samples were taken from three locations, the unmulched midpoint between the wide rows that were 90 cm apart, the midpoint between the two neighboring plants along the row, and the mulched midpoint between the narrow rows that were 60 cm apart, to a depth of 80 cm in 10 cm increments for the three planting patterns (Figure 6). In addition, to evaluate soil water content and ECe dynamics under different planting patterns, we also monitored soil moisture and ECe at 10 cm intervals in the 0–60 cm layer for F and MD and the 20–80 cm layer for RF underneath the emitter before (0 h) and after (12, 24, 48, 72, and 120 h) the second drip irrigation event (54 DAS, squaring stage) for each plot.



Soil water content was determined by the oven-drying method and was converted to volumetric water content with the corresponding layer’s bulk density (Table 4). Soil salinity was evaluated by measuring ECe. The soil samples were air-dried, ground, and passed through a 2 mm sieve, and the electrical conductivity (EC1:5) of the soil extract (1:5 soil/water ratio by weight) was measured using a conductivity meter (DDS-307, Shanghai Precision and Scientific Instrument Co., Ltd., Shanghai, China). To convert EC1:5 to ECe, the relationship between ECe and EC1:5 was determined using Wallender’s method [5]:


ECe = 10 EC1:5 + 0.378, n = 48, R2 = 0.996.



(1)








3.4.2. Plant Growth


Root Length Density (RLD)


Root samples were taken from each plot to analyze root-length distribution at 121 DAS (the boll-setting stage). For F and MD, root sampling depth ranged from 0 to 80 cm in 10 cm increments at the unmulched midpoint between the wide rows, directly below the cotton plant, and at the mulched midpoint between the narrow rows. For RF, root sampling depth ranged from 0 to 80 cm in 10 cm increments at the midpoint between the wide rows, and from 20 to 80 cm in 10 cm increments directly below the cotton plant and the mulched midpoint between the narrow rows. The root auger bucket (XDB 307, Beijing New Landmark Soil Equipment Co., Beijing, China) had an inner diameter of 7 cm and was 10 cm long. The root samples were washed with tap water, scanned with a flatbed image scanner (Pro Ver. 700, Epson Inc., Long Beach, CA, USA), and analyzed using WinRhizo (Pro 2007, Regent Instruments Inc., Ville de Québec, QC, Canada) to calculate RLD.




Aboveground Growth


The number of established plants was counted in the two center rows in each plot at 36 DAS (seedling stage). The stand establishment rate was calculated as follows [34]:


Se = Nh/(Ns × Gp) × 100%



(2)




where Se is the stand establishment rate (%), Nh is the number of healthy plants in the two center rows of 3 m each, Ns is the number of seeds sown, and Gp is the germination rate (%).



Plant height and leaf area (LA) were measured at 36 DAS and 126 DAS (boll-setting stage). The aboveground biomass (stems, leaves, branches, and bolls) in each plot was determined gravimetrically by oven-drying the samples at 105 °C for 30 min and then at 75 °C for 48 h.




Lint Yield and Fiber Quality


Cotton was harvested manually from the two center rows in each plot and lint yield (kg/ha) was determined after ginning. Yield components (number of bolls per plant, boll weight, and lint percentage) were determined from 10 randomly selected mature plants per plot. The fiber quality properties (length, micronaire, strength, and uniformity of fiber length) were determined using a high-volume cotton classification machine [35] (HVI 900; Uster Technologies, Uster, Switzerland) at the Cotton Quality Supervision, Inspection, and Testing Center of China’s Ministry of Agriculture, Anyang, China.




Statistical Analysis


An analysis of variance (ANOVA) with Fisher’s least significant difference (LSD) (p < 0.05) was used to determine differences between means. The analyses were carried out using SPSS (Ver. 16.0, SPSS Inc., Chicago, IL, USA). Distributions of rainfall, soil water content, and ECe, were created using Surfer (Ver. 9.0, Golden Software Inc., Golden, CO, USA) and Sigmaplot (Ver. 10.0, Systat Software, San Jose, CA, USA).







4. Discussion


4.1. RF Increased Soil Water Content and Decreased ECe in the Root Zone


The soil water content dynamic is determined by water compensation and water consumption [36,37]. In this experiment, the soil water content dynamic of the three planting patterns showed similar trends during the growth period. The RF pattern, with 20 cm high ridges, could not only collect rainfall but also reduce runoff [21]. Therefore, soil moisture in the root zone of RF was relatively higher than that of F and MD during the whole season. Crop water consumption has a positive relationship with growth indicators [38]. There was a decrease for RF and an increase for F and MD in soil moisture after cotton harvesting, which was attributed to greater water consumption in RF because of its greater RLD and aboveground growth indicators (Figure 4 and Table 2).



The dynamics of soil water content and ECe in the three planting patterns showed an increasing trend from 97 to 136 DAS (Figure 1), which was similar to the results of Harter et al. [39] and Abliz et al. [40], who studied sites where the groundwater was at a shallow depth (1–2 m) and had high salinity (15 dS/m). However, our results were not consistent with the results in the North China Plain where the groundwater table was below 7 m [27]. One possible explanation for the trend may be that the high groundwater table rose with intensive rainfall and increased the ECe in the upper soil layer. The ECe increase in RF was smaller than that in F and MD from 97 to 136 DAS (Figure 1b) because the furrow can collect rainfall, thereby reducing salinity; moreover, salt in the furrow can also be transported to the ridge by evaporation. Similar findings were also reported in Central Asia, where the climate conditions were completely different from the studied region [11,23]. There was a decrease in ECe in the three planting patterns as the groundwater level dropped with drainage from 136 to 148 DAS, which reflects the fact that salt in the upper soil layer can be transported to deeper soil layers with water flow. The ECe is influenced by both the total precipitation and the annual leaching fraction [41]. In this study, most of the rainfall events were less than 25 mm in 2014, showing that this year was a relatively dry year, and soil ECe of F and MD showed an increasing trend because rainfall infiltration was hindered by the plastic film and salt accumulated in the root zone as roots took up water, whereas, for RF, soil ECe was decreased because the collected rainfall in the furrow can infiltrate into the soil through the planting hole and leach salt out of the root zone. The ECe variations of these three planting patterns indicated that the leaching fraction can also be influenced by planting patterns, as found in another study [42].



Crops usually suffer the severest stress from drought and salt during the driest period of the year [10], and soil water and salt distribution during the driest period can clearly reflect the ability of different planting patterns to control water and salt content [43]. Similarly, the soil moisture and ECe dynamics before and after drip irrigation can also reflect the ability of different planting patterns to retain water and lower ECe [44]. In this experiment, for both the whole soil profile and the root zone of RF, soil moisture was higher, and ECe was lower than that of F and MD, which indicated that RF was better at alleviating water and salt stress than F and MD. Similarly, Devkota et al. [23] also found higher moisture and lower ECe in furrow soil than in F, as soil moisture pooled in the furrow while salt could move to the ridge through evaporation, which confirmed that RF was a good planting pattern for water and salt management.



Soil water infiltration and salt leaching depth are influenced by various factors [45]. In this study, the ridges were 20 cm higher than the furrow and could prevent runoff. Moreover, the “plow pan” of the furrow was broken, which enabled water and salt to infiltrate to a deeper layer. The porosity of the soil plowed to 20 cm was higher than that of soil plowed to 5 cm, which enhanced the infiltration and water storage capacity of deeper soil [46]. Thus, both the water infiltration depth and salt-leaching depth in RF were deeper than those of F and MD. The infiltration depth was deeper than the salt-leaching depth for the three planting patterns, primarily because the dispersion coefficient of salt was small when compared to that of water. Chen et al. [47] found similar results in a saline water irrigation experiment.




4.2. RF Promoted Cotton Growth and Improved Lint Yield


Previous research has shown that RLD can effectively reflect root water uptake ability, and root growth can be influenced by the distribution of soil water content and ECe [48]. In this study, the RLD of RF was the highest, and the RLD of these three planting patters was higher in the mulched area than in the unmulched area, which could be attributed to the higher water content and lower ECe in both RF and the mulched area that provided a suitable soil environment for root growth. The results were similar to the split root system, in that both the plant growth and yield were higher with unequal salinity distribution than with equal salinity distribution, because plant roots were able to take up enough water from soil in the low-salinity environment [34]. In the Yellow River Delta of China, Dong et al. [49] also found that RF could increase stand establishment and lint yield of cotton in a saline field.



A conducive soil environment for seedlings could increase the stand establishment rate and promote crop growth [50]. Plastic film mulching has proved to be an effective measure to increase soil temperature and to reduce evaporation as well as to prevent salt accumulation [49,50]. However, according to Li et al. [51], the temperature under mulch could reach to more than 50 °C at 14:00 during the daytime, and the seedlings might be burned or killed in such a high-temperature environment. In this study, the gap between the soil and the plastic mulch could moderate the temperature as the specific heat capacity of soil is higher than that of air [32]. Thus, MD had the highest stand establishment rate. In a nearby experimental site, Wang et al. [20] also found that the soil moisture was higher and the ECe was lower under plastic mulching in MD than in F. Thus, the plastic mulching provided suitable temperatures and contributed to desalination, which was beneficial to the plants. The stand establishment rate has a positive relationship with soil enzymes and organic matter [52]. The stand establishment rate of RF was lower than that of MD because the soil enzymes and organic matter in the furrow were reduced as the upper 20 cm of soil was moved to the ridge. The stand establishment rate of RF was higher than that of F, which was consistent with the results of Joshi [53], who found that the furrow combined with film mulching could provide a higher soil moisture and lower salinity environment than F. In short, the greenhouse effect from the mulch could improve the stand establishment rate through the combination of higher soil moisture and lower ECe as well as suitable temperatures.



In general, crop growth as well as development processes have a close relationship with soil moisture and ECe [54]. The RF pattern provided a relatively suitable environment of soil moisture and ECe for root water uptake. Indeed, plant growth indicators and lint yield of RF were remarkably superior to those of MD and F (Table 2 and Table 3). The results were in accordance with studies that RF could increase yield by 40%–150% when compared to F in Northwestern China [12,21]. However, Zhang et al. [55] found that yield of RF was lower than that of F in the Huang-Huai-Hai plain of China for winter wheat because the narrow furrow lowered seeding density per area. In addition, there is a decrease in yield with RF when too much water is present in the root zone, as the water may impede root respiration [56]. Therefore, the implementation of RF should consider crop species, crop density, and soil moisture condition.



For the same genotype, cotton fiber quality is determined by the comprehensive effects of different environmental factors [57]. When soil moisture is below 50% of the available water, fiber length could be significantly affected [58], while the effects of salinity stress on fiber characteristics vary [59]. Bernstein [60] reported that fiber length and strength decreased with increased salinity, while fiber fineness was scarcely affected by soil salinity. According to Razzouk and Whittington [61], increasing levels of salinity (5.42–20.31 dS/m) have no effects on fiber length and maturity percentage. In the present study, there were no significant differences of fiber quality among the three planting patterns, possibly because the soil moisture in the root zone were relatively high (all above 60% of the field capacity) and cannot cause cotton water stress [33] across the growth period for the three treatments, and ECe were not large enough to influence the fiber quality.





5. Conclusions


Proper planting patterns such as RF can manage soil water and salinity efficiently and are beneficial for the resulting crop growth and yield increase. The MD pattern showed the highest stand establishment rate as the greenhouse effect from the gap formed by the mulch provided a better environment for seedling growth. The RF pattern had the highest lint yield among the three planting patterns and has the potential to increase yield in highly saline fields in Bohai Rim. The greater yield in RF is mainly because the furrow could collect rainfall and increase soil water content and lower ECe, and then promote root water uptake and crop growth. Therefore, RF can be regarded as a preferred planting pattern for similar saline-alkaline conditions around the world. Moreover, RF can decrease salt content in the root zone, which will also be a great benefit for agro-ecosystem stability and agricultural sustainability in the areas with heavily saline-alkaline soils. Therefore, RF was a proper planting pattern in increasing crop production and reclaiming agricultural land in the saline-alkaline regions.
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