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Abstract

Soil mulching and irrigation are critical practices for alleviating water scarcity and en-
hancing crop yields in arid and semi-arid regions by regulating soil moisture and soil
temperature. Clarifying the effects of various irrigation depths on soil moisture and tem-
perature under mulched condition is essential for optimizing irrigation strategies. This
study investigated the effects of four irrigation depths based on crop evapotranspiration
(ET,): 60, 80, 100, and 120% (W6, Wos, W1, and W1 5, respectively) on the soil moisture
content (SMC), soil temperature and seed cotton yield in mulched cotton fields. Results
revealed that when the irrigation depth increased from 60%ET, to 120%ET, seed cotton
yield increased by 12.04% in 2018 and 17.00% in 2019 at the cost of irrigation water use effi-
ciency (IWUE), which decreased from 2.53 kg m 3 to 1.54 kg m 3 in 2018 and 2.60 kg m 3
to 1.58 kg m~3 in 2019. Soil temperature exhibited a temporal trend of initial increase
followed by decline, and it was positively affected by soil mulching. Notably, Wy ¢ treat-
ment maintained significantly higher soil temperature than other treatments. Soil moisture
content was positively affected by irrigation depth, while soil water storage first decreased
and then increased over time, reaching the minimum at the flowering and boll setting
stages during the two growing seasons. Higher irrigation amount reduced the total spatial
variability (Cy + C) of soil but did not significantly alter the distribution characteristics
of soil moisture, as indicated by stable coefficients of variation (CVs) and stratification
ratios (SRs). The variability of soil moisture diminished with soil depth with the lowest
CV obtained at a 60 cm soil layer across the growth stages. Correlation analysis results
showed that the seed cotton yield was mainly affected by irrigation depth and soil water
storage. Soil temperature at the flowering and boll setting stage negatively affected seed
cotton yield and was inversely correlated with soil water storage. The structural equation
model (SEM) further indicated that both soil water storage and soil temperature primarily
influenced seed cotton yield boll weight rather than boll number. Furthermore, 100%ET.
(W1 0) can be considered as the recommended irrigation depth based on the soil moisture
and temperature, seed cotton yield and water use efficiency in this region.

Keywords: drip irrigation; seed cotton yield; soil moisture; soil temperature; correla-
tion analysis
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1. Introduction

As an important raw material for the textile industry, cotton is widely grown under
irrigated condition around the world [1]. Xinjiang has become the biggest cotton-producing
area in China, benefiting from the promotion of advanced drip irrigation technology and
abundant light-rich resources [2]. However, the water shortage in Xinjiang severely inhibits
the development of cotton industry [3], and the imbalance of water supply and demand
caused by the increase in cotton planting area has exacerbated the water shortage in this
region [4]. In order to alleviate the impact of water shortage on the cotton industry, mulched
drip irrigation was introduced into Xinjiang in the 1990s [5,6]. Currently, there is more than
2 million ha of cotton irrigated under mulched drip irrigation in Xinjiang, occupying 58.5%
of the planting area and 71% of the total cotton yield in this region [7,8].

Deficit irrigation, or regulated deficit irrigation, is defined as an irrigation technique
that optimizes production by using irrigation amount below the full crop water require-
ment [9], and it is a common measure to alleviate water shortage in arid and semi-arid
regions. Some researchers indicated that proper deficit irrigation was feasible to improve
crop water productivity by reducing irrigation amount while maintaining a stable yield
level [10,11]. However, the results acquired from previous studies that investigated the
effect of deficit irrigation on seed cotton yield and water productivity were inconsistent
due to the differences in experimental and environmental factors [12]. For instance, some
researchers revealed that deficit irrigation significantly increased water productivity but re-
duced seed cotton yield [13,14], and others indicated that seed cotton yield slightly reduced
or rarely affected under deficit irrigation conditions [15,16]. In addition to crop yield and
water productivity, the soil moisture content and soil temperature were directly affected by
irrigation amount.

As the main vector of elements in the Soil-Plant-Atmosphere Continuum (SPAC)
system, the accurate evaluations of the content and distribution of soil moisture are critical
for estimating soil water and energy balance [17]. Some studies confirmed that the deeper
soil moisture content was affected by the increase in irrigation amount [18,19]. Bogena
et al. [20] pointed out that the spatial variability of soil moisture decreased with the increase
in irrigation amount. Bittelli et al. [21] revealed that the reason for the high variations in
surface soil moisture was that water vapor can freely cross the soil-atmosphere interface,
which has an adverse effect on seed germination and crop growth [22], and mulching can
effectively reduce the fluctuation of surface soil moisture and temperature by forming an
isolation layer between the soil surface and the atmosphere [23,24].

As we know, the distribution of soil moisture depends on precipitation, irrigation
practices, soil evaporation and root water uptake [25], in which soil evaporation and
root water uptake are affected by soil mulching, which can prevent soil moisture from
evaporating into the atmosphere, reduce soil evaporation, increase soil moisture [26],
and then improve the growth and yield formation of crops. Meanwhile, the vigorous
growth of crops under plastic film mulching increase crop root water uptake to reduce
soil moisture content [27]. Therefore, more complex soil water variations appear under
mulched condition. Furthermore, in Xinjiang with sufficient sunlight and temperature
varying widely from day to night, the effect of mulching on soil temperature cannot be
ignored. Fan et al. [28] found that the 2~3 °C increase within 20 cm soil depth was observed
under transparent film mulching conditions. It can be seen that the suitable moisture and
temperature conditions can be created by film mulching, thereby ensuring the growth and
yield formation of crops.

Soil moisture dynamic in an agricultural environment becomes more complicated due
to the variation in soil property and vegetation cover caused by agricultural activities, such
as irrigation, mulching, crop rotation, etc. [29]. However, many researchers have analyzed
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the soil moisture dynamic on large scales with spatial and temporal measurements [30,31],
but few have studied the agricultural environment [32,33]. Clarifying the soil moisture
dynamic in a specific area and time of the farmland can determine the occurrence locations
and times of water stress and help managers choose the correct timing and amount of
irrigation activities [34]. Meanwhile, studying the water flow and heat transports in the
soil under drip irrigation with plastic mulch is necessary to evaluate whether agricultural
water management strategies are reasonable. The objective of this study was to clarify the
variation characteristics of soil moisture and soil temperature in drip-irrigated cotton fields
under various irrigation depths, elucidate the influence mechanism of soil moisture and
soil temperature on seed cotton yield and water utilization, and determine the irrigation
regime suitable for cotton production in arid regions.

2. Materials and Methods
2.1. Experiment Site Description

The field experiment was conducted on cotton variety (Gossypium hirstum L.) at the
experimental station located in Korla (40°53' N, 86°56’ E), Xinjiang, China (Figure 1) in 2018
and 2019. The site has an altitude of 900 m above mean sea level and belongs to an arid
region with a mean annual temperature of 11 °C, an average annual rainfall of 56 mm and
the mean annual pan evaporation of 2500 mm. The site has long sunlight hours with the
mean annual sunshine duration over 2900 h and frost-free period of 190 days. The climatic
variables (rainfall, air temperature and radiation) are shown in Figure 2. The total rainfall
during the cotton growing season was 18.6 mm in 2018 and 22.8 mm in 2019. The detailed
information of soil layers (0-10, 10-20, 20-30, 30—40, 40-60, 60—-80 cm) are provided in
Table 1. The groundwater level during cotton growing stage was 1.2~1.6 m in the test site.

Table 1. Soil properties at the experimental site. Clay (particle diameter < 0.002 mm)%, silt (particle
diameter 0.002-0.05 mm)%, and sand (particle diameter 0.05-2 mm)%.

Depth ) Soil Mechanical Composition (%)  Bulk Density Field
Soil Texture : _3 seo (0
(cm) Clay Silt Sand (g em™>) Capacity (%)
0~10 Sandy loam 2.00 43.54 54.46 1.58 20.67
10~20 Silt loam 3.30 49.30 47.41 1.60 22.82
20~30 Silt loam 2.28 54.03 43.69 1.59 16.14
30~40 Silt loam 3.37 48.23 48.40 1.56 17.46
40~60 Sandy loam 3.12 44.79 52.09 1.63 20.08
60~80 Sandy 0.00 10.16 89.84 1.64 12.20
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Figure 1. Location of the study site in Korla, Xinjiang, China. The red area corresponds to Urumgj,
the red dot corresponds to Kolar, and the red five-pointed stars correspond to the experimental site.
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Figure 2. Daily rainfall, air temperature and radiation during the cotton growing seasons of 2018
and 2019.

2.2. Experimental Design

In this experiment, four irrigation depths were evaluated based on crop evapotran-
spiration (ET;): 60, 80, 100, and 120% (Wo4, Wos, W1, and W1, respectively). The
experiment was conducted in a randomized plot design with three replicates. The crop
water requirement (ET., mm day ') was estimated using Equation (1).

ET. = ETy x K. (1)

where ET is the reference crop evapotranspiration (mm day~!), and K, is the crop coeffi-
cient. According to Allen et al. [35], K, at the initial, mid and end-season stages were 0.30,
1.15 and 0.70, respectively. However, K. was adjusted to 0.75, 1.15 and 0.70 considering the
specific climate of the experiment site. Daily ET( was computed according to the FAO-56
Penman-Monteith equation [35].

During the growing seasons, cotton was irrigated using the drip irrigation system
with water from a channel with a salinity of 0.7 g L. Four rows of cotton were sown
under a single 1.06 m wide plastic film strip with a row spacing of 0.10 m + 0.66 m + 0.10 m,
and the laterals were laid at 0.1 m intervals to two adjacent inner rows (Figure 3). The
cotton seeds were sown 0.1 m apart in each bed and about 0.1 m away from the drip line
(the material of the drip line was low-density polyethylene and the discharge rate was
2.4 L h~! with the emitter interval of 0.3 m) at 0.05 m soil depth (Figure 3). Sowing was
carried out on 12 April 2018 and 11 April 2019 with a plant density of 225,000 plants ha~!
Pests and weeds control followed the conventional practices in the experimental area.

In order to ensure the survival of cotton seedlings, irrigation was performed on 15 June
(seeding stage) with irrigation depths of 33 mm in 2018 and 15 mm in 2019 and terminated
on 27 August (boll opening stage) in both years. The cotton plants were irrigated at
intervals of 7 days according to the tested irrigation depths. Nitrogen (urea, N > 46%),
potash (diammonium phosphate, P,Os > 46%) and phosphate (crystal potash fertilizer,
K70 > 62%) fertilizers were fertigated to the cotton field through drip irrigation systems
using a pressure differential tank during the cotton growing season. The information of
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fertigation practices is shown in Figure 4. The accumulative irrigation depths of Wy ¢, Wy g,
Wi, and W1, were 219.20, 281.26, 343.33, and 405.40 mm in 2018 and 196.18, 256.57, 316.97,
and 377.36 mm in 2019, respectively (Figure 4).
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Figure 3. Schematic diagram of the cropping pattern and lateral layout of the driplines under plastic
mulch for cotton. The different capital letters A, B, C and D represent four sampling points in the
horizontal direction, and the black points represent the sampling depth.
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Figure 4. Timing and depth of drip irrigation and the proportions of total fertilizer applied each
time for cotton in 2018 and 2019. 0.1 F and 0.2 F mean 10% and 20% of total fertilizer applied;
Wo.e, Wos, Wi, and Wy correspond to 60%, 80%, 100%, and 120% of the crop evapotranspiration
(ET¢), respectively.

2.3. Sampling and Measurement
2.3.1. Weather Data

Air temperature, precipitation, wind speed, and solar radiation were recorded by an
automated weather station located at the experimental field.

2.3.2. Leaf Area Index and Seed Cotton Yield

At the seeding, budding, flowering, boll setting and boll opening stages, four repre-
sentative cotton plants were randomly selected in each plot. The punch method [36] was
used to measure the leaf area, and then we determined the leaf area index (LAI) using
Equation (2) [37].

Total area of the leaf

LAT= Occupied land area

)
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At the maturity stage (on 17 September in 2018 and 2019), five 1.00 m x 1.52 m areas
were randomly selected in each plot to harvest by hand. The seeds were fully dried and
then weighted to obtain the seed cotton yield.

2.3.3. Irrigation Water Use Efficiency

Irrigation water use efficiency (IWUE, kg m~3) was calculated using Equation (3).

Y
IWUE = 01 3)

where Y is the seed cotton yield (kg ha~1!), and I is the irrigation depth (mm).

2.3.4. Measurement of Soil Temperature

For studying the variation in soil temperature at each growth stage of cotton under
different irrigation treatments, measurements were carried out during the whole growing
season at 20:00 (Beijing time, same as below) every day using a right-angle geothermometer.
Meanwhile, soil temperature at each growth period was continuously measured at fixed
time points (8:00, 10:00, 12:00, 14:00, 16:00, 18:00 and 20:00) to study the diurnal change in
soil temperature. The places of the installation of the right-angle geothermometer were
in the middle of the film and in the middle of the bare land (location A,D in Figure 3)
at soil depths of 5, 10, 15, 20, and 25 cm in various irrigation treatments to monitor the
soil temperature.

2.3.5. Measurement of Soil Moisture

In order to determine soil moisture contents (SMCs), soil samples were collected at
10 cm intervals in the top 0~40 cm soil layer and at 20 cm intervals in the 40~60 ¢cm soil
layer at different growth stages under various irrigation treatments in each replicated plot.
The soil moisture content was obtained gravimetrically by drying the soil samples in an
oven at 105 °C until their weights were constant. The places of soil profiles in various
irrigation treatments were in the middle of the film, under the drip lines, between the
two cotton rows, and in the middle of the bare land (location A-D in Figure 3). The soil
moisture storage (S, mm) and soil moisture consumption (AS, mm) were determined by
using Equations (4) and (5), respectively.

S=pxfOxdx10 4)

AS=S, -5, (5)

where p is the soil bulk density (g cm~3), 8 is the soil moisture content (g g~ 1), d is the soil
depth (cm), S; is the soil moisture content before the experiment or growth stage (mm),
and S is the soil moisture content after the experiment or growth stage (mm).

2.3.6. Variability of Soil Moisture

The coefficient of variation (CV) and stratification ratio (SR) of soil moisture were used
to describe the lateral and vertical variation in soil moisture using Equations (6) and (7),
respectively [38].

o
cv=12 ©6)
~ SWCy 40

SR = SWCo_20 @

where ¢ and A are the standard deviation and average value of moisture. SWCy_49
and SWC(_»g are the soil moisture content (g g~!) at the 0~20 cm and 20~40 cm depths,
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respectively. Generally, CV < 0.1 is considered as weak variability, 0.1 < CV < 11is considered
as moderate variability, and CV > 1 is considered as strong variability [39].

Variograms in geostatistics are frequently used to characterize the spatial distribution
structure of regionalized variables, which can effectively reflect and describe the properties
of regionalized variables [40,41]. The spatial structure of soil moisture was studied using
the experimental semivariogram by Equation (8).

700 = g D ) = 2(+ ) ®

where z(x;) and z(x; + h) are the soil moisture at locations x; and x; + i, and N(h) is the
number of pairs of points separated by a vector h. A better fitting result was found in the
Gaussian model using the SMC.G5+9.0 software (Gamma Design Software, LLC., Westland,
MI, USA), and the Gaussian model is represented by Equation (9).

342

v(h) =Co+C(1—e 47) ©)

where Cy reflects the randomness of regionalized variables, Cy + C characterizes the total
variability of the system, A represents the autocorrelation change scale of the variable,
and Cy/(Cp + C) can be used to express the proportion of the spatial variability caused by
random factors in the total variability of the system, and it can also reflect the degree of
correlation of the variables. Generally, Cy/(Cy + C) < 25% indicates that variables have
strong spatial autocorrelation, 25% < Cy/(Cop + C) < 75% indicates that variables have
moderate spatial autocorrelation, Cy/(Cy + C) > 75% indicates that variables have weak
spatial autocorrelation [42].

2.4. Structural Equation Model

As a sophisticated multivariate technique, structural equation modeling (SEM) offers
comprehensive capabilities for examining complex relationship among variables. This
approach not only investigate the direct effects on response variables but also incorporates
predictors (including latent variables as potential drivers), mediating variables, and the
interaction between predictors. Consequently, SEM has become an invaluable tool for
analyzing intricate variable relationships across various research domains. We established
a causal relationship hypothesis among a set of variables within the SEM framework
grounded in established theoretical hypothesis. The model was subsequently fitted us-
ing sample data with parameters estimated through maximum likelihood estimation. To
evaluate model fit, we employed multiple robust indices: the chi-square/degree values
(CHI/DF, x2/df), goodness-of-fit index (GFI), comparative fit index (CFI), non-normed
index (NFI), and root mean square error of approximation (RMSEA). Following conven-
tional standards [43], a satisfactory model fit is indicated by x2/df < 3, RMSEA < 0.05, and
GFI, CFI, and NFI values approaching 1. If the initial simulation results are inadequate,
the number of variables and the path relationship can be adjusted to re-fit the model until
the requirements of model fitting parameters are met [43]. The relationships between the
variables were ultimately reflected by the standardized path coefficients.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using the multivariate analysis
in SPSS Statistics 23 software (SPSS Inc., Chicago, IL, USA) to evaluate the influence of
irrigation depth on seed cotton yield, irrigation water use efficiency, soil moisture and soil
temperature. The model included all main effects and two-way interactions. Factor levels
within a specific level of another factor were compared using one-way ANOVA by Duncan’s
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multiple range tests at p < 0.05 or p < 0.01. Origin 9.0 software (OriginLab., Northampton,
MA, USA) was used to draw the figures related to cotton growth, soil temperature and
SMC. G5+9.0 software (Gamma Design Software, LLC., Westland, MI, USA) was used to fit
variogram function models. AMOS 28.0 software (SPSS Inc., Chicago, IL, USA) and SPSS
Statistics 23 software (SPSS Inc., Chicago, IL, USA) were used to establish the structural
equation model (SEM).

3. Results
3.1. Air Temperature and Radiation

The daily air temperature and solar radiation in the two seasons are shown in Figure 2.
In 2018, the average monthly air temperature was 15.98, 20.91, 26.16, 26.35, 25.87, and
19.34 °C in April, May, June, July, August, and September, respectively. The values in
2019 were 18.84, 20.88, 25.09, 27.11, 26.36, and 22.29 °C, respectively. In 2018, the monthly
solar radiation was 206.98, 247.15, 238.73 and 208.08 W m~2 in June, July, August, and
September, respectively. The values in 2019 were 246.57, 249.04, 227.36, and 213.58 W m~2,
respectively. It can be concluded that the air temperature and radiation first increased and
then decreased over time, and the maximum values of air temperature and radiation all
appeared in July.

3.2. Leaf Area Index, Seed Cotton Yield, and Irrigation Water Use Efficiency

The leaf area index (LAI) first increased and then decreased over time in 2018, and
the highest LAl was obtained at the boll setting stage (120 days after emerge -DAE). The
LAI under Wy 4, Wog, W1, and Wy, treatments at the boll setting stage were 4.92, 5.01,
5.10, and 5.18. The LAI at the boll opening stage decreased compared with that at the boll
setting stage due to the senescence of leaves. In 2019, LAI in some treatments increased at
the boll opening stage compared with that at the boll setting stage, but the increase did not
reach a significant level (W1 y and W, treatments). As can be seen in Figure 5, there was
a significant difference in LAI during the 2018-2019 growing seasons due to the change
in weather condition, but the LAI increased with the increase in irrigation depth during
the two seasons. The LAI at the boll opening stage increased from 4.25 to 4.52 when the
irrigation depth increased from 60% ET. to 120% ET, in 2018, and the LAI in 2019 increased
from 2.56 to 4.03.

6.0

i Wu(v . WM Wlu ' Wv:

45F

1.5pF

0.0

060 90 120 150 3.0 6.0 9.0 léo 1;0
Days after emergence (d)

Figure 5. The changes of LAI under various irrigation depths in 2018 (a) and 2019 (b); W4, Wos,

Wi 9, and Wy 5 correspond to 60%, 80%, 100%, and 120% ET, respectively.

The changes of seed cotton yield and IWUE under different irrigation depths in
the two growing seasons are shown in Figure 6. The seed cotton yield increased with
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the increase in irrigation amount, and there was no significant difference in seed cotton
yield under Wy g and Wy, treatments. The highest seed cotton yield was found under
W1, treatment, 6218.07 kg ha~! in 2018 and 5660.59 kg ha~! in 2019, which was higher
0.32~12.04% in 2018 and higher 0.47~17.00% than that under the other three irrigation
treatments, respectively. It can be seen from Figure 6 that the significant difference in
irrigation water use efficiency (IWUE) among various irrigation depths was found, and the
IWUE continued to decrease with the increase in irrigation depth. The IWUE decreased
from 2.53 kg m~3 to 1.54 kg m~3 when the irrigation depth increased from 60% ET. to
120% ET, in 2018, and the corresponding irrigation water use efficiency decreased from
2.60 kg m 2 to 1.58 kg m 3 in 2019.
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Figure 6. The changes of seed cotton yield and IWUE under various irrigation depths in 2018 and
2019. Bars are the means + one standard error of the mean (n = 3). Different letters on the top of the
bar indicate significant differences at p < 0.05 according to Duncan’s tests. Wy g, Wo g, W1 0, and Wy,
correspond to 60%, 80%, 100%, and 120% ET., respectively.

3.3. Soil Temperature
3.3.1. Temporal Variation in Soil Temperature

The temporal variations in daily soil temperature at 0-15 cm and 15-25 cm below the
soil surface under various irrigation depths are shown in Figure 7. A similar trend to air
temperature was obtained in soil temperature over time in the two growing seasons. The
soil temperature first slightly increased and then decreased over time in the two growing
seasons, and there was a slight increase in the soil temperature at the late growth stage in
2018. In 2018, the average soil temperature under mulched areas (0-25 cm) was 29.75 °C
at 20-50 DAE, 25.43 °C at 50-80 DAE and 24.97 °C at 80-110 DAE, and the values in 2019
were 28.24, 27.16 and 23.68 °C. The soil temperature decreased with the increase in soil
depth. The soil temperature at 15-25 cm was significantly lower than that at 0-15 cm due
to less impact from solar radiation and air temperature. The average soil temperature at
0-15 cm soil depth was 28.34 °C in 2018 and 28.68 °C in 2019, which was 12.92% and 13.80%
higher than that at 15-25 cm soil depth in 2018 and 2019. The soil temperature under Wy ¢
displayed larger fluctuations compared with that under other three irrigation amounts,
especially in 2019. Increasing the irrigation depth reduced the soil temperature through
affecting the LAI The average soil temperatures at 0-15 cm and 15-25 cm were 29.02 °C
and 25.62 °C, 28.12 °C and 24.82 °C, 27.82 °C and 25.05 °C, and 28.40 °C and 24.90 °C under
Wos, Wos, Wi, Wi in 2018, and the values in 2019 were 30.60 °C and 26.60 °C, 27.98 °C
and 24.44 °C, 27.93 °C and 24.66 °C, and 28.22 °C and 25.11 °C.
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Figure 7. Variation in soil temperature in different soil layers under mulching with time under

various irrigation depths. Wyg, Wog, W1 g, and Wy correspond to 60%, 80%, 100%, and 120%
ET., respectively.

3.3.2. Daily Variation in Soil Temperature

The data showed that the air temperature had a great impact on the daily variation in
the soil temperature (Figure 8). A similar trend to that of air temperature was obtained for
the soil temperature over time. The soil temperature was higher than the air temperature
at the seeding stage, while it was lower than the air temperature after the seeding stage.
The soil temperature under Wy ¢ treatment was significantly higher than those under
the other three irrigation depths, and the difference gradually increased as the growth
period progressed, especially in 2019. The minimum soil temperature in each treatment all
appeared at 8:00, while the highest daily soil temperature appeared at different times at
different growth stages. For instance, the maximum soil temperature appeared at 16:00 at
the seeding stage, while it appeared between 12:00 and 14:00 at the budding stage and at
12:00 at the flowering and boll setting stage. The soil temperature under mulched areas
was significantly higher than that under non-mulched areas, but the change trend of the
two over time was the same. The difference between the soil temperature under mulched
and non-mulched areas increased as the growth period progressed.

3.3.3. The Effects of Various Irrigation Depths on Soil Temperature at Different
Growth Stages

The soil temperatures of different soil layers at different growth stages under various
irrigation amounts are shown in Figure 9. Growth stage had a significant impact on the soil
temperature in different soil layers. Irrigation depth did not have a significant impact on
soil temperature in 2018, while it significantly influenced soil temperature in 2019. The soil
temperature in each treatment first decreased and then slightly increased over time, and the
greater increase in soil temperature was obtained at the late growth stage in 2018 compared
to that in 2019. The more significant decrease was found in soil temperature at the surface
soil layer than that at the deeper soil layer over time. The maximum soil temperature
was obtained at the seeding stage in the two seasons, and the minimum soil temperature
appeared at the flowering and boll setting stage or the boll opening stage. It can be seen
from Figure 9 that the soil temperature was not significantly affected by irrigation depth at
the seeding stage and boll opening stage in 2018 and 2019, but higher soil temperatures
were observed under deficit irrigation conditions (W ¢ and Wy g treatments) at the budding
stage and flowering and boll setting stage.
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Figure 8. Daily variation in the soil temperature under different irrigation depths during the seeding,
budding and flowering and boll setting stages. Wy, Wo g, W19, and Wy, correspond to 60%, 80%,
100%, and 120% ET¢, respectively.

3.4. Soil Moisture
3.4.1. Distribution of Soil Moisture

The data collected at different cotton growing stages to show the distribution of
soil moisture under drip irrigation at various locations from the emitter are presented in
Figure 10. The results showed that the SMC in the 0-40 cm soil layer significantly increased
with the increase in irrigation depth, and the difference in the SMC among various irrigation
depths gradually decreased in deeper soil layers (>40 cm). The SMC at the budding stage
first slightly decreased at shallow soil layers and then increased at the mediate soil layers,
and it remained above 20% below the soil depth of 50 cm. The water-poor zones were
mainly concentrated at the bare land, where water stress was gradually alleviated with the
increase in irrigation depth. A significant increase in the areas of SMC < 15% was observed
at the flowering and boll setting stages, which meant that the SMC significantly decreased
during this period. Compared to the distribution of soil moisture at the budding stage,
in addition to the water-poor zone of bare land, another water-poor zone was obtained
at 0-30 cm depth under the mulch area, which was considered as the main range of root
distribution at flowering and boll setting stages. The areas of the two water-poor zones both
decreased with the increase in irrigation depth. The SMC at the boll opening stage increased
due to the reduction in cotton evapotranspiration and the increase in groundwater recharge.
The SMC under mulched areas was significantly higher than that of bare land.
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Figure 9. Soil temperature (°C) at different soil layers at different growing stages under various irrigation depths. Different letters on bars mean a significant
difference at p < 0.05 according to Duncan’s tests. * Significant different at the 0.05 probability level, ** Significant different at the 0.01 probability level, *** Significant
different at the 0.001 probability level, while ns means no significant difference. Wy ¢, Wy s, W1 9, and W1 5 correspond to 60%, 80%, 100%, and 120% ET¢, respectively.
S, B, FB, and BO correspond to the seeding, budding, flowering and boll setting, and boll opening stages, respectively.
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Figure 10. The distribution of soil water content within the 0~60 cm soil profile under Wy, Wy,
Wi, and Wi during the budding stage (a~d; A~D), flowering and boll setting stage (e~h; E~H),
and boll opening stage (i~1; I~L) in 2018 and 2019.

3.4.2. Soil Water Storage

Different variations in the soil water storage trends over time were observed in 2018
and 2019 (Figure 11). In 2018, from the beginning of the experiment to the flowering and
boll setting stages, soil water storage showed a linear reduction over time, reduced by
20.70% under Wy ¢ treatment during this period, and the corresponding values were 18.75%,
15.90%, and 14.21% under Wy g, W1 9, and W1 , treatments, respectively. In 2019, from the
budding stage to the flowering and boll setting stages, soil water storage slightly decreased
under Wy 4, Wy g, and W1 o while it increased under Wy 5, which was inconsistent with that
in 2018. Soil moisture storage at the boll opening stage increased compared with that at the
previous growth stage of cotton in the two seasons. Soil water storage was consumed by
32.53,22.25,16.14, and 14.04 mm under Wy 4, Wy g, W19, and W1, treatments in 2018. In
2019, the values found were 28.90, 22.97,19.71 and 17.44 mm.
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Figure 11. Soil water storage within the 0-60 cm soil profile under various irrigation depths during
the 2018 and 2019 cotton growing seasons at Koalr, Xinjiang Province, China; Wy ¢, Wog, W1, and
W 5 correspond to 60%, 80%, 100%, and 120% ET,, respectively.
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3.4.3. SMC Characteristics at Different Growth Stages Under Various Irrigation Depths

The statistics parameters of the horizontal SMC in the 0-60 cm soil layer at different
growth stages under various irrigation depths are shown in Table 2. The average SMC
gradually increased with the increase in soil depth at the budding stage and boll opening
stage in the two seasons, while it first slightly decreased and then increased at the flowering
and boll setting stages. At the budding stage, the average SMC of each soil layer was
0.158~0.168 and 0.145~0.160 under various irrigation depths in 2018 and 2019, respectively,
and it increased with the increase in irrigation depth. The CV values of most treatments
decreased with the increase in soil depth. There was no regular change in CV with the
increase in irrigation depth at the budding stage. At the flowering and boll setting stage,
the average SMC first slightly decreased and then increased with the increase in soil depth,
and the average SMC was 0.142~0.157 and 0.143~0.164 under various irrigation depths in
2018 and 2019. Showing a similar trend to that of the SMC, the CV values first increased and
then decreased with the increase in soil depth, and there was no significant difference in
CV between various irrigation depths. Consistent with the results obtained at the budding
stage, the average SMC kept increasing with the increase in soil depth at the boll opening
stage, and it increased with the increase in irrigation depth. The CV values first increased
and then decreased with the increase in soil depth. There was no significant difference in
CV between different irrigation depths at the boll opening stage. The CV values varied
significantly at different growth stages of cotton. The CV kept decreasing as the growth
period progressed in 2018, while it first increased and then decreased in 2019. Meanwhile,
the SMC in the 0~40 cm soil layer mainly showed moderate variability, while it showed
weak variability below 40 cm.

Table 2. Horizontal soil moisture content variation under various irrigation depths during different
growth stages of cotton.

2018 2019
Soil SMC (%) SMC (%)
Stages Depth
(cm) Woe Wos Wi Wi Woe Wos Wi Wi
# cv # cv # cv # cv # cv # cv # cv # Ccv
0~10 0.121 0.198 0.129 0.190 0.137 0.219 0.140 0.189 0.114 0.175 0.113 0.139 0.120 0.173 0.125 0.173
10~20  0.122 0.186 0.127 0.128 0.140 0.159 0.143 0.135 0.104 0.091 0.112 0.134 0.127 0.155 0.122 0.188
B 20~30  0.139 0.208 0.143 0.208 0.146 0.207 0.141 0.187 0.124 0.053 0.127 0.134 0.143 0.127 0.147 0.150
30~40 0.171 0.129 0.174 0.166 0.175 0.213 0.180 0.207 0.156 0.052 0.167 0.030 0.173 0.027 0.174 0.073
40~60  0.236 0.069 0.236 0.055 0.235 0.027 0.234 0.019 0.225 0.014 0.232 0.025 0.235 0.017 0.231 0.023
0~10 0.110 0.135 0.117 0.166 0.126 0.150 0.124 0.159 0.116 0.087 0.119 0.100 0.125 0.117 0.134 0.152
10~20  0.107 0.120 0.113 0.145 0.113 0.081 0.122 0.112 0.108 0.107 0.118 0.136 0.116 0.127 0.132 0.217
F&BS  20~30  0.121 0.153 0.121 0.089 0.128 0.192 0.142 0.217 0.118 0.226 0.121 0.301 0.129 0.229 0.146 0.216
30~40  0.149 0.166 0.153 0.178 0.162 0.164 0.169 0.159 0.150 0.159 0.163 0.168 0.167 0.184 0.177 0.219
40~60  0.225 0.076 0.228 0.095 0.233 0.070 0.229 0.068 0.224 0.077 0.225 0.072 0.234 0.079 0.231 0.089
0~10 0.103 0.131 0.113 0.052 0.119 0.074 0.120 0.055 0.118 0.087 0.125 0.127 0.131 0.101 0.126 0.123
10~20  0.117 0.054 0.127 0.149 0.132 0.096 0.131 0.127 0.130 0.206 0.140 0.152 0.144 0.129 0.146 0.166
BO 20~30  0.145 0.043 0.159 0.187 0.161 0.164 0.160 0.148 0.146 0.101 0.151 0.177 0.161 0.163 0.166 0.073
30~40 0174 0.146 0.182 0.148 0.194 0.127 0.208 0.125 0.171 0.137 0.179 0.143 0.182 0.124 0.195 0.121
40~60  0.220 0.087 0.232 0.045 0.238 0.026 0.239 0.029 0.233 0.031 0.237 0.042 0.236 0.043 0.236 0.038

#1is the average value of SMC at different soil depths (%). CV = standard deviation/average. B, F&BS, and BO
correspond to budding, flowering and boll setting, and boll opening stages, respectively. Wy 4, Wo g, W1, and
Wi, correspond to 60%, 80%, 100%, and 120% ET., respectively.

The SMC in the 0~20 cm and 20~40 cm soil layer and stratification ratio (SR) were
taken and calculated (Table 3). In the present study, soil samples were taken from four
different locations (Figure 3) in each treatment to measure the SMC. The data acquired
from the field showed that the SR was more than 1 during the whole growing season
under different irrigation depths, which indicated that the SMC in the 20~40 cm soil layer
was always higher than that in the 0~20 cm soil layer. However, there was a significant
difference in the SR at different locations. For instance, the SR at locations B and C was
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significantly lower than that at locations A and D at the budding and flowering and boll
setting stages due to the absorption of soil moisture by cotton root, while the SR at location
D was the lowest at the boll opening stage. Meanwhile, there was no significant difference
in the SR under various irrigation depths at different growth stages.

Table 3. Vertical soil moisture content variation under various irrigation depths during different
growth stages of cotton.

SMC (%)
Year Stages  Location Wose Wos Wi Wiz
0-20 20-40 SR 0-20 20-40 SR 0-20 20-40 SR 0-20 20-40 SR

A 0.140 0.187 1.334 0.143 0.194 1.357 0.157 0.202 1.284 0.149 0.201 1.351
B B 0.132 0.147 1.109 0.134 0.157 1.167 0.161 0.219 1.359 0.159 0.155 0.975
C 0.124 0.156 1.252 0.134 0.157 1.166 0.149 0.166 1.111 0.150 0.156 1.043
D 0.089 0.130 1.460 0.101 0.126 1.257 0.121 0.170 1.405 0.109 0.130 1.199
A 0.110 0.161 1.462 0.120 0.154 1.276 0.119 0.170 1.432 0.121 0.192 1.582
2018 F&BS B 0.121 0.126 1.040 0.120 0.130 1.084 0.131 0.140 1.067 0.129 0.136 1.060
C 0.113 0.114 1.008 0.128 0.117 0.915 0.119 0.154 1.300 0.140 0.146 1.048
D 0.090 0.139 1.544 0.092 0.147 1.606 0.123 0.175 1.423 0.102 0.149 1.461
A 0.102 0.160 1.566 0.115 0.159 1.389 0.121 0.174 1.431 0.123 0.179 1.452
BO B 0.120 0.173 1.444 0.134 0.200 1.496 0.139 0.205 1.482 0.140 0.197 1.404
C 0.116 0.166 1.433 0.126 0.184 1.463 0.129 0.186 1.446 0.124 0.208 1.672
D 0.102 0.138 1.355 0.106 0.137 1.293 0.114 0.145 1.271 0.114 0.152 1.338
A 0.112 0.138 1.237 0.121 0.154 1.271 0.139 0.170 1.219 0.138 0.187 1.350
B B 0.115 0.141 1.221 0.115 0.151 1.318 0.127 0.150 1.182 0.134 0.154 1.147
C 0.120 0.141 1.177 0.123 0.140 1.131 0.131 0.162 1.231 0.130 0.154 1.187
D 0.090 0.140 1.557 0.092 0.144 1.562 0.096 0.151 1.581 0.092 0.148 1.617
A 0.123 0.171 1.386 0.134 0.190 1.418 0.134 0.192 1.438 0.160 0.209 1.307
2019 F&BS B 0.106 0.125 1.184 0.112 0.126 1.120 0.125 0.128 1.026 0.142 0.142 1.001
C 0.117 0.118 1.006 0.123 0.125 1.010 0.117 0.132 1.126 0.127 0.158 1.243
D 0.103 0.123 1.199 0.100 0.130 1.244 0.106 0.140 1.317 0.104 0.137 1.322
A 0.132 0.173 1.312 0.150 0.188 1.250 0.153 0.194 1.268 0.160 0.201 1.257
BO B 0.145 0.173 1.187 0.145 0.178 1.230 0.142 0.185 1.302 0.140 0.184 1.316
C 0.116 0.154 1.331 0.124 0.163 1.317 0.139 0.169 1.221 0.128 0.175 1.361
D 0.104 0.135 1.297 0.113 0.131 1.164 0.116 0.138 1.194 0.116 0.160 1.381

A, B, C, and D correspond to the locations in Figure 3. B, F&BS, and BO correspond to budding, flowering and
boll setting, and boll opening stages, respectively. W, Wy g, W1, and W1, correspond to 60%, 80%, 100%, and
120% ET,, respectively.

3.4.4. Variability Characteristics of SMC at Different Growth Stages Under Various
Irrigation Depths

The varigram model was used to fit the SMC at the 0~60 cm soil layer under various
irrigation depths at different growth stages (Table 4). It was found that the Gaussian model
could be used for reasonable fitting in all treatments (R? > 0.827 for all treatments). It can be
seen from Table 4 that the variation range of Cy was 0~1.1, which meant that the low spatial
variation caused by soil characteristics and human activities (sampling, measurement
process, etc.) in experiment. Cy + C decreased with the increase in irrigation depth at the
budding stage and flowering and boll setting stages, indicating that the total variability
of system was negatively affected by irrigation depth. The average values of Cy + C were
41.200, 38.330, 34.867 and 35.073 under Wy 4, Wyg, W19 and W, treatment in 2018, and
the corresponding values were 37.823, 37.803, 34.407 and 31.010 in 2019, respectively. There
was no significant difference in Cy + C of soil moisture content at the budding stage and
flowering and boll setting stage, which was higher than that at the boll opening stage.
Meanwhile, the Cy/Cy + C of all treatments was less than 0.25, indicating that the SMC had
a strong spatial autocorrelation in the 0—60 cm soil layer.
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Table 4. Indicator semivariogram models of soil moisture content.
Stages Irrigation 2018 2019
Depth Model Co Co+C GG+ 0O A R? Model Co Co+C  Col(Cr+0O) A R?
Wos Gaussian  0.100  41.200 0.002 72434 0893  Gaussian 0100  41.200 0.002 74166  0.854
B Wos Gaussian  0.100  41.200 0.002 77146 0902  Gaussian 0100  41.200 0.002 71274 0.868
Wi Gaussian  0.010  31.010 0.000 68122 0909 Gaussian 0010  31.010 0.000 65.004  0.842
Wiz Gaussian  0.010  31.010 0.000 69.802 0937  Gaussian 0010  31.010 0.000 67490  0.849
Wos Gaussian ~ 0.100  41.200 0.002 70443 0893  Gaussian 0100  41.200 0.002 70010 0913
FeeBS Wos Gaussian 0100  41.200 0.002 70148 0920  Gaussian 0100  41.200 0.002 70443 0961
Wi Gaussian  0.100  41.200 0.002 68399 0880 Gaussian 0100  41.200 0.002 65212 0.906
Wiz Gaussian  0.010 31010 0.000 63.081 0904  Gaussian 0010  31.010 0.000 62458 0921
Wos Gaussian  0.100  41.200 0.002 76747 0914  Gaussian 0040  31.070 0.001 68.035  0.827
8O Wos Gaussian ~ 0.800  32.590 0.025 64346 0900  Gaussian 0010  31.010 0.000 69230  0.881
Wig Gaussian 0700 32390 0.022 62960 0886  Gaussian 0010  31.010 0.000 78462 0.904
Wiz Gaussian 1100 43.200 0.025 69455 0925 Gaussian 0010  31.010 0.000 73.647  0.926
B, F&BS, and BO correspond to budding, flowering and boll setting, and boll opening stages, respectively. Wy,
Wo.s, Wi, and Wy, correspond to 60%, 80%, 100%, and 120% ET,, respectively.
3.5. The Correlation Between Seed Cotton Yield and Soil Environment
The Pearson coefficients between the irrigation amount, soil water storage, soil tem-
perature and seed cotton yield are shown in Table 5. In different growing stages, irrigation
depth played a positive role on soil water storage, which was found to have a negative
correlation with soil temperature; that is, the higher the soil water storage, the lower the
soil temperature. Except for the seedling stage, irrigation depth and soil water storage were
positively correlated with seed cotton yield, and with the advancement of growing stage,
the promoting effects of irrigation depth and soil water storage on seed cotton yield first
increased and then decreased, and they reached the maximum in the middle growth stage
of cotton, namely the budding stage and the flowering and boll setting stage. The results
showed that the soil temperature in different growth stages had no significant effect on
seed cotton yield except for the flowering and boll setting stage, and there was a negative
correlation between the soil temperature in the flowering and boll setting stage and seed
cotton yield.
Table 5. The correlation of irrigation depth, soil temperature, soil moisture content and seed cot-
ton yield.
Index  Yield 1 7 3 1 T1 T2 T3 T4 SMC1 ~ SMC2 SMC3  SMC4
Yield 1.00
i 047 1.00
2 0.79 ** —0.02 1.00
13 0.84 0.09 0.99 % 1.00
7 0.73* ~0.14 099 .97 1.00
T1 ~0.08 0.73* 026  —0.18 ~035 1.00
T2 -0.10 0.83* ~0.50 —041 -061 087 1.00
T3 ~0.65* 0.24 —074%  —070*  —0.77% 0.57 0.70* 1.00
T4 0.12 0.92#+ —0.28 -0.18 —040  0.88* 0.97 % 0.59 1.00
SMCT —0.47 —1.00**% 0.02 —0.09 0.14 —073*  —083* 024 —0.92% 1.00
SMC2  0.92% 0.69 * 0.65* 0.71* 0.56 0.23 0.19 —0.44 0.39 ~069* 100
SMC3 0.66* —0.22 096%*  093%*  099** 040 —066%  —0.78* —047 022 050  1.00
SMC4 0.64% ~0.30 090*  087*  092**  —057 —070%  —0.68* ~051 030 037 088* 100

I1,12, 13, and I4 correspond to irrigation depths in the seeding, budding, flower and boll setting, and boll opening
stages, respectively. T1, T2, T3, and T4 correspond to the soil temperature in the seeding, budding, flower and boll
setting, and boll opening stages, respectively. SMC1, SMC2, SMC3, and SMC4 correspond to the soil moisture
content in the seeding, budding, flower and boll setting, and boll opening stages, respectively. The values in the
table are correlation coefficients. * Significantly different at the 0.05 probability level, ** Significantly different at
the 0.01 probability level, *** Significantly different at the 0.001 probability level.

The structure equation model (SEM) was established to investigate the driving factors
of seed cotton yield under different irrigation depths with satisfactorily fitting effects
(x?/df = 0.781, GFI = 0.948, CFI = 1.00, NFI = 0.984, and RMSEA = 0.00) (Figure 12). As
the two main components of seed cotton yield, boll number (A = 0.731, p < 0.001) and
boll weight (A = 0.596, p < 0.001) had significant direct effects on seed cotton yield. Soil
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water storage had a significant negative direct effect on the total variability of soil moisture
(A=—0.634, p < 0.001) and no significant direct relationship with soil temperature (A = 0.069,
p > 0.05). Soil temperature and soil water storage indirectly affect seed cotton yield by
directly influencing boll weight with the former exhibiting a negative effect (A = —0.399,
p < 0.05) and the latter a positive effect (A = 0.621, p < 0.01). Neither soil water storage, soil
temperature, nor the total variability of soil moisture had a significant direct effect on boll
number. Therefore, soil moisture can be regarded as the most critical environment factor
affecting seed cotton yield primarily through its effect on boll weight.

Soil environment

Positive Negative P<005 = === P>005

¥/df=0.781 GFI=0.948 CFI=1.00 NFI=0.984 RMSEA=0.00

Figure 12. Path diagram of structure equation model. ST is soil temperature, SWS is soil water
storage, Cy + C is the total variability of soil moisture, BN is boll number, BW is boll weight, Y is
seed cotton yield. x?/df is chi-square/degree values, GFI is goodness-of-fit index, CFI is comparative
fit index, NFI is non-normed fit index, RMSEA is root mean square error of approximation. The
solid lines represent positive paths, while the dashed lines represent a negative relationship between
the two variables, the data on the arrow are the standardized path coefficient (A), and the width of
arrows is proportional to the strength of path coefficients adjacent to the path coefficient (). *, **, and
*** mean p < 0.05, p < 0.01, and p < 0.001.

4. Discussion

4.1. The Influence of Irrigation Depth on LAI, Seed Cotton Yield, and Irrigation Water
Use Efficiency

As a crop very sensitive to soil moisture changes, cotton growth was greatly inhibited
by water stress [44]. Unlii et al. [45] indicated that there was a positive impact of irrigation
amount on cotton growth. Similar to previous studies, we found that cotton growth was
promoted by the increase in irrigation depth, and the highest LAl was obtained under
W12 (120%ET,) treatment. Some studies have reported that cotton yield was positively
correlated with the volume of water applied [14,46], which was similar to our findings. We
found that seed cotton yield increased with the increase in irrigation depth, but there was
no significant difference in seed cotton yield between Wy g (100%ET;) and W13 (120%ET)
treatments, which was consistent with the finding of Kang et al. [47], and Basal et al. [48]
also confirmed that a 25% reduction in full irrigation depth had no significant impact on
seed cotton yield. Considering the saline—-alkali soil in this experiment, 120% ET. could be
regarded as full irrigation at the experimental site. In the present study, the highest seed
cotton yield was obtained under Wy ; treatment in the two growing seasons, which was
6218.07 kg ha~! in 2018 and 5945.63 kg ha~! in 2019. Meanwhile, we confirmed that INUE
decreased with increasing irrigation depth in this study, which was consistent with the
findings of Leogrande et al. [49].
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4.2. Effects of Irrigation Depth on Soil Temperature in Cotton Field Under Film-Mulched
Drip Irrigation

Soil temperature was considered as a vital factor, which has an impact on crop growth
by regulating the absorption of water and nutrient by crop roots [50]. Zhou et al. [51]
pointed out that low temperature in the spring had a negative effect on the development
of crops. Therefore, mulched drip irrigation has been widely used worldwide due to its
advantages of the conservation of water and heat [52]. In present study, we found that soil
temperature significantly decreased while the solar radiation remained stable during the
cotton growing stage; the reason for the phenomenon was that cotton growth, especially
the increase in leaf area at the middle and late growth stages, reduced the received net
radiation by soil surface, which was considered as the main contributing factor of soil
temperature [27]. Therefore, the effects of crop growth on soil temperature by regulating
the received net radiation by soil surface cannot be ignored. Similarly, it can be seen from
Figure 5 that significant differences in LAI were found under various irrigation depths,
which affected the reception of solar radiation by ground and thus caused the difference in
soil temperature in the two seasons. The results showed that the soil temperature of the
mulched area was always higher than that of bare land under various irrigation depths
during the different growth stages of cotton, which also confirmed the positive effect of
mulching on soil temperature.

We demonstrated that soil temperature decreased with the increase in irrigation depth,
which was inconsistent with the results found by Liao et al. [50], who indicated that there
was no significant effect of different irrigation depths on soil temperature, which can be
explained by the following reasons. Firstly, a larger amount of rainfall in the experiment of
Liao et al. [50] caused a decrease in soil temperature and weakened the effect of irrigation
depth on soil temperature. But in the present study, soil moisture mainly came from
irrigation activities, which caused the significant difference in soil moisture and inevitably
led to differences in soil temperature. Furthermore, a larger area of soil surface was directly
affected by solar radiation due to the lower leaf area of cotton under deficit irrigation (Wq ¢
and Wy g treatments) in the present study, which was also the reason for the significant
difference in soil temperature under various irrigation depths.

4.3. Effects of Irrigation Depth on Soil Moisture in Cotton Field Under Film-Mulched
Drip Irrigation

Soil evaporation and transpiration were influenced by soil mulching and crop growth
and thus affected soil moisture [27]. A uniform soil wetting zone will be formed in the
shallow soil layer due to the point-source characteristics of drip irrigation, and a decreasing
soil moisture gradient will be formed as the depth of the soil layer increases [53,54]. Some
researchers pointed out that the wetting front under drip irrigation usually did not migrate
further than 30-40 cm below the soil surface [18,55]. In this study, the distribution of SMC
in the 0—40 cm soil layer greatly varied at different growth stages under various irrigation
depths, and the SMC increased with the increase in irrigation depth. Meanwhile, the water
replenishment of capillary rise from shallow groundwater caused the SMC in the soil layer
below 40 cm to remain at a higher level in this study [18,56].

Mulching had a significant positive impact on the SMC by forming an isolation
layer between the soil surface and atmosphere, which was also confirmed by many re-
searchers [24,57,58]; therefore, in the present study, since the loss of soil moisture was
reduced due to the reduction in soil evaporation under mulching conditions, the SMC
under the bare land (location D in Figure 3) was thus significantly lower than those under
mulching film (location A, B, and C in Figure 3). It was worth noting that the conservation
effect of mulching on soil moisture was more significant at the early growth stage compared
to that at the middle and late growth stages. At the early growing stage, there was a larger
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soil evaporation of bare land due to the direct effect of solar radiation on the soil surface,
resulting in larger differences in SMC between the mulching and bare land. At the middle
and late growth stages, firstly, irrigation increased the SMC in the soil profile; in addition,
the absorption of soil water by cotton root increased due to the development of cotton,
while the increase in leaf area reduced the soil evaporation of bare land. Meanwhile, the
increase in the capillary rise of shallow groundwater was also the reason for the smaller
difference in soil moisture under the mulched conditions and bare land conditions during
this period.

The soil water storage in all treatments first decreased and then increased over time,
which was similar to the finding of Liao et al. [50], while it was inconsistent with Huang
et al. [59], who pointed out that a W type was found in the changes of soil water storage
over time. This might be related to different climate conditions. A higher level of soil
water storage was found at the early growth stage due to the lower soil evaporation caused
by lower air temperature. After that, soil water storage continued to decrease due to the
increase in air temperature and cotton evapotranspiration, and it reached the lowest in the
flowering and boll setting stage in the two seasons. Soil water storage in all treatments
has risen due to the decrease in air temperature and reduction in cotton water demand
as well as the increase in the capillary of shallow groundwater during the boll opening
stage [18,56]. Soil water storage was significantly affected by irrigation depth due to only
one effective rainfall, and it increased with the increase in irrigation depth.

4.4. The Spatial Variability of Soil Moisture Under Various Irrigation Depths in Cotton Field
Under Film-Mulched Drip Irrigation

Many studies have investigated the spatial variability of soil moisture under deficit
irrigation condition. Martinez-Ferndndez and Ceballos [60] found a decreased variability
with the decrease in soil moisture, which differed from the findings of Famiglietti et al. [61],
Brocca et al. [62,63] and Rosenbaum et al. [64]. Famiglietti et al. [61] found the spatial
variability of soil moisture decreased with the increase in soil moisture, and Brocca et al. [62]
and Rosenbaum et al. [64] indicated that variability first increased and then decreased
with decreasing soil moisture, which was consistent with our findings in this paper. In
addition, we found there was no significant difference in the spatial distribution of soil
moisture under various irrigation depths; the main manifestation was that no significant
differences in CV and SR were found under various irrigation depths, which can be related
to the soil moisture quickly completing the redistribution process driven by factors such as
air temperature, thereby forming similar soil moisture distribution characteristics under
various irrigation depths. Meanwhile, similar to the findings of Brocca et al. [62], we
indicated that the spatial variability of soil moisture decreased with the increase in soil
depth on the field scale, which may be related to the lower impact of atmosphere and
irrigation activities on soil moisture at deeper soil layers.

4.5. The Relationship Between Soil Moisture and Temperature and Seed Cotton Yield

Previous studies have been conducted on the variation in soil moisture and soil temper-
ature under different conditions, including mulching [65,66], tillage [67] and irrigation [68],
and they also confirmed the feasibility of adjusting soil moisture and soil temperature
conditions through agronomic measures to increase crop yields. In the present study, corre-
lation analysis revealed that seed cotton yield was positively affected by irrigation depth
and soil water storage with the strongest effects observed during the budding stage and
flowering and boll setting stage, which was consistent with the findings of Hou et al. [69],
who found that the flowering and boll setting stage could be considered as the pivotal
water demand stage of cotton. Therefore, ensuring adequate water supply and beneficial
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soil moisture condition during the flowering and boll setting stage is the key to stable
cotton yield.

Furthermore, a significant negative relationship was observed between soil temper-
ature during the flowering and boll setting stage and seed cotton yield. Similarly, the
accumulated soil temperature throughout the growing season showed an inverse rela-
tionship with seed cotton yield. Numerous studies have demonstrated that elevated soil
temperature enhances crop growth during early development stages [70,71]. However,
higher soil temperature resulting from a dense cotton canopy, reduced ventilation and high
ambient air temperature adversely affects cotton growth and yield formation during the
middle and later growing stages. Nevertheless, the underlying mechanisms through which
soil temperature affects seed cotton yield remain poorly understood and warrant further
investigation. Our finding corroborated previous research findings by Zhang et al. [72]
and Salau et al. [73], demonstrating an inverse relationship between soil water storage
and soil temperature, which suggested that maintaining adequate irrigation during the
reproductive stages of cotton serves dual purposes: improving soil moisture conditions
while simultaneously alleviating thermal stress, thereby creating optimal conditions for
yield formation.

The structural equation model (SEM) in the present study revealed that both soil
moisture and soil temperature indirectly affected seed cotton yield primarily through their
influences on boll weight rather than boll number, suggesting that genotypic variation
could be the primary determinant of boll number in cotton. Furthermore, considering the
soil moisture and temperature, seed cotton yield and water use efficiency, the irrigation
depth in south Xinjiang was recommended to be W o treatment, that is, 100% ET.

5. Conclusions

Cotton growth and seed cotton yield were positively affected by irrigation depth,
and there was no significant difference in seed cotton yield between Wy g (100%ET.) and
Wi (100%ET,) treatments. Mulching had a positive effect on soil temperature, which
decreased with the increase in irrigation depth, and it reached the highest value under
Wy (60%ET,) treatment. Soil temperature first increased and then decreased over time
due to the variations in air temperature and cotton growth. Higher soil moisture content
was found in mulched soil than that under bare land. The lowest soil water storage was
obtained at the flowering and boll setting stages due to the higher water demand of cotton
during this period. Irrigation depth had no significant effect on soil moisture distribution,
but it significantly reduced the spatial variability of soil moisture, which decreased with the
increase in soil depth. Irrigation depth and soil water storage were positively affected seed
cotton yield, which showed a negative correlation with the soil temperature at the flowering
and boll setting stage, and there was a negative correlation between soil temperature and
soil water storage. The results of SEM showed that soil moisture and soil temperature
affect seed cotton yield by influencing boll weight rather than boll number. 100%ET, can
be recommended as the appropriate irrigation depth in south Xinjiang considering the soil
moisture and temperature, seed cotton yield and water use efficiency.
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