
AI translation ・View original & related papers at
chinarxiv.org/items/chinaxiv-202507.00071

Leaching amount and period regulated saline-
alkaline soil water-salinity dynamics and im-
proved cotton yield in southern Xinjiang, China
(Postprint)
Authors: Wang Lei, LIU Xiaoqiang, Shuhong Wang, He Shuai, HE Shuai

Date: 2025-07-07T17:40:29+00:00

Abstract
Cotton is an important economic crop widely cultivated in the saline-alkaline
soils of southern Xinjiang, China. To control soil salinity for cotton seed ger-
mination and seedling survival, farmers commonly employ salt leaching during
winter and spring. However, excessive leaching may waste water resources, while
irrigation at inappropriate times can exacerbate soil salinization. This study
conducted field experiments in saline-alkaline soils during 2020 and 2021 to in-
vestigate the effects of leaching amount and timing on water-salt dynamics and
cotton yield. Five leaching amounts were applied: 0.0 (W0), 75.0 (W1), 150.0
(W2), 225.0 (W3), and 300.0 (W4) mm, across three leaching periods: seedling
stage (P1), seedling and squaring stages (P2), and seedling, squaring, flowering,
and boll-setting stages (P3). A control treatment (CK) with 300.0 mm leach-
ing in spring was also included. Soil water-salt dynamics, cotton growth, seed
cotton yield, water productivity (WP), and irrigation water productivity (WPI)
were analyzed. Results indicated that leaching significantly reduced soil elec-
trical conductivity (EC), with the W3P2 treatment decreasing EC by 11.79%
in the 0–100 cm soil depth compared to CK. Plant height, stem diameter, leaf
area index, and yield were higher under W3 and W4 treatments than under W1
and W2 treatments. Compared with W3P1 and W3P3, seed cotton yield under
W3P2 significantly increased, reaching 6621 kg/hm2 in 2020 and 5340 kg/hm2
in 2021. Meanwhile, WP and WPI under W3P2 were significantly higher than
those under other leaching treatments. In conclusion, the treatment applying
225.0 mm leaching during the seedling and squaring stages was beneficial for
salt control, efficient water use, and yield improvement of cotton in southern
Xinjiang, China.
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Abstract: Cotton, as one of important economic crops, is widely planted in the
saline-alkaline soil of southern Xinjiang, China. Moreover, in order to control
the saline-alkaline content for seed germination and seedlings survive of cotton,
farmers always adopt salt leaching during winter and spring seasons. However,
excessive amount of salt leaching might result in the waste of water resources
and unsuitable irrigation seasons might further increase soil salinization. In this
study, a field experiment was conducted in the saline-alkaline soil in 2020 and
2021 to determine the effects of leaching amount and period on water-salinity
dynamics and cotton yield. Five leaching amounts (0.0 (W0), 75.0 (W1), 150.0
(W2), 225.0 (W3), and 300.0 (W4) mm) and three leaching periods (seedling
stage (P1), seedling and squaring stages (P2), and seedling, squaring, flowering,
and boll setting stages (P3)) were used. In addition, a control treatment (CK)
with a leaching amount of 300.0 mm in spring was performed. The soil water-salt
dynamics, cotton growth, seed cotton yield, water productivity (WP), and irri-
gation water productivity (WPI) were analyzed. Results showed that leaching
significantly decreased soil electrical conductivity (EC), and W3P2 treatment
reduced EC by 11.79% in the 0–100 cm soil depth compared with CK. Plant
height, stem diameter, leaf area index, and yield under W3 and W4 treatments
were greater than those under W1 and W2 treatments. Compared with W3P1
and W3P3 treatments, seed cotton yield under W3P2 treatment significantly en-
hanced and reached 6621 kg/hm² in 2020 and 5340 kg/hm² in 2021. Meanwhile,
WP and WPI under W3P2 treatment were significantly higher than those under
other leaching treatments. In conclusion, the treatment of 225.0 mm leaching
amount and seedling and squaring stages-based leaching period was beneficial
for the salt control, efficient water utilization, and yield improvement of cotton
in southern Xinjiang, China.
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dynamics and improved cotton yield in southern Xinjiang, China. Journal
of Arid Land, 17(6): 823–845. https://doi.org/10.1007/s40333-025-0018-6;
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Introduction
Cotton is a significant economic crop covering an area of 2.36×10� hm² in Xin-
jiang of China, which accounts for 84.98% of the total area of cotton cultivation
in China (NBSC, 2023). However, this area contains a large amount of saline-
alkaline soils caused by local natural environments (i.e., intense evaporation and
limited precipitation) and unreasonable irrigation practices (Ning et al., 2021).
In addition, the continuous population growth and socio-economic development
in recent years have made the imbalance between the supply and consumption
of water resources increasingly serious, and the threat to agriculture from sec-
ondary salinization of arable lands has become more and more serious (Liang
and Shi, 2021; Yan et al., 2021; Hou et al., 2022a).

The technology of drip irrigation under mulch is extensively employed globally
(Nouri et al., 2019; Ochege et al., 2022). Mulched drip irrigation is a high
water-saving irrigation technology that combines drip irrigation and plastic film
mulching, and has become increasingly significant in conserving agricultural wa-
ter resources for efficient crop production in irrigated farmlands that experience
little or no soil salinization (Li et al., 2015; Rao et al., 2016). On one hand,
mulched drip irrigation is considered to improve crop productivity in saline-
alkaline soils (Hanson et al., 2008); on the other hand, it also promotes salt
leaching due to the high frequency (Dudley et al., 2008) and improper manage-
ment (Minhas et al., 2020). Nevertheless, drip irrigation under film mulching
was applied at specific points in space, and salts are pushed to the edges of wet-
ting area (Chen et al., 2009). Additionally, soil salt accumulation is increased
because of low flow rate and small irrigation intervals of drip irrigation, resulting
in significantly increased osmotic stress that inevitably affects the water uptake
of crops (Minhas et al., 2020). It is also essential to control soil salinity within
a certain threshold in order to prevent crop growth inhibition (Maas and Hoff-
man, 1977). Richards (1954) proposed that salinity management method used
in salt-affected soils was to maintain long-term steady state conditions in the
area where soil salts moved downward with water flow beyond the root zone.
To achieve this goal, leaching requirement proposed by Richards (1954) was
used to evaluate the efficiency of salt leaching, which is extensively applied to
reclaim and subsequently utilize salt-affected soils (Minhas, 2010; Shahrokhnia
and Wu, 2021). Furthermore, leaching should minimize salt damage at repro-
ductive stages of sensitive crop (Hoffman and Shalhevet, 2007).

Salt leaching is more prominent in saline-alkaline soils under irrigation in Xin-
jiang, China (Feng et al., 2005; Pereira et al., 2007; Chen et al., 2018; Zong et
al., 2022). The movement of soil salinity in the area can be clearly distinctly
classified as a desalination process during non-crop growing period (from Octo-
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ber to March of next year) and crop growing period (from April to September)
(Zhang et al., 2013). Large amounts of surface water or groundwater (from wells)
are applied for salt leaching through flood irrigation in winter and spring sea-
sons (i.e., non-crop growing period) (Chen et al., 2010; Runyan and D’Odorico,
2010), and water consumption for salt leaching/salt drainage ranges from 225.0
to 375.0 mm (Hu et al., 2015; Chen et al., 2018). Brackish water is also ap-
plied for salt leaching (Xiao et al., 2021). Although irrigation in winter and
spring seasons can help leach salt and control secondary salinization, it is prone
to cause salinity accumulation in the root zone during the crops development
period. Additionally, irrigation in winter and spring seasons wastes water re-
sources, increases groundwater storage, and results in water shortages (Chen
et al., 2009; Hu et al., 2011). Therefore, an effective drip irrigation strategy
during the growth period should not only ensure the crop water requirement,
but also promote salt leaching in saline-alkaline soils (Forkutsa et al., 2009;
Satchithanantham et al., 2014).

Recent studies have found that a net downward movement of soil water can be
maintained for salt leaching for saline-alkaline soils, which can highly effective
decrease soil salinity and benefit crop growth (Ayars et al., 2012; Li et al., 2019).
Numerous researches have become interested in the effects of drip irrigation
amount on crop growth and soil water-salt migration (Zhang et al., 2014; Zhang
et al., 2022). Specifically, Yang et al. (2019) found that leaching efficiency was
inconsistent in different soil textures. Among them, drip irrigation had the
largest leaching efficiency (78.80%) in sandy soils. In addition, salt tolerance of
crops differed at different growth periods (Minhas, 1996). For example, Xiao
et al. (2021) found that high cotton yield was achieved by leaching at seedling,
squaring, and flowering stages, while the lowest cotton yield was achieved by
leaching only at seedling stage. Furthermore, when using brackish water for
leaching, the effect of leaching should be considered to maintain acceptable
levels of soil salinity for crop yield (Letey et al., 2011). However, there were
few studies of freshwater leaching under mulched drip irrigation during various
cotton growth periods on soil water-salinity dynamics and plant growth. In
particular, the leaching amounts during various growth periods influence soil
salt concentrations and cotton growth when there is no irrigation in winter and
spring seasons for salt leaching. Therefore, a field experiment was conducted in
a saline-alkaline soil, southern Xinjiang, under mulched drip irrigation in 2020
and 2021. The aims of this research were: (1) to identify the responses of soil
salt-water dynamics to leaching amount during various cotton growth periods;
and (2) to quantify the impacts of leaching amount and period on cotton growth,
seed cotton yield, and water productivity.

2.1 Study Area
A field experiment was conducted in the Tarim River Basin of southern Xinjiang,
China (40°53�03�N, 86°56�58�E; 900 m a.s.l.). The mean annual precipitation is
58.0 mm, and annual evaporation is approximately 2500.0 mm (Chen et al.,
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2018). The study area belongs to warm temperate continental desert climate.
Groundwater depth is close to 3 m, and the total dissolved solid ranges from
2 to 7 g/L. Soil texture mainly consists of sandy loam, silt loam, and sand in
the 0–100 cm soil depth, with the particle size distribution for clay, silt, and
sand ranging from 0.00% to 4.36%, from 15.36% to 57.29%, and from 38.82%
to 84.64%, respectively. In addition, the soil bulk density is 1.52 g/cm³. Soil
electrical conductivity (EC) before and after the experiments is 3.35 and 0.97
dS/m, respectively (Table 1 ). And the soil has large amounts of NaCl and
Na�SO�. Soil pH is 8.03. Irrigation water from the channel has a salinity of
0.7 g/L, where the ions, i.e., Ca²�, Na�, SO�²� are the dominant ions, consisting
of 37.10%, 38.20%, 25.30%, and 59.10% of the cations and anions, respectively.
Total precipitation amounts during the cotton growth season were 32.4 and
13.8 mm in 2020 and 2021, respectively (Fig. 1 [Figure 1: see original paper]).
Average daily maximum temperatures were 39.1°C in 2020 and 41.5°C in 2021,
and the corresponding average daily minimum temperatures were 7.7°C and
8.1°C, respectively (Fig. 1).

2.2 Experimental Design and Field Management
The field experiment was performed in the saline-alkaline soil with no irrigation
in winter and spring seasons. There were five leaching amounts (0.0 (W0), 75.0
(W1), 150.0 (W2), 225.0 (W3), and 300.0 mm (W4)) and three leaching periods
(seedling stage (P1), seedling and squaring stages (P2), and seedling, squaring,
flowering, and boll setting stages (P3)). In addition, a control treatment (CK)
with a leaching amount of 300.0 mm through flood irrigation in spring was set
up. The details of leaching scheduling are given in Table 2. Each treatment
had three replicates. A HOBO U30 meteorological station (Onset Computer
Corporation, Bourne, USA) was installed to record weather data. The regu-
lar irrigation amount over the two years was 85.00% crop water requirement
for cotton. Experiment began in early June, and the irrigation interval was 9
d. Irrigation was postponed in the event of precipitation, and crops were not
irrigated at the end of August (Table 2 ).

Irrigation amount was calculated by the data obtained through the weather
station in the experimental field (Allen et al., 1998):

𝐸𝑇𝑐 = 𝐾𝑐 × 𝐸𝑇0,

where 𝐸𝑇𝑐 is the crop water requirement for cotton (mm); 𝐾𝑐 is the crop coeffi-
cient; and 𝐸𝑇0 is the reference crop evapotranspiration (mm). 𝐾𝑐 of cotton was
0.75 during vegetative growth period (i.e., seeding and squaring period), 1.15
during flowering boll period, and 0.70 during boll opening period (Hou et al.,
2022b). 𝐸𝑇0 was calculated as follows (Allen et al., 1998):

𝐸𝑇0 =
0.408Δ(𝑅𝑛 − 𝐺) + 𝛾 900

𝑇𝑚𝑒𝑎𝑛+273 𝑈2(𝑒𝑠 − 𝑒𝑎)
Δ + 𝛾(1 + 0.34𝑈2) ,
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where Δ is the slope of the vapor pressure curve (kPa/°C); 𝑅𝑛 is the net solar
radiation (MJ/(m²・d)); 𝐺 is the soil heat flux (MJ/(m²・d)); 𝛾 is the psychro-
metric constant (kPa/°C); 𝑇𝑚𝑒𝑎𝑛 is the mean temperature (°C); 𝑈2 is the wind
speed at 2 m height (m/s); 𝑒𝑠 is the saturation vapor pressure (kPa); and 𝑒𝑎 is
the actual vapor pressure (kPa).

Threshold of salinity for cotton was 7.7 dS/m (Minhas et al., 2020). Exper-
imental cotton variety was Xinluzhong 67. Irrigation type was mulched drip
irrigation. Dripper flow rate was 2.4 L/h and dripper operating pressure was
0.2 MPa. Planting pattern consisted of one 1.06-m-wide strip of plastic film,
two drip belts, and four rows. In other words, the width of the two bare areas
between films was 46 cm. Two drip irrigation belts were laid under the film at a
distance of 30 cm from the edge of film, and four rows of cotton were planted at
a distance of 10 cm from the edge of film and to the middle of two drip irrigation
belts, respectively. Planting spacing of cotton was 10 cm (Fig. 2 [Figure 2: see
original paper]). Seeds were planted on 16 April, 2020 and 14 April, 2021, and
harvested on 28 September, 2020 and 30 September, 2021, respectively. Pheno-
logical phase of cotton in 2020 and 2021 is shown in Table S1. The area of exper-
imental plot was 4.3 m × 15.0 m, and each experimental plot had three sheets
of plastic mulch. A buffer zone was created between two plots to prevent the
effect of lateral soil water movement. We implemented fertilization according to
local practices, i.e., 300 kg N/hm², 90 kg P/hm², and 45 kg K/hm². Fertilizers
used were urea, ammonium dihydrogen phosphate, and potassium oxide. Fertil-
izers were applied equally at eight times. Chemical fertilizers were dissolved in
differential pressure fertilization tank one day before irrigation. There was one
fertilizer tank for each plot. Other agronomic measures such as weeding and
pesticide spraying were consistent with local practices.

2.3 Measurement Methods
2.3.1 Plant Height, Stem Diameter, and Leaf Area Index (LAI)

Ten cotton plants were randomly collected from each experimental plot at each
growth period, and plant height was measured with a tape measure. Stem diam-
eter was determined using a Vernier caliper. LAI of the plant was determined
using the specific gravity method and was computed as follows (Watson, 1947):

𝐿𝐴𝐼 = total leaf area
land area occupied per plant .

Land area occupied per plant = seedling emergence rate × film width × plant
spacing / number of rows of plants per film. Emergence percentage of cotton
was calculated after sprouting.

chinarxiv.org/items/chinaxiv-202507.00071 Machine Translation

https://chinarxiv.org/items/chinaxiv-202507.00071


2.3.2 Dry Matter

Ten cotton plants were randomly collected from each experimental treatment at
the seeding, squaring, flowering, boll forming, and boll opening stages. Sampled
cotton plants were separated at the stem base from underground part of plant.
Each sample was put into the oven for 2 h at 105°C and then dried at 75°C to
constant mass. Dried sample was weighed using a balance. Dry matter mass
for each treatment (kg/hm²) was calculated as average dry matter mass of ten
cotton plants multiplies planting density.

2.3.3 Seed Cotton Yield and Its Components

When the youngest boll of cotton plant was ready for harvest (Gwathmey et al.,
2016), the number of plants and the number of bolls per plant were recorded
in three randomly selected areas of 1.00 m × 1.62 m in each plot to determine
seed cotton yield. Average yield and its components were recorded for the three
replicates. All opened cotton bolls were picked by hand. Yield measurement
was referenced from Liu et al. (2023).

2.3.4 Water Productivity (WP)

WP was determined by dividing seed cotton yield by crop water consumption
(Fernández et al., 2020):

𝑊𝑃 = 𝑌
𝐸𝑇𝑎

,

where 𝑌 is the seed cotton yield (kg/hm²); and 𝐸𝑇𝑎 is the actual crop water con-
sumption (mm). 𝐸𝑇𝑎 was calculated by the soil water balance method (Oweis
et al., 2011):

𝐸𝑇𝑎 = 𝑃 + 𝑈 + 𝐼 − 𝐷 − 𝑅 − Δ𝑊,

where 𝑃 is the precipitation (mm); 𝑈 is the groundwater supplement (mm); 𝐼
is the total irrigation and salt leaching amount (mm); 𝐷 is the deep percolation
(mm); 𝑅 is the runoff (mm); and Δ𝑊 is the change in soil water storage from
the beginning to the end of experiment (mm). We neglected contributions of
groundwater recharge (approaching 3 m) and runoff based on actual conditions
during experiment. 𝐷 was calculated as follows (Cai et al., 2021):

𝐷 = 𝑊𝑖 + 𝐼 − 𝑊𝑓𝑐,

where 𝑊𝑖 is the initial soil water storage (mm); 𝐼 is the irrigation and leaching
amount (mm); and 𝑊𝑓𝑐 is the field capacity (mm).
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2.3.5 Irrigation Water Productivity (WPI)

WPI was determined by dividing seed cotton yield by total water input (Ro-
drigues and Pereira, 2009):

𝑊𝑃𝐼 = 𝑌
𝐼 .

2.3.6 Soil Moisture and EC

Soil samples were always obtained on random basis during growing season. An
auger (5 cm in diameter) was used to take samples at horizontal distances 0,
23, and 38 cm from the center of film mulching (Fig. 2). Five soil layers were
determined in the 0–100 cm soil depth at 20 cm intervals. Soil sample was put
in an aluminum box, and soil moisture was calculated by drying method. The
remaining soil sample was ground and sieved after air drying and then extracted
with deionized water using a 10-g air-dried soil sample with a soil:liquid ratio
of 1:5 (Thompson, 2023). After oscillation and standing for a while, EC of
the supernatant was measured by a conductivity meter (DDS-307A, Leici Inc.,
Shanghai, China).

2.4 Statistical Analysis
SPSS v.18.0 software was used for the analysis of variance (ANOVA) for mul-
tivariate comparisons. A general linear model had performed to explore the
impact of each treatments on PH, SD, LAI, dry matter, yield, water productiv-
ity, soil moisture, and salinity by the SPSS software. Least significant differ-
ence (LSD) was applied to determine significant differences at 𝑃 < 0.05 level.
Sigmaplot v.14.0 software was used to create figures and Microsoft Excel v.2016
software was applied for data analysis.

3.1 Soil Moisture
Variation of soil moisture in the 0–100 cm depth among various leaching amounts
and periods in 2020 and 2021 are given in Figures 3 and 4, respectively. Fig-
ure 4 [Figure 4: see original paper] showed that mean soil moisture in the 0–
40 cm depth increased by 38.26%–52.75% as leaching amount increased from
seedling to boll stages. Similarly, as the times of leaching irrigation under the
same leaching amount increased, mean soil moisture in the 0–40 cm depth also
increased by 38.57%–50.76% and satisfied cotton growth requirement. In 2020,
soil moisture for each treatment was the highest at seedling stage, intermediate
at the other reproductive stages, and the least at boll opening stage (Fig. 3
[Figure 3: see original paper]). In 2021, soil moisture was greater at seedling
and boll opening stages and less at budding and boll flowering stage. Notably,
average soil moisture values in the 0–100 cm soil depth at boll opening stage
in 2020 under W3P1, W4P1, W3P2, W4P2, W3P3 and W4P3 treatments were
45.25%, 43.30%, 17.81%, 28.43%, 18.23% and 27.90% less than those at seedling
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stage, respectively. However, in 2021, it increased by 13.72%, 14.28%, 10.24%,
7.45% and 4.10% under W3P1, W4P1, W3P2, W3P3, and W4P3 treatments,
respectively.

3.2 Soil Salinity
Figures 5 and 6 show soil EC changes in the 0–100 cm depth during the cotton
reproduction period among different treatments in 2020 and 2021, respectively.
Soil EC under W4P1 treatment decreased by 31.21% compared with that of
CK, but there was no significant decreased among W0, W1 and W2 treatments.
And soil EC was less in the 0–40 cm depth at the early stage under W3 and W4
treatments. There was some increase in soil EC in the 60–100 cm depth. P1
showed high soil EC at boll flowering stage in 2020 but a low soil EC in 2021.
Under P2 treatment, soil EC throughout the growth period was less under W4
and W3 treatments than under W1 and W2 treatments in both 2020 and 2021.
Under P3 treatment, soil EC existed throughout the cotton reproduction period
probably due to low leaching amount, plentiful sunlight, and intense evaporation.
Thus, P3 did not create a suitable water-salinity balance for plant development
in the early stages of growth. Additionally, our research showed that 225.0 mm
leaching amount at seedling and squaring stages significantly increased cotton
yield by 8.00% and decreased soil EC by 11.79% compared with CK.

3.3 Plant Height, Stem Diameter, and LAI
Figures 7 and 8 show the influences of different treatments on cotton plant
height, stem diameter, and LAI. At seedling and squaring stages, plant height in-
creased under CK treatment compared with the other treatments. Plant height
increased under W3 and W4, P1 and P2 treatments at flowering, boll, and
opening-boll stages (Figs. 7c1-c3). At all growth stages except for seeding stage,
plant heights under W3 and W4 treatments were significantly higher than those
under the other treatments at each growth stage in 2020 and 2021. Plant height
under W4P2 treatment during boll opening stage was 34.18% higher than that
of W4P1 and 41.19% higher than that of W4P3 in 2020; the corresponding
values were 16.10% and 19.84% in 2021, respectively. In addition, plant height
under W4P2 treatment during the boll opening stage was 34.46% greater than
that of CK in 2021. As shown in Figure 7a [Figure 7: see original paper] and
7c, W4P2 treatment increased plant height.

Stem diameter increased under W3P2 treatment at flowering, boll, and opening-
boll stages. At seedling and squaring stages, stem diameter increased under CK
(Figs. 7d1-d3). Variations in stem diameter during each growth stage in 2020
and 2021 were positively correlated with leaching amount. Except for seeding
stage, W3 and W4 treatments significantly increased stem diameter. W3P2 and
W4P2 treatments produced the greatest stem diameter over the entire growth
period. We found that salt leaching irrigation of 225.0 mm in the growing
period produced the greatest stem diameter (10.02 mm in 2020 and 12.21 mm
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in 2021). Meanwhile, CK significantly increased stem diameter in the early
stages (Fig. 7d1-d3), which was attributed to the reduction of soil salinity by
spring irrigation.

Two-year data showed that LAI of each treatment after salt leaching was greater
than that of W0 (Fig. 8 [Figure 8: see original paper]). LAI increased in the
early flowering stage as leaching amount increased. The maximum LAI was
observed mainly in late July and early August. However, a delayed growth
period was also observed, particularly under CK treatment (Fig. 8b1-b3). The
reason for this may be the cotton plants in the experiment were subjected to
salinity stress due to limited effectiveness of small-scale salt leaching or non-salt
leaching, so LAI of cotton was small. W3P2 treatment showed greater LAI than
W3P1 and W3P3 treatments. This result might be due to the salt leaching at
squaring stage, which avoided salt stress to the root system and ensured plant
growth.

3.4 Dry Matter, Seed Cotton Yield, and Its Components
Both leaching amount and period had highly significant impacts on dry matter
weight in 2020 and 2021 (𝑃 < 0.01). Their interaction also had significant
impacts on dry matter (𝑃 < 0.01; Table 3 ). Dry matter was significantly
greater under W4P2 treatment than under W4P1 and W4P3 treatments in
2020 and 2021 (Table 3). Furthermore, dry matter under W3P2 and W4P2
treatments were 19.36% and 25.11% higher than those of CK in 2021.

Boll number and boll weight per plant decreased as leaching amount decreased.
The largest number of bolls per plant (6.25 in 2020 and 7.63 in 2021) was ob-
served under W3P2 treatment, with 33.86% increase in 2021 compared with CK.
The largest number of bolls per plant was observed under P2 treatment, with
20.52% and 21.98% increase in 2020 and 2021 compared with P3 (Table 3). The
optimal boll weight (CK treatment) was 5.02 g. Boll weight under W1P3 treat-
ment significantly increased compared with W1P2 treatment in 2020 and 2021,
and boll weight under W2P2 treatment significantly increased compared with
W2P1 and W2P3 treatments. Boll weight under W3P2 treatment significantly
increased compared with W3P3 treatment in 2021 (Table 3). Nevertheless, boll
weight per plant for the same treatment decreased by 4.98% in 2021 compared
with CK.

Both leaching amount and period had highly significant impacts on seed cotton
yield (𝑃 < 0.01) in 2020 and 2021. Leaching amount and period had a significant
impact on boll number per plant and boll weight per plant (𝑃 < 0.05; Table
3). Seed cotton yield in this experiment showed that salt leaching amount and
period were directly related. The optimum for seed cotton yield under W3P2
treatment was 8.67% greater than that of CK in 2021. This result suggested that
leaching period influenced crop growth. Seed cotton yield increased as leaching
amount increased. In addition, yields under W1P1 and W1P2 treatments were
significantly greater than that of W1P3 treatment in 2021. In both 2020 and
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2021, yield under W2P2 treatment significantly increased as compared with
W2P3 treatment. Similar findings were found under W3 and W4 treatments
(i.e., yield was significantly greater for these two treatments at P2 than at the
other stages) (Table 3).

3.5 Water Consumption, Water Productivity, and Irriga-
tion Water Productivity
A significant interaction (𝑃 < 0.01) between leaching amount and period on
water consumption was observed in 2020 and 2021 (Table 4 ). Water consump-
tion was positively correlated with leaching amount. Water consumption was
generally lower in 2021 than in 2020 because of variation in weather parameters
(mainly precipitation). Water consumption of leaching amount of 300.0 mm
was significantly higher than those of the other treatments. In 2020, under W1
and W2 treatments, water consumption under P3 treatment was significantly
greater than those under P1 and P2 treatments. For greater leaching amounts
(W3 and W4), water consumption under P1 treatment was significantly greater
than those under P2 and P3 treatments in 2020. In 2021, for low leaching
amounts (W1 and W2), water consumption under P2 treatment was less than
that under P1 and P3 treatments. For greater leaching amounts (W3 and W4
treatments), water consumption under P3 treatment was significantly greater
than that under P1 treatment.

Leaching amount and period had highly significant interaction impacts on water
productivity (𝑃 < 0.01; Table 4). Water productivity generally decreased with
increasing leaching amount. In 2020, water productivity under W3P2 treat-
ment was 1.17 kg/m³ (the greatest water productivity among all treatments
in 2020). In 2021, water productivity under W1P2 treatment was the greatest
(1.29 kg/m³) among all treatments. This result was due to the fact that the yield
under W1P2 treatment was about 36.59% less than that of W3P2, which used
150.0 mm more leaching water (about three times the average annual precipita-
tion in the area). The optimal water productivity in 2021 increased by 72.00%
compared with that of CK. Furthermore, water productivity under W3P2 treat-
ment in 2021 increased by 25.33% compared with that of CK, which showed
leaching at seedling and squaring stage could improve water productivity.

There were highly significant interaction effects of leaching amount and period
on irrigation water productivity (Table 4; 𝑃 < 0.01). Under P2 treatment, WPI
values under W1, W2, and W4 treatments were 36.84%, 29.82%, and 22.80%
smaller than that under W3 treatment in 2020, while the corresponding values
were 13.64%, 15.79%, and 15.79% in 2021, respectively. The optimal irrigation
water productivity under W3P2 treatment increased by 23.38% compared with
that of CK. Moreover, under W4 treatment, irrigation water productivity under
P2 treatment was 3.90% greater than that for CK, while those under P1 and
P3 treatments were 24.68% and 18.18% smaller than that of CK, respectively.
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3.6 Relationships Among Dry Matter, Seed Cotton Yield,
Water Productivity, and Soil EC
The relationships among dry matter, yield, water productivity, soil EC, and
leaching amount are shown in Figure 9 [Figure 9: see original paper]. Dry matter
accumulation increased as leaching amount increased, and seed cotton yield also
tended to increase as leaching amount increased (Fig. 9a and b). However, a
greater leaching amount (W4) slightly reduced the available air in the soil. WP
had a quadratic relationship with leaching amount, but the maximum water
productivity differed between the two years. This result might be the fact that
the rainfall in the two years were not similar, i.e., the effective rainfall in 2020
was 2.3 times higher than that in 2021 during the cotton reproductive period.
Therefore, the maximum water productivity was shifted backward (Fig. 9c). In
Figure 9d, soil EC in the 0–40 cm depth tended to reduce as leaching amount
increased (𝑃 < 0.05). Soil EC in 2021 was significantly less than that in 2020,
which revealed that salt leaching in addition to regular irrigation was effective
in reducing soil salinity. In general, leaching during the reproductive period
could effectively decrease soil salinity and increase cotton production and water
productivity.

4.1 Effects of Leaching Amount and Period on Soil Moisture
and Salinity
Salt leaching regulated soil water-salinity dynamics and increased crop produc-
tion in saline soils (Minhas et al., 2020). Many factors affect water-salinity
dynamics, such as meteorology and hydrology (Hosseini and Bailey, 2022; Li
et al., 2022), water management (Akramkhanov et al., 2011), and agronomic
measures (Meng et al., 2021). In this study, soil moisture inconsistency was
realized for the studied two years (Figs. 3 and 4). The reasons for this phe-
nomenon were as followed: there was the rainfall event before sampling (Fig. 1)
and soil moisture was lost mainly through soil evaporation (Tugwell-Wootton
et al., 2020), when plants were small. Similar results had been confirmed by
Zheng et al. (2021). In addition, we found that the soil became saline due to
irrigation intervals would be expected to induce water uptake from shallow soil
layers, increase unproductive evaporative losses from soil surface, and increase
the salt load of soils (Wang et al., 1993; Minhas et al., 2020). These obser-
vations indicate that salt leaching was effective in reducing salinity in the 0–
40 cm soil depth (Chen et al., 2010; Kang et al., 2012; Barnard et al., 2021).
According to Chen et al. (2020), the main root of cotton is in the 0–40 cm soil
depth. And salt stress changes the osmotic pressure of soil, which makes it
difficult for the root system to take up nutrients and water (Abdelraheem et al.,
2019). In Figure 9d, soil EC in the 0–40 cm depth tended to reduce as leaching
amount increased, which was consistent with the result of Yang et al. (2019).
However, there was some salinity reversion in the deep soil depth (Ren et al.,
2021), probably due to the high clay content of loamy soil and the short time
interval (generally 2 d after leaching) between salt leaching treatment and soil
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sample extraction. The short time interval meant that not all salts from the
upper soil layer was available to percolate into the lower layer, so salt accumu-
lated in the upper layer. Salinity in 2021 was less than that in 2020 (Fig. 9d),
possibly due to the reduction in salinity after leaching and planting multi-year
crops (Tan et al., 2008). In addition, the low level of leaching resulted in little
salt or water penetrating the deep soil depth, and the deep soil depth was not
leached and salt did not enter the shallow groundwater (Kang et al., 2010). Due
to plentiful sunlight and intense evaporation in the southern Xinjiang, leached
salts dissolved or entrained in the water became evaporation residue between
two irrigation events and remained in the upper soil depth. These results agreed
with that of Wang et al. (2011).

Additionally, our research showed that 225.0 mm leaching amount at seedling
and squaring stages significantly increased cotton yield by 8.00% and decreased
soil EC by 11.79%, compared with irrigation in spring. This result might be
attributed to the fact that cotton growth before squaring stage was mainly
vegetative and biomass increased when soil was low in salinity and high in
moisture, leading to the greater yield. Furthermore, a single cotton boll had
formed when salt leaching occurred at boll setting stage. There was no obvious
effect on cotton yield. This result indicated that the cotton boll setting stage was
less sensitive to salinity than seedling and squaring stages, which was consistent
with the results obtained by Tian et al. (2019). Thus, in the early stage of
cotton, a suitable water-salinity balance for plant development was not created.

4.2 Effects of Leaching Amount and Period on Crop Growth
and Dry Matter Accumulation
A suitable plant height for high-yield cotton varied from 90 to 102 cm, depend-
ing on plant density and environmental conditions (Rosolem et al., 2013), with
LAI peaking at 100 d after sowing (Grantz et al., 1993). Similar values were
obtained in this study by leaching salts during growth period. However, LAI
of CK reached the maximum in late August. Cotton plants in the experiment
were subjected to salinity stress due to limited effectiveness of small-scale salt
leaching or non-salt leaching, so LAI of cotton was small. Xiao et al. (2021) in-
vestigated salt leaching in southern Xinjiang during growth period and showed
that cotton stem diameter was the greatest after three times of salt leaching
irrigation (240.0 mm). In contrast, we found that 225.0 mm salt leaching irri-
gation during growing period produced the greatest stem diameter (10.02 mm
in 2020 and 12.21 mm in 2021). The difference can be attributed to the fact
that brackish water was used to irrigate cotton (Xiao et al., 2021). Therefore,
soil moisture contained a large quantity of salts at the early growth stage, ac-
cumulating and resulting in an increase in salinity. Meanwhile, stem diameter
significantly increased in the early stages under CK treatment (Fig. 7d) due to
the reduction of soil salinity in spring irrigation (Zong et al., 2022). In addition,
we also found that dry matter accumulation increased for different salt leaching
treatments (Fig. 9a) due to increased leaching water availability from treat-
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ments (Ma et al., 2021). As leaching amount increased, salts in the root zone of
cotton was leached to a deeper layer, and cotton was thus less salt-stressed, and
a suitable soil water-salinity environment for cotton growth was created (Che
et al., 2022).

4.3 Effects of Leaching Amount and Period on Seed Cotton
Yield and Its Components
Greater boll weight and increased boll number per plant are important in achiev-
ing high yields in cotton (Pettigrew, 2004; Grundy et al., 2020). Liu et al. (2020)
found that both boll number and boll weight per plant decreased as leaching
amount decreased in Xinjiang, which was consistent with our results. We ob-
served the largest number of bolls per plant (6.25 in 2020 and 7.63 in 2021)
under W3P2 treatment, with an increase by 33.86% in 2021 compared with CK.
Nevertheless, boll weight per plant for the same treatment decreased by 4.98%
in 2021 compared with CK. This result could be due to the decrease in the
transfer of photosynthetic products to the buds and bells (Fig. 8). As a result,
bell weight decreased (Luo et al., 2008). Irrigation schemes and other agricul-
tural practices significantly affect cotton yield (Hou et al., 2021; Zulfiqar et al.,
2021). Yield in this experiment showed that salt leaching amount and period
were directly related (Zhang et al., 2021). Yield peaked under W3P2 treatment
because leaching before boll setting ensured that crop water requirements were
satisfied and salt leaching was effective. This result suggested that leaching
period influenced crop growth. Seed cotton yield increased as leaching amount
increased because cotton under water and salinity stresses in salt-alkaline soils
required more water for salt leaching than that in non-alkaline soils to maintain
growth (Rengasamy, 2006). The maximum salt leaching thus occurred under
W3 treatment rather than under W2 treatment. Similar result was also found
by Lokhande and Reddy (2015).

4.4 Effects of Leaching Amount and Period on Water Pro-
ductivity and Irrigation Water Productivity
Cotton water consumption varied because of the changes in climate parame-
ters (especially precipitation), which was also confirmed by Grismer (2002) and
Howell et al. (2004). An appropriate salt leaching amount increased water pro-
ductivity and irrigation water productivity (Wang et al., 2015; Hou et al., 2021;
Xiao et al., 2021). Our results showed that leaching at seedling and squaring
stages could improve water productivity and irrigation water productivity. The
maximum water productivity was found under W3P2 treatment. However, the
inconsistent leaching treatments corresponding to the maximum water produc-
tivity (Fig. 9c) might be caused by the fact that the two years were not hy-
drologically similar. Furthermore, irrigation water productivity decreased with
increasing leaching amount under P3 treatment in 2021.
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5 Conclusions
Leaching with mulched drip irrigation during cotton growth periods regulated
saline-alkaline soil water-salinity dynamics and increased cotton production in
salt-alkaline soils. Soil moisture increased during the early growth stage in the
0–100 cm soil depth after leaching treatment. Soil EC in the 0–40 cm soil depth
after leaching treatment decreased in comparison with treatment of leaching
amount of 300.0 mm in spring. Appropriate salt leaching increased plant height,
stem diameter, LAI, and dry matter accumulation. Yield, WP, and WPI for
seedling and squaring stages-based leaching stages were greater compared with
the other treatments. The internal mechanism can be attributed to the fact
that seedling and squaring stages-based leaching stages have evolved unique
strategies and mechanisms to adapt to soil water-salinity environment and to
ensure their growth and yield in adverse environment. Therefore, the 225.0 mm
leaching amount at seedling and squaring stages was optimum for saving-water,
controlling salinity, and high production in arid and semi-arid cotton cultivation
areas during winter or spring irrigation in southern Xinjiang, China.
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Appendix
Growth period

Table S1 Phenological phase of cotton in 2020 and 2021

Stage 2020 (dd-mm–dd-mm) 2021 (dd-mm–dd-mm)
S1 16-04–03-06 14-04–01-06
S2 04-06–23-06 02-06–21-06
S3 24-06–22-07 22-06–20-07
S4 23-07–28-09 21-07–30-09
S5 29-09–28-09 01-10–30-09

Note: S1, S2, S3, S4, and S5 were the seedling stage, squaring stage, flowering
stage, boll setting stage, and boll opening stage, respectively.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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