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Abstract: Low water use efficiency and soil salinization are two main factors limiting cotton produc-
tion in southern Xinjiang. A field experiment was conducted to investigate the effects of brackish
water irrigation levels on cotton growth, yield and soil water-salt dynamics in southern Xinjiang, so
as to provide a theoretical and experimental basis for the development and utilization of brackish
water. There were three irrigation levels: W1 (75 mm + 80%ET.), Wy (150 mm + 80%ET.) and W3
(240 mm + 80%ET,) at the seeding stage (S;), seeding stage + budding stage (S;) and seeding stage +
budding stage + flowering stage (S3), with an irrigation amount of 450 mm during spring as the CK
(the local reference level) (10 treatments in total). The salt of the local brackish water used was 3 g-Lfl.
Film-mulched drip irrigation experiments were conducted to observe cotton growth, aboveground
dry matter, cotton yield, soil water and salt distribution, as well as other indicators. The results
showed that the irrigation applications of S3 can improve the soil moisture and salt distribution of
the root zone. The salt accumulation at the harvest stage of W3S3 was reduced by 39.5% and 2.8%
compared with W3S; and W3S;, respectively. More frequent irrigation applications can reduce a
soil’s total dissolved solids (TDS), avoid exceeding the salt tolerance threshold of 4.8 g kg~! and lead
to higher aboveground dry matter and cotton yields. W3S; obtained the highest yield of 5685 kg ha™!,
which was increased by 39.59%, 7.85% and 11.25% compared with W3S, W3S, and CK, respectively.
The higher the irrigation amount, the less water use efficiency (WUE), following the order of S3 > S, >
S; > CK at various growth stages. W3S; obtained the lowest WUE of 0.64 kg-m*3. Comprehensively
considering the effects of soil moisture retention and salt suppression, cotton growth, yield and water
use efficiency, an irrigation amount of 240 mm brackish water at three growth stages, with 80%ET.
for irrigation, is recommended for the sustainable production of cotton in southern Xinjiang.

Keywords: cotton; film-mulched drip irrigation; water and salt dynamics; yield

1. Introduction

Xinjiang Province is located in the arid region of northwest China, due to its good
light and heat resources which can meet the growth needs of mid-late maturity upland
cotton and long-staple cotton [1]. It is located in an equatorial region of extreme drought,
with low annual rainfall of less than 50 mm. In addition, in the Korla region of southern
Xinjiang, soil salinization is serious and saline soils account for 54.95% of this area. Drought
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and soil salinization have become two key factors restricting the sustainable development
of agriculture in this area [2,3]. In recent years, the drip irrigation technology widely
implemented in this area has played an important role in alleviating water shortages
and improving the utilization efficiency of irrigation water [4,5]. Mulched drip irrigation
technology is an advanced integration of water and fertilizer technology, which can control
the water and nutrient status of the root zone precisely and in real time, effectively reduce
the evaporation between plants and deep seepage, and minimize nutrient leaching [6,7].
However, this raises some new questions. In saline—alkali land, salt tends to accumulate
in the cotton root zone due to the lower irrigation quota and higher frequency of drip
irrigation [8]. Moreover, the excessive reclamation of saline soil and the expansion of
the irrigation area will exacerbate the local water shortage. In order to prevent cotton
yield reduction caused by the soil’s salinity, local farmers often use large amounts of
fresh water to leach soil salts in winter or spring. The amount of water used for leaching
reaches 6000-10,000 m® ha~!, which not only reduces the efficiency of irrigation water, but
also leads to the rise of the underground water level and aggravates the secondary soil
salinization [9,10], with a potential risk to agricultural sustainability. Due to the rich local
brackish water resources, a method to efficiently utilize brackish water resources is of great
significance to improve water resource utilization efficiency and ensure efficient cotton
production.

The exploitation and utilization of brackish water resources is an important method to
alleviate the shortage of fresh water [11]. Quantitatively, the global brackish water supply
could reach about 1.39 x 10° km?3, accounting for 1% of the water on the Earth, which is
as much as the supply of freshwater [12]. Brackish water is also widely distributed in the
local area, it is easily accessible, and it can reduce the salt concentration of salinized soils
so as to meet the water requirement of cotton [10,13]. However, unreasonable brackish
water irrigation schema and excessive salinity of irrigation water quality contribute to
the aggravation of secondary soil salinity, which also leads to the accumulation of salts
in farmlands and salt stress to plants [6,14]. In recent years, scholars have conducted
a large number of studies regarding the effects of brackish irrigation on soil water—salt
movement, including drip irrigation zone layout, irrigation water quality, irrigation amount
and frequency [15-18]. The results showed that the effect of brackish water on soil salinity
was mainly concentrated in the surface soil, which significantly affected cotton growth.
Under brackish water irrigation, when the single irrigation amount was too small, it would
lead to high salt accumulation in the 0-20 cm soil layer, and the salt accumulation depth
increased with the increase in irrigation amount. Xue at al. reported that using brackish
and fresh water together was an important way to reduce soil salinity [19]. For example,
Hassanli noticed that there was no significant difference between initial and final salt
concentrations in the soil profile under alternate irrigation [20]. In addition, irrigation
applications with brackish water also had effects on soil water, salt distribution and crop
growth. The effects of salt stress on cotton plants are different at different growth stages,
and salt stress at seeding stage will affect the morphology and distribution of root growth.
Salt stress will inhibit the production of cotton bolls and promote boll abscission [13]. For
example, alternate freshwater irrigation after brackish water irrigation can reduce the
damage of salt to crops at the salinity sensitive stages [21,22]. Brackish water irrigation has
a more complex effect on the dynamics and spatial distribution of water and salts in cotton
fields. Using drip irrigation to leach soil salt during the growing season of cotton to keep
the soil salinity of the root zone within a certain range has broad application prospects.
However, there is still insufficient research on the effect of water and salt movement and
cotton growth caused by brackish water irrigation and leaching in different growth stages
of cotton, which restricts its promotion and implementation.

Therefore, this study compares the current reality of cotton field agricultural produc-
tion in southern Xinjiang with the effects of different brackish water irrigation levels on
cotton growth, soil water content (SWC) and soil TDS distribution, and cotton yield and
WUE at different growth stages of cotton by mulched drip irrigation. This study may
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contribute to determining suitable soil TDS for the growth of cotton and safe brackish
water utilization patterns in northwest China.

2. Materials and Methods
2.1. Experimental Site Condition

The experiments were conducted in a typical salt-alkali cotton field at Yuli County
(40°53'0" N, 86°56/58" E), Korla, Xinjiang Province (Figure 1) in 2019 from April to October.
The experimental site is a typical continental desert climate, with annual mean precipitation
of 135.4 mm, mean annual potential evaporation of 2417 mm and mean annual average
temperature of 10.9 °C. The average annual accumulated temperature is 4218.3 °C, the
average relative humidity is 45-50% and the average sunshine duration is 2941.8 h. The
experimental area is full of light and heat, which is very suitable for the growth of cotton.
A drainage ditch was used to control the underground water level and the depth of the
underground water was 3 m. The total precipitation during the cotton growing season was
12 mm. Soil samples in the 100 cm soil profile were air-dried, and 2 mm sieved soil samples
were used to measure the sand, silt and clay contents of the soil using the Malvern laser
particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., Malvern, UK). The soil
texture was classified as sandy loam, and the contents of clay, silt and sand were 1.03%,
20.45% and 78.52%, respectively. The average soil bulk density was 1.48 g-cm 2 and the
average salt content was 4.2 g-kg_l.

N

Figure 1. Location of the study area.

2.2. Experimental Treatments

The experimental cotton cultivar was “Xinluzhong 67”, which was sown on 10 April
and harvested on 20 September 2019. The cotton planting mode was one film, two tapes
and four rows, which is widely adopted locally. The layout and location of sampling
points are shown in Figure 2. The fertilizer rate was based on the local fertilization level:
N-P,05-K,O (300-90-45 kg-ha’l), and other field management was consistent with the
local high yield fields. No winter or spring irrigation was conducted in the experiment field
after the cotton harvest in 2018. The cotton was irrigated with 450 mm of brackish water
before sowing, and freshwater irrigation with 80%ET, at the growth stage was used as the
CK (the local reference level). Three irrigation levels, Wy (75 mm + 80%ET.), W5 (150 mm +
80%ET,) and W3 (240 mm + 80%ET.) at the seeding stage (S;), seeding stage + budding
stage (S;) and seeding stage + budding stage + flowering stage (S3) were designed as the
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experimental factors following a split-plot design. The ten treatments were conducted with
three replicates following the orthogonal test. Each experimental plot was 7 m long and
5 m wide. A 2 m wide protective strip of bare land was set between two plots.
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Figure 2. Schematic diagram of experimental planting mode and sampling points.
Actual crop evapotranspiration (ET,, mm d ') was calculated as:
ET. = ETy x K¢ @)

where K. donates the cotton crop coefficient [23] and ET( donates the reference crop
evapotranspiration calculated with the Penman—Monteith equation [24].

Except for leaching, irrigation began on 27 April and stopped on 20 August with an
irrigation interval of 7 days. Irrigation dates were postponed in case of rainfall, and the
irrigation amount was 326.3 mm. Spring irrigation (30 March) and irrigation applications
at seedling stage (17 April), budding stage (21 June) and flowering stage (27 July) took
brackish water with a salinity of 3 g L1, and other irrigation (80%ET.) used local channel
water with a salinity of 0.7 g L~ In this study, brackish water was used for salt leaching,
and fresh water was irrigated 2-3 days after the cotton entered the budding stage and
flowering stage, which helped to leach the salt from the root zones.

2.3. Field Measurements
2.3.1. Soil Physical and Chemical Properties

Soil samples were collected using a soil auger to measure soil water content (SWC)
and total dissolved solids (TDS). The measuring depths were 10, 20, 30, 40, 60, 80 and
100 cm. Soil sampling points were set in the middle of wide row, drip line, narrow row and
non-mulched areas (Figure 2). The SWC was measured with the drying method [25]. Then,
dried soil samples were ground and sieved with a 2 mm diameter fine screening. Of the
sieved soil samples, 5 g were weighed and put into a conical flask, together with 25 mL of
distilled water. It was then sulfficiently shaken to filter all the liquid until it was dry enough
to measure TDS. Soil salt accumulation in 0-100 cm soil was calculated as:

S = 100CHB 2)
where C is the TDS (g kg~!), H is the soil layer thickness (cm) and B is the soil bulk density
(g cm3).

2.32. WUE

WUE was calculated as follows:

Y
WUE = — 3)

where Y is the cotton yield (kg ha™!) and ET is the cotton evapotranspiration (mm).
ET was calculated as:

ET=P+U+I1-D—-R— AW ()

where P is the effective rainfall (mm), U is the groundwater recharge, I is the irrigation,
R is the surface runoff, D is the deep percolation and AW is the change in soil moisture
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from the beginning to the end of the experiment. According to the actual situation in the
experiments, U and R can be ignored.
D was calculated as [26]
D=M;+h-M ®)

where M; is the soil moisture before irrigation (mm), h is the irrigation amount (mm) and
M is the field capacity (mm).

2.3.3. Cotton Growth and Yield

In each plot, four plants were randomly selected to measure plant height, stem
diameter, leaf area and aboveground biomass at the seeding stage, budding stage, flowering
stage and boll opening stages. Cotton plants were placed in an oven at 105 °C for 0.5 h and
then weighed at 75 °C to obtain the dry matter of the aboveground biomass. At harvest
stage, three quadrats with the size of 1 m x 1.52 m were randomly selected for internal
yield measurement in each plot. The weight of 100 bolls, the number of plants and the
effective boll were measured, and the yield of seed cotton was calculated.

2.4. Data Analysis

Excel 2016 and SPSS 23.0 were used to analyze the data. These treatments” means
were compared by Duncan’s tests at p = 0.05 significance level [7]. Origin 9.0 and Surfer 9.0
were used to draw the figures.

3. Results
3.1. Effects of Brackish Water Irrigation Amounts and Applications on Dynamic Changes in Soil
Water Content

Figure 3 shows the distributions of SWC in the 0—40 cm soil layer of each treatment.
At the seeding stage, due to the large irrigation amount of Sy treatments, the SWC in the
whole soil layer was close to the field’s capacity, and the difference in SWC was small over
depth. The SWC showed a great difference in the horizontal direction (Figure 3a). The
SWC in the film-mulched area was significantly higher than that in the non-mulched area.
With the increase in the irrigation amount, the SWC in the film-mulched area increased
rapidly to the field’s capacity. The average SWC of S; was significantly higher than that of
the S; and S treatments (Figure 3b,c) and increased with the increase in irrigation amount.
This may be explained by the horizontal movement of the soil-wetted body.

At the budding stage, the SWC of each treatment increased with the increase in soil
depth, and the increase in surface soil was more significant. Besides, for the topsoil in the
horizontal direction, the Sy treatments (Figure 3a) did not leach salts at this stage, and the
SWC in the narrow row decreased gradually due to the plants” water uptake. In addition,
the SWC of S; and S; treatments (Figure 3b) in non-mulched areas was higher than that of
Sz treatments (Figure 3c). This was caused by the difference in the single irrigation amount.
The higher the single irrigation amount, the more widespread the wetting area.

At the flowering stage, the water consumption of cotton was severe, and the water con-
tent in the film of treatment S; and S, was low without irrigation at the flowering and boll
stage. In addition, the SWC in non-mulched areas decreased under evaporation. Although
CK treatment included no irrigation application, non-mulched areas still maintained a high
SWC level (Figure 3d).

At the boll-opening stage, the SWC continued to decrease (Figure 3a,b). However,
the SWC in CK treatment did not decrease significantly, which may be due to the high
salinity limiting the water absorption of cotton (Figure 3d). The SWC of other treatments
remained steady in the horizontal direction because cotton grew slowly and the water
supply was terminated. Generally, at the flowering and boll stage, multiple irrigation
applications during the growth stages can significantly increase the SWC at 0—40 cm depth
in the film-mulched zones which was more suitable for the water requirements of cotton.
Moreover, due to the small amount of single irrigation and the low water content of the
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non-mulched area, it was not easy to produce ineffective evaporation. However, too small
of an irrigation amount was also not conducive to an increase of SWC in a narrow row.
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Figure 3. Dynamic changes in soil moisture content in 0—40 cm soil layer of each treatment. (a) ir-
rigation application at the seeding stage; (b) irrigation application at the seeding stage + budding
stage; (c) irrigation application at the seeding stage + budding stage + flowing stage; (d) no irrigation
application (CK).

3.2. Effects of Brackish Water Irrigation Amounts and Applications on Dynamic Changes in

Soil Salinity

Figure 4 shows the distributions of TDS in the 0—40 cm soil layer of each treatment. At
the seedling stage, most of the 0-40 cm salt was leached to the deeper soil. According to
the different irrigation levels, the desalination zone continued to move beyond the film-
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mulched zones, and the TDS of W; was significantly lower than W, and W3 treatments
(Figure 4a).

At the budding stage in the vertical direction, the TDS accumulation depth of S, and S3
increased with the increase in the irrigation amount (Figure 4b,c). The TDS of S; treatment
in the 0-40 cm soil increased continuously (Figure 4a). In the horizontal direction, the TDS
of narrow raw and non-mulched areas of S; treatments increased. The TDS of non-mulched
areas of S3 was still high, and it may be unfavorable for the low single irrigation amount
(Figure 4c). The TDS of CK treatment in narrow raw areas increased rapidly due to the
cotton’s water absorption (Figure 4d).

At the flowering stage, SWC was further reduced, and salt was moved upward
together with deeper soil moisture. In the vertical direction, S; treatments kept low TDS in
film-mulched zones (Figure 4a). The salt accumulation of S; occurred in the 30—40 cm soil
layer (Figure 4b). Salt accumulation of S; occurred in the 20 cm soil layer (Figure 4a). The
TDS of CK treatment in film-mulched zones increased the most, reaching 5.5 g kg~!, which
did not adapt to the reproductive growth of cotton. Generally, in the horizontal direction,
the TDS in film-mulched zones was lower than that of the non-mulched area.

At the boll-opening stage, TDS in the topsoil of each treatment showed a similar
pattern, where the TDS in film-mulched zones was lower than that in the 0-20 cm soil
layer of the non-mulched area. In the 20-40 cm soil layer, compared to the flowering stage,
the TDS of W3S, increased more with the drip line and the TDS of WS, increased in the
narrow row, resulting in the TDS in the film-mulched zones being higher than that in the
non-mulched area (Figure 4a). The TDS of S, and S;3 increased in non-mulched areas and
decreased in film-mulched zones (Figure 4b,c). Comparing S, with S3, the TDS of S; in
non-mulched areas was higher than that of S3. Due to the difference in the total irrigation
amount, the desalination effect of high volume irrigation treatments (W3) was better than
that of medium volume irrigation treatments (W;) and low volume irrigation treatments
(W1). For CK treatment, a lack of irrigation application resulted in salt accumulation in the
0-20 cm soil layer, high TDS reduced the soil water’s availability and soil evaporation led
to higher surface salinity.
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Figure 4. Dynamic changes of soil salinity content in 0-40 cm soil layer of each treatment. (a) irrigation
application at the seeding stage; (b) irrigation application at the seeding stage + budding stage;
(c) irrigation application at the seeding stage + budding stage + flowing stage; (d) no irrigation
application (CK).

Figure 5 shows salt accumulation in the 0-100 cm soil profile at harvest stage. W3Ss3
treatment had the lowest salt accumulation and W3S; treatment had the highest salt
accumulation. Compared with W3S; and W3S;, W3S; treatment had a 39.5% and 2.8%
reduction in salt accumulation, respectively. In addition, with the increase in the irrigation
amount, the soil salt accumulation in S; and S; treatments decreased continuously, while in
S treatment it first decreased and then increased. Under the same irrigation level (W1, Wy,
W3), the salt accumulation in S was significantly higher than in S, and S3. With an increase
in irrigation level, the difference of accumulation between different irrigation applications
increased. For S; treatment, the soil salt accumulation of the whole profile increased, and
the increase was more significant in the 0—40 cm soil profile. Compared with W,S; and
W51, the TDS of W35, increased by 14.6% and 31.3%, respectively. For S, treatment, the
soil salt accumulation above 40 cm decreased with the increase in irrigation level (W1, Wy,
W3), while the soil salt accumulation below 40 cm increased with the increase in irrigation
level, indicating that the increase in irrigation level could move the salt deeper into the soil.
For W,53 and W,S3 treatment, the soil salt accumulation above 60 cm showed a decreasing
trend, while the soil salt accumulation below 60 cm showed an increasing trend, and the
depth of the desalination zone increased compared with S, treatment (W1, W5, W3). For
CK treatment, the soil salt accumulation above 40 cm was the lowest compared with other
treatments, but above 40 cm it was the largest. Compared with W3Sy, W3S, and W3S,
the salt accumulation at 0-40 cm increased by 14.28%, 47.68% and 54.40%, respectively.
The results showed that with the increase in the number of irrigation applications and
the irrigation amount, the surface salt would move down to the deeper soil. They also
showed that the single irrigation amount should not be too large, which would easily lead
to surface salt accumulation and produce a physiological drought for cotton.



Water 2021, 13, 2602

11 0of 17

100,000 g Som S 20_40cmi 40_60cm
1 60-80cm I 80—100cm a
80,000 -
TC\'S
=
)]
=
= 60,000
g
E
=
£
S 40,000
[«
/0]
zo,ooo— III II
0 : ,
S1 S2 S3 S1 S2 S3 S1 S2 S3
CK W1 w2 w3

Figure 5. Salt accumulation in 0-100 cm soil profile at harvest stage.

3.3. Effects of Brackish Water Irrigation Amounts and Applications on Cotton Growth, WUE
and Yield

Under the same irrigation levels, the plant height was significantly different between
the Wi, W, and W3 treatments. With the S; irrigation applications, the plant height
decreased when the amount of irrigation increased. For the Sy and S; irrigation applications,
the plant height increased as the amount of irrigation increased. Compared with the low
irrigation amount (W), the middle irrigation amount (W5) and the high irrigation amount
(W3) increased plant height by 41.2-64.5% under S;. Meanwhile, W,S; and W3Ss increased
plant height by 23.9-30.3% compared with WSz (Figure 6a).

The stem diameter increased with irrigation applications and irrigation amount; the
largest stem diameter was observed in CK and W3S3 treatments. Compared with a low
irrigation amount (W), the medium irrigation amount (W) and the high irrigation amount
(W3) of S, irrigation application increased stem diameter by 8.4-24.4%. Meanwhile, W,S3
and W3S3 increased stem diameter by 2.6-22.7% compared with W;S; (Figure 6b).

The LAl increased with the increase in irrigation amount; however, irrigation applications
had no significant effect on LAI under medium and low irrigation amounts. Compared with
Wj, the LAI of the W; and W3 treatments was increased by 7.05-40.64% and 24.17-86.20%,
respectively (Figure 6¢c). The largest LAI was observed in W3S, treatment.

With the increase in irrigation amount, the aboveground dry matter mass of S, treat-
ment and S3 treatment increased significantly (Figure 6d). However, when irrigation
applications were only applied at the seedling stage, the relationship between the accumu-
lation of dry matter in the shoot and water quantity was not significant in S; treatment,
which indicated that too few irrigation applications would hinder and reduce dry matter
accumulation.

Under the same irrigation level, the yield increased with the increase in irrigation
applications. The yield of S; and S3 treatments increased significantly with the increase
in irrigation amount (Figure 6e). The yield of S; treatment was not significantly increased
with the increase in irrigation amount. A maximum yield of 5685 kg ha~! was observed in
W3S; treatment. Compared with W3S, W3S, and CK, the yield was increased by 39.59%,
7.85% and 11.25%, respectively.

The WUE of S5 treatments was significantly higher than that of other treatments under
the same irrigation amount of W, and W3, respectively. However, at the irrigation amount
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level of Wy, there was no significant difference between S, and S; treatments (Figure 6f).
WUE decreased with the increase in irrigation amount, and the WUE of WS, W1S3, W;S;3
and W3S3 showed no significant difference. The minimum WUE was observed in W35;
treatment as 0.64 kg m~3, which indicated that multiple irrigation applications during
different growth stages could increase cotton yield and WUE.
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Figure 6. Cotton growth, yield and WUE under different treatments. (a) plant height; (b) stem
diameter; (c) LAI; (d) dry matter accumulation; (e) yield; (f) WUE.

4. Discussion

Mulched drip irrigation is an effective measure to regulate soil water and salt when
brackish water resources are used [16], because salt brought into the soil by brackish water
irrigation causes a decrease in soil water’s potential, leading to plant salt stress on crops.
A higher SWC is therefore required during the cotton’s growth stages. While we found
that using brackish water for leaching during the growth stage can regulate the SWC in
film-mulched zones, maintaining a high level of soil moisture in the cotton water demand
critical stage (budding stage and flowering stage), it can also control the salt content below
the root zones and reduce the TDS during the cotton growing season. This also conformed
to the research results proposed by Li and Kang [27], who found that drip irrigation with
brackish water effectively improved saline-sodic soils. In this study, it was found that
irrigation applications directly affected the SWC of cotton fields under the same irrigation
levels. Since the SWC gradually decreased with the growing of cotton, the increase in
irrigation applications can be used for supplementary irrigation at later growth stages,
such as the budding stage and flowering stage, to store water in the soil and meet the water
requirement for cotton. The SWC in the membrane of S; and S; treatments decreased at
the flowering stage, but the water consumption of cotton reached the maximum at the
flowering and boll stages [28]. At this time, the decrease in SWC is not conducive to the
reproductive growth of cotton, which indicates that if no irrigation application is carried
out in the late growth stages, soil salinity may move with water and accumulation. In
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addition, the accumulated salt in the root layer would cause serious water and salt stress on
cotton, leading to premature senescence and yield reduction. However, excessive irrigation
amounts also increased SWC in non-mulched zones, leading to high soil evaporation.

As drip irrigation under film can only moisten part of the soil profile, salt will in-
evitably accumulate in shallow moist soil [29], and the depth of salt accumulation is closely
related to the irrigation amounts. In our study, we found leaching with brackish water
during the cotton’s growing season can reduce the TDS in the root zones and total salt
accumulation in the entire soil layer. For S; treatment, soil salts did not accumulate in the
root zones at the budding stage, suggesting that a higher irrigation rate was beneficial in
retaining soil salt at the deeper soil layers [18]. With the growth of cotton, salt accumulates
in the surface and film of bare soil at 30-40 cm during the flowering and boll opening
stages. For S, treatment, salt accumulation was only observed at the flowering stage and
only along the narrow line of the W, irrigation level. S3 kept the soil at a low salt level
throughout the growth stage, apart from the low irrigation level (W) at the budding and
ball opening stages in the narrow row. The reason may be that the low irrigation amount
during the growth stages cannot satisfy the water absorption needs of the root system,
which consumes the water stored in the soil instead. Due to cotton transpiration and soil
evaporation, the accumulated salt can still return to the root zone. When irrigation is
applied at this time, the salt that was about to migrate upward would migrate downward
again with the dripping water, which also explains why a reasonable irrigation application
was conducive to preventing the accumulation of salt in the soil surface. The TDS in the
non-mulched zones of each treatment varied greatly, because the plastic film mulching
had a significant capacity for soil moisture conservation and salt suppression. Soils in
non-mulched zones continued to evaporate, and the salt content gradually accumulated.
The irrigation amount in the seeding stage was large in S;, and the increase of SWC in
film-mulched zones also increased the ineffective evaporation of soil. As a result, the salt
accumulation in film-mulched zones increased. With the increase in irrigation applications,
the smaller the single irrigation amount was, the more difficult it was for the wetting front
to reach the non-mulched zones. As a result, the water content, ineffective evaporation
and salt accumulation decreased in non-mulched zones. Previous studies have shown
that higher salt content of irrigation water and a lower irrigation amount will lead to an
increase in soil salt accumulation [30]. Our study showed that the soil salt accumulation
in S, and S3 treatments decreased with the increase in irrigation amount, but the soil salt
accumulation in S; treatment showed an increasing trend. The possible reason for this
was that the plant LAI in the seeding stage could not completely cover the non-mulched
zones, and irrigation application at this time caused a sever soil evaporation and had a
risk of secondary salinization. In addition, the duration of saline-alkali stress on cotton
depends on the irrigation applications, and after irrigation, the crop may still be under
salt stress in the later growth period, so it is necessary to control the soil salinity in the
growing season [31]. The study of Zhang [22] et al. showed that the optimal irrigation
application was at about 41 days after sowing, which could reduce the duration of high
salinity stress. Part of the results of this study was similar to that. For S; treatment, there
was only one irrigation application, and the average TDS in the late growth period reached
4.80-6.22 g kg~ 1. During the late growth period, the cotton is always under high salinity
stress, which is not conducive to the growth of cotton. In S3 treatment, the water was
divided into three stages and washed several times. This brackish water utilization strat-
egy reduced the soil salt content in the later growth stage. The TDS of S3 treatment was
4.10-4.17 g kg1, and soil TDS in the mulched zones was 3.59-3.70 g kg ~!. Too much salt
destroyed the nutritional balance in the plant body, led to a disorder of cell metabolism
and causing a series of problems, such as the decrease of yield.

After irrigation with brackish water, the cotton growth depended on the TDS in the
root zones [32]. In addition, film-mulched drip irrigation can improve soil water and salt
conditions by controlling the irrigation amount and time, promoting dry matter accumu-
lation of cotton and increasing yield [13,33]. In our study, the increase of irrigation water
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volume promoted the dry matter transport, accumulation and yield of cotton. However,
the yield of S; treatment did not increase with the increase in irrigation amount. The reason
may be because SWC decreased gradually with the growth of cotton, and the amount
of TDS increased in the later growth stages after irrigation was applied at the seeding
stage. Excessive salt content in root zones impeded the growth and development of the
cotton’s root system, decreased root activity and inhibited the physiological function of
the root [10,34]. Meanwhile, multiple irrigation applications (Sp S3) during the growth
stage can not only replenish water, but also help to reduce soil surface salt, and are more
conducive to dry matter accumulation. However, Wang et al. [35] reported that excessive
drip irrigation resulted in excess vegetative growth at the later stage of growth, causing the
decrease in the boll opening rate and seed cotton yield. This phenomenon was not found
in our study, and the possible reason was that the last irrigation application time of Sz was
earlier, which avoided the vigorous growth of vegetative organs such as stems and leaves
and inhibited the reproductive growth of cotton, resulting in low cotton batching rate and
affecting the yield and reducing the quality. Cotton plant height increases slowly after
the budding stage [36]; however, LAI reaches the maximum height at the flowering stage
and then decreased gradually, while dry matter, yield and stem diameter increased within
days [37]. The greater irrigation amount of S, at the budding stage increased soil moisture
and reduced the salt content in the root zones. Suitable soil moisture and salt content
conditions were very conducive to the growth of cotton, which was the possible reason
for the high plant height and LAI of S,. At the flowering stage, cotton is more sensitive
to drought [38]. Because of the gradual depletion of soil moisture and the increase in salt
content in the zone area, the cotton’s roots had difficulty absorbing water. The higher LAI
of S, further aggravated the physiological drought of plants, which was not conducive
to the accumulation of dry matter mass, resulting in the average decrease of biomass by
6.3-19.3% and yield by 4.94-8.52% compared with that in the S3 treatment, respectively.
Previous studies have shown that increasing the irrigation amount is not conducive to
improving water use efficiency [13,39]. In this study, it was found that with the increase in
irrigation amount, the WUE of S; and S, treatment did not decrease significantly, while
the WUE of S3 treatment first increased and then decreased with the increase in irriga-
tion amount. It may be that in areas with relatively high soil salinization, decreasing the
irrigation amount reduces drainage loss, but higher root salt content reduces soil water
availability. Moreover, higher soil salinity reduces the membrane channel activity, water
channel activity, stomatal conductance, conduction and ion balance of cotton [40]. On the
other hand, the lower soil moisture in the boll opening stage also avoided the delay of
cotton maturation due to excessive irrigation, which reduced the number of bolls and lint
cotton yield [35]. In addition, compared with treatment W, and treatment W1, the average
SWC at the flowering stage of W3 increased by 9.65% and 26.98%, respectively, but the
yield did not increase. In this study, we found that when the soil TDS was lower than
4.8 g kg1, the increase in soil moisture was helpful to increase the biomass and yield of
cotton, while a TDS higher than 4.8 g kg ! would significantly reduce the availability of
soil moisture, which was not conducive to the increase in yield.

The amount and irrigation application of brackish water during the growth stages
on soil environment and cotton growth was explored. Compared with the one-time
brackish water flooding irrigation mode adopted in local spring irrigation, brackish water
irrigation divided into three applications in the growth stages had less negative effect on soil
environment and cotton growth. However, the effects of different salinities and alternate
modes of brackish and freshwater application on farmland soil, water environment and
cotton growth still need further experimental research. For other regions, whether brackish
water irrigation applied during the growth period can be used must be dependent on local
conditions, and the salinity of irrigation water and the salinization degree of soil should be
fully considered before implementation.
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5. Conclusions

The usage of brackish water for irrigation in saline lands is challenging and requires
more rational use to improve agricultural sustainability. Our study studied water and
salt dynamics, dry matter accumulation, yield and water use efficiency of cotton with
different brackish water irrigation levels and application treatments. The results show that
reasonable irrigation application and brackish water irrigation levels increased SWC in
root zones at the flowering stage, reduced soil TDS in mulched zones and created a good
water and salt environment for cotton growth. In addition, compared with CK treatment
adopted by local farmers, reasonable irrigation application and brackish water irrigation
levels did not reduce the yield and biomass, but did improve water use efficiency, avoiding
the accumulation of soil salt and improving the soil’s sustainability. Considering high
yield, water conservation and salt leaching, an irrigation amount of 240 mm of brackish
water at three growth stages with 80%ET. for irrigation is recommended for the sustainable
production of cotton in southern Xinjiang. However, we also need to pay attention to
irrigation application to avoid delaying maturity and reducing the number of open bolls.
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