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Abstract: To optimize suitable water-saving and soil salt-controlling irrigation needed for the high
yield and good quality of cotton in southern Xinjiang, a field experiment was carried out to study the
effects of soil water lower limits on water consumption, water use efficiency (WUE), yield, cotton fiber
quality and soil salt accumulation under mulched drip irrigation in Korla, Xinjiang. The field capacity
(FC) was regarded as the upper limit of soil moisture, and five soil water lower limits (85% FC,
75% FC, 65% FC, 55% FC, 45% FC, referred as T1~T5, respectively) were designed during the cotton
growth period. The results indicated that the irrigation frequency and irrigation quota of cotton were
gradually increased with the increase in the soil water lower limit, while the water consumption
modulus for T2 treatment during the critical period of water demand arrived at the maximum value.
Moreover, with the decrease in the soil water lower limit, the WUE, fiber micronaire value and fiber
maturity index of cotton increased, whereas the yield, nitrogen partial factor productivity (PFPN) and
fiber breaking elongation of cotton decreased. However, when the soil water lower limit exceeded
75% FC, the increase had little effect on the cotton yield increase and PFPN improvement, and the
yield and PFPN for T2 treatment were 7146.4 kg-hm~2 and 23.82 kg-kg !, respectively, In addition,
the decrease in the soil water lower limit was unfavorable for an increase in fiber length, but it
was conducive to the enhancement of fiber strength. Furthermore, soil salt accumulated inside and
outside the film for the designed soil water lower limits, and the amount of accumulated salt in
0~100 cm followed T3 > T5 > T1 > T2 > T4. Based on a comprehensive analysis with the entropy
TOPSIS method, the findings of the present study suggested that the suitable soil water lower limit
for cotton under mulched drip irrigation was 75% FC in southern Xinjiang, China.

Keywords: soil water lower limit; water consumption modulus; fiber quality; soil salt accumulation;
entropy TOPSIS method

1. Introduction

Due to the high yield and good quality of its produced cotton, southern Xinjiang
has become the largest production base for cotton in China [1]. However, the shortage
of irrigation water resources [2], secondary salinization of cultivated land [3] and low
utilization rate of irrigation water and fertilizer [4] have seriously restricted the sustainable
development of cotton planting. Thus, it is necessary to study the proper mulched drip
irrigation mode for cotton cultivation in southern Xinjiang, China.

The irrigation schedule can be determined appropriately with crop evapotranspira-
tion [5,6] or practical experience [7,8]; additionally, it can be designed with the soil moisture
in the rootzone [9-11]. Soil water regulation is one of the effective methods for regulating
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the soil moisture in the tillage layer, which is carried out by triggering the field irrigation
with designed upper and lower limits of soil water content [12,13]. In recent years, many
scholars have carried out research on determining the proper soil water limits for green-
house crops (such as cucumber [14], melon [15], cabbage [16], etc.) and field crops (such as
wheat [17,18], corn [19], etc.). Pei et al. conducted a pot experiment with regulated deficit
irrigation at different growth stages of cotton, and the results indicated that the soil water
lower limits for rational deficit irrigation scheduling of cotton at the seedling, bud, boll and
boll opening stages were 55~60% FC, 65% FC, 70% FC and 50~55% EC, respectively [20].
To determine the appropriate lower limits of drip irrigation during the growing period of
cotton, field experiments were carried out by Shen et al. [21] in Shihezi and Pan et al. [22] in
Hutubi county of northern Xinjiang, respectively; the experiments implied that the suitable
soil water limit was 60~65% FC at squaring stage and 75% FC at flowering and boll stages
for cotton cultivation. However, the research was conducted on soil moisture regulation
for cotton mainly located in northern Xinjiang; due to the differences in soil texture and
climatic conditions, soil moisture regulation for cotton under mulched drip irrigation in
southern Xinjiang requires further study:.

Generally, controlling soil moisture lower limits at levels that are too high or too low
is not conducive to the improvement of crop yield or WUE under mulched drip irrigation.
Yuan et al. conducted a study in greenhouse conditions for tomato and indicated that
appropriately increasing the soil water lower limit showed significant effects on dry matter
accumulation; however, an excessively low limit for soil moisture was unfavorable for
the normal growth and development of tomato plants [23]. Li et al. also implied that the
tomato yield increased with the increase in soil water lower limits, while both the WUE and
tomato quality decreased; in particular, the maximum tomato yield was obtained with a soil
water lower limit of 80% FC [24]. Zhang et al. carried out an experiment for spring wheat in
Gansu Province, China and indicated that with an increase in soil water lower limits, both
wheat production and WUE increased first and then decreased [25]. Further, Wang et al.
studied the effects of solar greenhouse conditions and found that the soil water lower limit
was a critical factor for high yields of muskmelon, and that muskmelon production with a
soil water lower limit of 70% FC increased by 22.58% and 2.42%, respectively, compared to
that with a limit of 60% FC and 80% FC [26]. Moreover, Yilmaz Ersel suggested that drip
irrigation for cotton with a 75% irrigation regime had significant benefits in terms of saving
irrigation water resources and achieving high WUE [27].

Fiber quality is not only affected by the genotype [28], but also by the soil moisture [29]
and soil salinity [30]. Appropriate soil water limitation was found to promote the cotton
yield in Xinjiang, at the expense of fiber quality to a certain degree, such that the fiber length
decreased and micronaire value increased [31,32]. Generally, the fiber strength and fiber
length decreased with deficit irrigation, while the micronaire significantly increased [33-35],
which severely inhibits fiber quality. However, Shen indicated that the lint percentage of
blossom before frost, fiber length, and fiber breaking resistance increased with a moderate
soil water deficit (60% FC) at the budding stage of cotton, while excessive water stress
resulted in a decrease in fiber length and fiber breaking resistance [21]. Hu et al. implied
that the fiber density decreased seriously with increased drought, while individual fiber
mass and lint percentage increased [36].

In southern Xinjiang, due to the scarce precipitation and strong evaporation, unsuitable
soil moisture regulation may result in the secondary salinization of farmland and lead to
interference in normal crop growth and sustainable farmland utilization. Zhou et al. found
that with an irrigation quota of 270~285 mm under mulched drip irrigation, the soil salt
accumulated in 0~60 cm layers and the soil salt accumulation rate reached 12.4% [37]. Liu
et al. indicated that with the irrigation quota of 340 mm during the cotton growth period,
the soil salt content in 0~60 cm layers increased after harvest; in particular, a large amount
of soil salt accumulated in 0~20 cm outside the film, and the accumulation rate reached
as high as 94.5% [38]. However, Wang et al. reported that the soil salinity in 0~40 cm
decreased with a desalination rate of 30~60% during the cotton growth period when the
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irrigation quota was 210~450 mm [39]. Bai et al. performed an experiment on the effects of
soil moisture regulation on soil water content and soil salt in Shihezi city, Xinjiang. The
results indicated that the soil salt in the tillage layers of cotton fields could be leached
effectively when the lower limit of soil moisture in the bud period and flowering-boll
period was 60% and 70%, respectively [40].

The present study performed an experiment on the influence of soil moisture regula-
tion with five soil water lower limit levels on the water consumption, yield, fiber quality
and soil salt accumulation during the cotton growth period. The objectives of this study
were to: (a) investigate the effects of soil water lower limits on the yield and fiber quality of
cotton, WUE and soil salt accumulation under mulched drip irrigation in southern Xinjiang;
and (b) optimize the suitable soil water lower limit for cotton planting in southern Xinjiang.

2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted in a typical salt-alkali cotton field located in
Korla city, Xinjiang (40°53'03" N, 86°56'58" E, 900 m above sea level), China (Figure 1).
The region enjoys a typical continental desert climate. The annual mean precipitation is
135.4 mm, whereas the average annual potential evaporation is as high as 2417 mm. The
daily water surface evaporation, buried depth of groundwater, maximum temperature,
minimum temperature and daily precipitation data during the cotton growth period are
shown in Figure 2. The total rainfall during the cotton growth period was 18.6 mm, while
the effective rainfall was only 5.6 mm. The water surface evaporation increased first and
then decreased during the cotton growth stage and was particularly high during May to
June; moreover, the average buried depth of the groundwater was 1.53 m.

[] Xinjiang
% Kolar
® Experimental site

0 200
E] km

Figure 1. Location of the experimental site in Korla, Xinjiang, China.

The soil in the 0~60 cm zone was mainly sandy loam and silt loam, while the soil in the
60~100 cm zone was mainly sandy; some soil physical properties and chemical properties
in the 0~100 cm zone are shown in Table 1. The average bulk density in the rootzone
(0~60 cm) was 1.57 g-cm 3, while the average FC (volumetric water content) was 30.57%;
moreover, the soil field water capacity declined in the 0~40 cm and 40~100 cm zones. The
average initial soil salinity in the 0~100 cm zone was 0.52 g-kg ™! and increased from the
0 cm to 100 cm soil layers. The content of NO3-N and NHy-N in the rootzone (0~60 cm)
was 14.28 and 8.64 mg-kg !, respectively.
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Figure 2. Variation in temperature, rainfall, water surface evaporation and groundwater table.

Table 1. Soil physical and chemical properties at the experimental site.

Soil Mechanical Composition (%)

Bulk

Soil

Soil

Depth Soil Texture Densit Field Water Moi ini NOs"N NH,-N
N y s o oisture Salinity Lo o
(cm) Clay Silt Sand (g-cm—3) Capacity (%) Content (%) (g-kg-1) (mg-kg1) (mg-kg-1)
0~10 Sandy loam 2.00 4354 54.46 1.59 32.87 15.21 0.46 16.69 9.58
10~20 Silt loam 3.30 49.30 47.41 144 32.86 15.02 0.43 1558 9.44
20~40 Silt loam 2.83 51.13 46.05 1.63 2735 19.91 0.46 15.58 9.39
40~60 Sandy loam 312 4479 52.09 1.57 3123 24.70 0.53 11.13 7.03
60~80 Sandy 0.00 10.16 89.84 1.70 2074 2046 0.63 1231 6.99
80~100 Sandy 0.00 6.80 93.20 1.66 2054 19.48 0.63 1215 6.54
2.2. Experimental Design and Arrangement
2.2.1. Experimental Design
With the FC act as the upper limit of soil water, the drip irrigation was triggered by
five soil water lower limit levels in the rootzone, which were 85% FC (T1), 75% FC (T2), 65%
FC (T3), 55% FC (T4) and 45% FC (T5), respectively. The five treatments were replicated
three times in a randomized complete factorial block design with 15 plots, each covering
an area of 60.8 m? (6.08 m x 10 m) with white polyethylene film 0.038 mm thick.
2.2.2. Experimental Arrangement
Cotton seeds of the variety Xinluzhong 66 were sown at a depth of 0.03 m with row
spacing of “0.10 m + 0.66 m + 0.10 m” (Figure 3) and plant spacing of 0.10 m on 11 April
2018. Cotton seeds were planted on four beds in each plot; the beds were 1.06 m wide
and 10 m long, spaced 0.46 m apart. Each treatment utilized three plots equipped with an
independent drip irrigation system using water from a channel with salinity of 0.7 g-L~!.
Drip tapes with 0.3 m emitter intervals and flow rate of 2.4 L-h~! were placed on the beds
(Figure 3).
o .; ] %.'
sSatlos shatls
;‘ f # rY) %
.); s' ‘ﬁ Soil samples collection point .); §° ‘:-.‘k Plastic film Drip line
. o N [ S ° )
A B C D
l()cnl l()cm_ lOcrrl - 46cm _lOcnl _IOcm_ lOcnl L. 46¢m _lOC"l _lOcnl 10cm | 46¢m

Figure 3. Experimental setup and sampling locations.

To ensure that enough seedlings were available for the experiment, all of the plots
were irrigated with a drip irrigation system immediately after sowing, and the quantity
of irrigation was 15 mm. After seedling emergence, the irrigation water was applied
immediately as soon as the soil moisture reached the designed lower limits in the rootzone



Agronomy 2022,12, 1246

50f18

for each treatment. Urea (N > 46%), ammonium dihydrogen phosphate (P,O5 > 46%)
and potassium chloride (K,O > 62%) were used as fertilizers and were applied by mixing
them with irrigation water at a concentration of 30% (w-w~1!). The dose of fertilizer
was determined according to the local fertilizer rate for cotton, which was 300, 120 and
60 kg-hnf2 for N, P,Os5 and K,O, respectively. Moreover, the fertilizer was applied at
the cotton bud stage, flowering stage, boll forming and boll opening stage, and the mass
proportion of total fertilizer was 25%, 30%, 30% and 15%, respectively. Disease and pest
management practices were the same as those used in local conventional cultivation.

2.3. Measurements and Methods
2.3.1. Soil Water Content and Salinity

Soil samples for moisture determination were collected (at position B in Figure 3)
every day with a soil auger (5 cm in diameter and 25 cm high) during the growth period
of cotton at depths of 0~20, 20~40 and 40~60 cm. Soil samples for the calculation of water
consumption in different growth stages and soil salt content measurements were taken at
the end of each cotton growth stage (budding, flowering, boll forming and boll opening
stage), one day before sowing and harvest as well; the sample collection depths were
distributed as follows: 0~10, 10~20, 20~40, 40~60, 60~80 and 80~100 cm, and the samples
locations are shown in Figure 3 (A, B, C, D).

The soil samples for soil moisture measurement were sealed, weighed, dried in a
fan-assisted oven at 105 & 2 °C for 24 h, and reweighed to determine the gravimetric water
content, and the volumetric soil water content was obtained by multiplying the gravimetric
water content by the average soil bulk density of the measured soil layer. The soil samples
for salinity measurement were air dried, ground and passed through a 1 mm sieve. Soil
leachates were prepared at a soil to water ratio of 1:5. The electrical conductivity (EC;.5) was
determined by a DDS-307A conductivity meter (Shanghai Precision & Scientific Instrument
Inc., Shanghai, China) to obtain the soil salt content (SC). Based on the statistical linear
relationship (SC = 2.446 x ECy.5; R? = 0.98; n = 30), the ECy.5 could be converted into the
soil salt content.

2.3.2. Irrigation Amount and ET

The irrigation quota for each drip irrigation treatment was determined by the
following equation:
M =10 x v x H X p(0max — Omin) (1)

where M is the irrigation quota (mm) for each drip irrigation; v is the soil bulk density of
rootzone (g~cm’3 ); H is the designed wetting depth (cm), which was 40 in bud stage, 60
in flowering stage to boll opening stage; p is moisture ratio, which was 0.7 in the present
experiment; 0,y is the FC (mass moisture content), which is the upper limit of soil moisture;
6,in is the average soil mass moisture content in the designed wetting layer before irrigation,
namely the lower limit of soil water content in the rootzone.

The crop water consumption for each treatment was determined by the soil water
balance equation, as follow:

n
ET=P+U+1—-D—R—10) [yH;(6in — 6p)] 2
iz

where ET is the crop water consumption, mm; P is the precipitation, mm; U is the amount
of groundwater recharge, mm; [ is the irrigation quota, mm; D is the quantity of deep
drainage, mm; R is the amount of runoff, mm; i is the number of the soil layer; n is the total
number of soil layers; 7; is the soil dry bulk density of layer i, g-cm~3; H; is the thickness
of soil layer i cm; 6;1 and 0, are the soil moisture content at the beginning and end of the
calculation interval, respectively, g-g~!.

Due to the limited precipitation and drip irrigation, there was no deep drainage
and surface runoff in the experimental area, D = 0, R = 0. The amount of groundwater
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recharge during the cotton growth period was determined by the formula proposed by
Aviriyanover [41] with groundwater depth and water surface evaporation as follows:

U—ax<1—<£)3>x1§0 3)

where d is the coefficient of groundwater recharge, which was 0.6 here; I is the groundwater
buried depth, mm; E is the water surface evaporation, mm.

2.3.3. Cotton Yield

At the boll opening stage of cotton, three blocks (1.52 m x 1.0 m) were randomly
selected in each plot for yield measurement. The cotton was harvested by hand on
17 September 2018; the cotton yield was weighed by an electronic balance, and the harvest
density and number of effective bolls per plant were counted synchronously. Meanwhile,
10 cotton bolls were picked from the lower, middle and upper sections of each plot, respec-
tively, to measure the average single boll weight.

2.3.4. WUE, IWUE and PFPN
The WUE, irrigation water use efficiency IWUE) and PFPN were determined as follows:

WUE = Y/ET 4)
IWUE =Y/I (5)
PEPN =Y/Ty (6)

where Y is the cotton yield, l<g~hrrf2 ; ET is the crop water consumption, m3-hm~2; [ is the
irrigation amount, m3-hm~2; Ty is the total application of nitrogen fertilizer, kg-hm_z.

2.3.5. Fiber Quality

After harvest, 30 bolls were randomly picked from each plot for fiber quality measure-
ment. The fiber length, uniformity, strength, elongation, short-fiber index, textile parameter,
micronaire, and maturity index of cotton were determined in the “Cotton Quality Inspec-
tion Center of the Ministry of Agriculture (Urumpi, Xinjiang, China)”. The fiber quality test
was calibrated by the high volume instrument calibration cotton (HVICC, U.S. Department
of Agriculture) [4].

2.3.6. Soil Salt
Soil Salt Accumulation

Based on the weights of horizontal distance to the sampling positions (the distance
from the drip line to the wide row was 23 cm and the narrow row to the wide row was
38 cm), the salt accumulation inside the plastic film could be evaluated in different soil
layers, while soil salinity changes in bare land represented the soil salt accumulation outside
the film [42]. Soil salt accumulation during the whole growth period of cotton could be
evaluated as follows:

L 23 38 45
AS;, = Z 10H;7; (ASC,',A + —ASC;p+ ASCi,C) (7)
= 106 106 106
n
ASout = Y 10H;%;ASC; p (8)
i=1
106 46
AS = ﬁASCm + ﬁASCout )

where AS is the amount of soil salt accumulation in 0~1 m soil profile, g-m~2; AS;, and
AS,y are the quantity of soil salt accumulation in 0~1 m soil profile inside the film and
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outside the film, respectively, g-m’z; ASC; 4, ASC; g, ASC; c and ASC; p are the variation
of soil salinity for points A, B, C and D between sowing and harvest in 0~1 m soil profile,
respectively, g-kg~!. H; is the soil depth of layer(i = 1, 2, ..., 6), m; v; is the soil bulk
density of layer i.

Soil Salination Rate
The soil salination rate is the rate of increase in soil salinity in the 0~100 cm soil profile
during the cotton growth period; the equation is as follows [43]:

S —Sp
—

w x 100% (10)

where S; is the soil salt content after harvest, kg~hm’2 ; Sp is the soil salt content before
cotton sowing, kg-hm 2.

2.3.7. Economic Benefit

The economic benefit for cotton production in designed treatments in the experimental
zone was evaluated as follows [44]:

Ey=Gp—ly—Fy—O (11)

where Ej, is the economic benefit, CNY-hm?; Gp is the gross profit, CNY-hm~2; [, is
the irrigation cost, CNY-hm~Z; Fy, is the fertilizer input, CNY-hm~Z; O is other inputs,
CNY-hm2.

2.3.8. Observation of Groundwater Depth and Meteorological Data

Meteorological data, including daily rainfall, wind speed, and temperature, were
obtained from an automatic weather station (YM-03A) located 43 m away from the field
experiment area. The groundwater buried depth during the cotton growth period was
observed by an automatic record water level meter.

2.3.9. Entropy Weight TOPSIS Method

The entropy weight TOPSIS method is a comprehensive evaluation method that
applies the entropy weight method for the weights of indexes and the TOPSIS method for
decisions.

The detailed calculation formulas for measuring the index weights are as follows:

1-E

W= o (12)
Ej=—In(n)" ; pijln(pij) (13)
Yij
i = (14)
Py Yij
yij = omin(n) o (15)

max(rj) — min(r;)

where W; is the entropy weight; E; is the entropy value for the jth index; p;; is the proportion
of the ith evaluation object under the jth index; y;; is the dimensionless value of the ith
evaluation object under the jth index; r;; is the value of the ith evaluation object under the
jth index.

The detailed equations for deciding the relative proximity are as follows:

D-

““briD

(16)
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17)

..,n (18)
..,m (19)
(20)

where C is the relative proximity; D* and D™ are the positive and negative ideal solution
distances between the target value and the ideal point, respectively.

2.4. Data Analysis

One-way analysis of variance (ANOVA) was performed with Duncan’s multiple range
test at p < 0.05 in SPSS 20.0 (SPSS Inc., Chicago, CA, USA) to evaluate the influence of soil
water regulation on cotton yield, WUE, PFPN, fiber quality and soil salt accumulation. The
soil water content and soil salinity were analyzed for average and standard deviation for
each treatment (n = 3). The entropy weight TOPSIS analysis for all indexes was performed
with online software (SPSSAU). Additionally, Origin 9.0, ArcGIS 10.5 and Auto CAD 2016
were used to draw the figures.

3. Results
3.1. Water Consumption Characteristics of Cotton

The variation in soil water content in the designed wetting layer during the growth
period of cotton is shown in Figure 4a. The soil moisture for each treatment at seedling
stage (15 May) was 18%, which was close to the FC, while the soil moisture after cotton
harvest (17 September) was significantly decreased compared with that in the seedling
stage. Due to the higher soil water lower limit in T1 treatment, the irrigation quota for
T1 treatment was small, and the irrigation frequency was higher than in other treatments;
moreover, the soil moisture for T1 treatment usually decreased from 100% FC to 85% FC
within 3~4 days. Contrarily, as the soil water lower limit for T5 treatment was low, the soil
moisture after each irrigation was higher than the designed soil water lower limit for a long
time, which resulted in a low irrigation frequency with an interval of about 26 days. As
shown in Figure 4b, the irrigation frequency and cumulative irrigation quota for treatments
both followed T1 > T2 > T3 > T4 > T5, the cumulative irrigation quota for T1 treatment
reached as high as 378 mm, and the cumulative irrigation quotas for the T2, T3, T4 and T5
treatments decreased by 9.52%, 30.65%, 38.99% and 44.94%, respectively, compared with
that for the T1 treatment.

According to the soil moisture for treatment on 11 April, 19 June, 26 July, 22 August
and 17 September, the daily water consumption intensity of cotton was evaluated with
Formula (2), and the result is shown in Table 2. The average daily water consumption
intensity of cotton from seedling stage to early bud stage was 0.87~1.95 mm-d !, while the
maximum water consumption intensity for T1 treatment was 1.95 mm-d~L; however, the
daily water consumption intensity for the T2, T3, T4 and T5 treatments decreased by 47.96%,
124.17%, 84.69% and 41.21%, respectively, compared with that for the T1 treatment. Addi-
tionally, the average daily water consumption intensity of cotton was 3.03~5.78 mm-d !
from late bud stage to flowering stage, and the values for the T4 and T5 treatments were
significantly lower than those for the T1, T2 and T3 treatments. Moreover, the average daily
water consumption intensity of cotton in the boll forming stage was 2.52~5.82 mm-d !, and
the T2 treatment obtained the maximum value of 5.82 mm-d !, which was 7.29%, 73.56%,
28.92% and 130.35% higher than that of the T1, T3, T4 and T5 treatment, respectively.
Furthermore, the daily water consumption intensity during the boll opening period of
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cotton was basically maintained at 1.92~3.71 mm-d !, and the T4 treatment yielded the
maximum value.

=
o
T

=
(2]
T

=
N
T

=
o
T

Soil water content (%)
=

411 5/ 521 6/10 6/30 7/20 89 8/29 9/18 10/8
Date (month/day)

—T1 -T2 —T3 T4 —T15
(b)
350 |

Cumulative irrigation amount (mm)

0 1 1 1 1 1 1 1 1

411 51 521 6/10 6/30 7/20 8/9 829 9/18 10/8
Date (month/day)

Figure 4. Variation in soil water content and accumulative irrigation amount for treatments. (a) Vari-
ation in soil water content; (b) Accumulative irrigation amount.

Table 2. The daily water consumption intensity and water consumption percentage of cotton.

Seedling~Budding Budding~Flowering Boll Forming Boll Bearing
(4/11~6/19) (6/20~7/26) (7/27~8/22) (8/23~9/17)
Treatment

Intensity Modulus Intensity Modulus Intensity Modulus Intensity Modulus

(mm-d-1) (%) (mm-d—1) (%) (mm-d-1) (%) (mm-d—1) (%)
T1 2.08 25.31 5.78 37.65 5.41 25.74 2.47 11.30
T2 1.46 19.80 5.47 39.77 5.63 29.89 2.06 10.54
T3 0.99 15.72 5.84 49.56 3.11 19.26 2.59 15.45
T4 1.24 20.81 2.95 26.51 4.56 29.88 3.61 22.79
T5 1.55 29.14 3.79 38.27 2.47 18.17 2.03 14.42

The water consumption percentage of cotton for treatments in each growth period is
shown in Table 2. The water consumption modulus of cotton in growth stages follows late
bud stage to flowering stage (irrigation interval of 37 days), boll stage (irrigation interval of
27 days), seedling stage to early bud stage (irrigation interval of 69 days), and then the boll
opening stage (irrigation interval of 26 days). Due to the high value of the cotton water
consumption modulus, the late bud stage to boll forming stage becomes the key period
for water absorption by cotton. The T2 treatment obtained the highest water consumption
modulus during the late bud stage to boll forming stage. However, compared with that
for the T2 treatment, the water consumption modulus for the T1, T3, T4 and T5 treatments
decreased by 10.61%, 0.80%, 22.23% and 19.15%, respectively.
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The above results indicated that an irrational soil water lower limit was not conducive
to the reasonable allocation of water consumption modulus throughout the whole growth
period of cotton. Moreover, the soil water lower limit of 75% FC was in accord with the high
value of the water consumption modulus in the key period of water demand by cotton.

3.2. Cotton Yield, Water and Nitrogen Use Efficiency

Generally, the cotton yield can be comprehensively affected by boll number per plant,
harvest density, average boll weight, and lint percentage. As shown in Figure 5, there
was a significant difference in yield components for treatments. T2 treatment obtained the
highest boll number per plant, which was 10.44%, 9.85%, 15.80% and 11.65% higher than
the boll number per plant obtained with the T1, T3, T4 and T5 treatments, respectively.
The average boll weight of cotton with the T5 treatment was significantly lower than that
with the other treatments (p < 0.05), while there were no significant differences for the
T1, T2, T3 and T4 treatments (p > 0.05). Moreover, the T1 treatment obtained the highest
value for harvest density, and the T3 treatment followed, while there were no significant
differences among the T2, T4 and T5 treatments (p > 0.05). The lint percentage of cotton
with the T1 treatment was significantly higher than that with the other treatments, which
indicates that the increase in the soil water lower limit was conducive to an increase in the
lint percentage of cotton. There was no significant difference in cotton yield between the
T1 and T2 treatments; however, cotton production with the T3, T4 and T5 treatments was
significantly lower than that with the T1 and T2 treatments. Additionally, with the decrease
in the soil water lower limit, both the WUE and IWUE increased gradually, while the PFPN
decreased. WUE and IWUE for the T2 treatment were significantly higher than those for
the T1 treatment; however, there was no significant difference in PFPN between the T1 and
T2 treatments.
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Figure 5. The yield components and WUE, INUE and PFPN for treatments. Different letters above
the boxes indicate a significant difference at p < 0.05 according to the Duncan test.

The results above indicated that rational reduction in the soil water lower limit within
a certain range has no significant effect on the single boll weight of cotton, but when the
soil water lower limit was lower than 45% FC, the single boll weight of cotton significantly
decreased. Moreover, the cotton yield and PFPN increased with the increase in soil water
lower limit, whereas when the soil water lower limit exceeded 75% FC, the increase had
little effect on yield or PEPN improvement.
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3.3. Fiber Quality

The cotton fiber quality corresponding to different soil water lower limits is shown in
Figure 6. The fiber length uniformity index of cotton for all treatments was higher than 86%,
which indicated that the fiber length uniformity index for designed treatments reached
the high level. In addition to the fact that the fiber strength for T1 treatment was at the
low level, the fiber strength for T2, T3, T4 and T5 treatment remained in the middle level.
Moreover, the fiber elongation for treatments was higher than 7, which stayed at a high
level. In addition, the cotton fiber micronaire value for treatments ranged from 3.7 to 5.0,
which belonged in the middle level.
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Figure 6. The cotton fiber quality for treatments. Different letters above the boxes indicate a significant
difference at p < 0.05 according to the Duncan test.

As shown in Figure 6, the fiber length of cotton increased with the increase in soil water
lower limit, while the fiber length decreased with the increasing soil water lower limit as the
limit rose higher than 75% FC. The fiber strength increased first and then decreased with the
decrease in soil water lower limit, and the fiber strength of cotton for T4 treatment achieved
the highest value, which indicated that an appropriate decrease in the soil water lower
limit was conducive to an increase in fiber strength. The micronaire value and maturity
index of cotton fiber increased with the decrease in soil water lower limit, which indicated
that the lower the soil water lower limit, the higher the maturity index and micronaire
value of cotton fiber. Moreover, the cotton fiber elongation was positively correlated with
the soil water lower limit. The fiber elongation for T1 and T2 treatments was significantly
higher than that for the T3, T4 and T5 treatments, which implied that the decrease in the
soil water lower limit was not conducive to an improvement in cotton fiber elongation.
Additionally, with an increase in soil water lower limit, the length uniformity index and
textile consistency index of cotton fiber increased first and then decreased, and the T2
treatment and T4 treatment reached the maximum value of the length uniformity index and
textile consistency index of cotton fiber, respectively. Additionally, the length uniformity
index and textile consistency index of cotton fiber for the T2, T3 and T4 treatments were
significantly higher than those for the T1 and T5 treatments, which indicated that a soil
water lower limit too high or too low was unfavorable for the length uniformity index and
textile consistency index of cotton fiber. Moreover, the short fiber index for the T2 treatment
was lower than that for other treatments.



Agronomy 2022, 12, 1246 12 of 18

3.4. Soil Salt Accumulation

Irrigation was regulated according to the soil moisture lower limit. During the boll
bearing stage, the T1, T2 and T4 treatments were irrigated, while the T3 and T5 treatments
were not irrigated. The variation in soil salt content for treatments from sowing to harvest
is shown in Figure 7. Affected by the horizontal migration of soil salt inside the film to
outside the mulch, and the deep soil salt outside the membrane accumulated to the surface;
the top soil salt accumulation inside the film was significantly less than that outside the
film. Owing to the topsoil evaporation, the soil salt accumulation in 0~60 cm was higher
than that in the 60~100 cm soil layer. As shown in Figure 7a,b, there was no significant
difference in soil salt accumulation inside the film between T1 and T2 treatments (p > 0.05),
while the salt accumulation outside the mulch for the T1 treatment was significantly higher
than that for the T2 treatment. The irrigation quota for the T3 treatment (41 mm) was less
than that for the T5 treatment (64 mm) in the boll opening stage, which was in accord with
the fact that the soil salt accumulation for the T3 treatment was higher than that for the T5
treatment. Additionally, as shown in Figure 7c, the total salt accumulation in 0~100 cm
followed T3 > T5 > T1 > T2 > T4.
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Figure 7. Soil salt accumulation for treatments in the boll opening stage of cotton. (a) Soil salt
accumulation in the film; (b) Soil salt accumulation outside the film; (c) The total soil salt accumulation.
Bars are the means + one standard error of the mean (n = 3). Different letters above the error bars
indicate a significant difference at p < 0.05 according to the Duncan test.

The soil salt accumulation rates for treatments in the 0~100 cm layer inside and
outside the film are shown in Table 3. At the end of the growth period, except for the soil
desalination in 60~100 cm inside the film for the T5 treatment, the soil salt accumulation
rates in each soil layer inside and outside the film for the treatments were higher than 0.
The salt accumulation rate in the 0~60 cm layer inside the film was 96.64% ~ 230.36%, which
was 2.25~22.46 times more than that in the 60~100 cm layer inside the film. Additionally,
the salt accumulation rate in the 0~60 cm layer outside the film was 119.27% ~ 226.46%,
which was 3.78~7.38 times more than that in the 60~100 cm layer outside the film. The soil
salt accumulation rate outside the film was about 0.72~1.82 times more than that inside
the mulch in the 0~100 cm layer. Moreover, the salt accumulation rate in the 0~60 cm layer
outside the film was 0.75~1.43 times more than that in the 0~60 cm layer inside the film, and
the salt accumulation rate in the 60~100 cm soil layer outside the film was 0.38~6.70 times
more than that in the 60~100 cm layer inside the film. Both inside and outside the film, the
soil salt accumulation rate in the 0~60 cm layer was 3.01~21.21 times more than that in the
60~100 cm layer. In conclusion, the salt accumulation rate in the 0~100 cm layer followed
T3>T5>T1>T2>T4.
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Table 3. Salt accumulation rate in different soil layers inside and outside film for treatments (%).

Treat ¢ Soil Layers Inside the Film (cm) Soil Layers Outside the Film (cm) Soil Layers (cm)
reatmen
0~60 60~100 0~100 0~60 60~100 0~100 0~60 60~100 0~100
T1 154.77 b 6.89 c 87.44 bc 174.57 b 46.17 a 121.55b 161.51 be 18.85 ¢ 98.54Db
T2 157.66 b 10.38 ¢ 90.56 b 119.27 c 21.83 ¢ 79.03 c 144.47 c 1381 ¢ 86.77 c
T3 230.36 a 61.98 a 153.87 a 172.69 b 23.39c 111.04 Db 21049 a 50.22 a 139.84 a
T4 96.64 ¢ 4295b 7194 c 138.20 ¢ 2320 c 90.71c 110.77d 36.86 b 78.03 c
T5 149.51 b —251c 80.28 bc 226.46 a 32.80Db 146.49 a 175.81b 829c 101.86 b
Note: different letters following the values mean a significant difference at p < 0.05.
3.5. Optimization of Irrigation System
The entropy TOPSIS method was used for the independent evaluation of 13 cotton
yield indexes to select an appropriate soil moisture regulation model. The evaluation
indexes and the corresponding assignments for treatments are shown in Table 4. Generally,
the smaller the cotton fiber maturity index and short fiber index, the higher the cotton
quality. Additionally, when the elongation and micronaire value of cotton fiber were higher
than 7 and 4.2, respectively, the smaller the fiber elongation the micronaire value of cotton
fiber, the higher the cotton quality [45].
Table 4. Evaluation index layer and indices assignment.
irst- Treatment
First-Class Second-Class Index Layer Index Index
Index Layer Number Type T1 T2 T3 T4 T5
Yield Index Yield (kg-hm—2) 1 Positive ~ 7233.2a  7146.5a  6577.6b  6127.4bc  5988.4 c
Water and WUE (kg-m~3) 2 Positive 129 ¢ 143D 1.54b 1.52b 1.67 a
nitrogen index PFPN (kg-kg™1) 3 Positive 2411a 23.82a 21.93b 20.43 bc 19.96 ¢
Salt index Salt accumulation (g-m~?2) 4 Reverse 902.8 b 801.53c 1306.1a 73225c¢  938.54b
Fiber length (mm) 5 Positive  31.65 ab 32.69 a 31.07ab  31.22ab 30.84 b
Length uniformity index (%) 6 Positive 87.1b 89 a 88.8 a 88.5a 87.6b
Breaking strength (cN/tex) 7 Positive 253 ¢ 275b 27.5b 29.6 a 274b
Quality index Elongation rate (%) 8 Reverse 12.1a 11.6 a 10.3b 105b 105b
el Micronaire 9 Reverse ~ 474b  474b  465b  48lab  5a
Short fiber index (%) 10 Reverse 4 ab 3.6b 39 ab 46a 4.1 ab
Maturity index 11 Reverse 0.83b 0.83b 0.84 ab 0.84 ab 0.85a
Textile consistency index 12 Positive 137 ¢ 153 a 150 a 154 a 141b
Economic Economic benefit -
index (CNY-hm~2) 13 Positive ~ 27,242a  26,856a  23,278b 20,257 ¢ 19,416 ¢

Note: Positive type indicates the larger index value is better, while the reverse type indicates the smaller index
value is better. Different letters following the values mean a significant difference at p < 0.05.

The ranking results for treatments based on the entropy weight TOPSIS analysis is
shown in Table 5. T2 treatment and T5 treatment obtained the first and fifth order, which
indicated that the soil moisture regulation model for the T2 treatment was better than that
for the other treatments.

Table 5. The results of entropy weight by TOPSIS comprehensive analysis.

Treatment T1 T2 T3 T4 T5

Positive ideal solution distance D* 0.17 0.08 0.16 0.20 0.24
Negative ideal solution distance D™ 0.20 0.25 0.17 0.16 0.11
Relative proximity C 0.54 0.77 0.52 0.45 0.31

Rank 2 1 3 4 5




Agronomy 2022,12, 1246

14 0f 18

4. Discussion
4.1. Water Consumption Characteristics of Cotton

Generally speaking, the water consumption by the crop during the growth period is
positively related to the irrigation quota: the higher the irrigation quota, the higher the crop
water consumption. This study indicated that when the irrigation quota was 201~378 mm
during the growth period of cotton under mulch drip irrigation, the corresponding water
consumption was 366.6~568 mm, which was in accord with the results of Yan et al., who
implied that the water demand of cotton during the whole growth period under mulch drip
irrigation in southern Xinjiang was 543.2 mm, and the corresponding water consumption
was 441.2~624.5 mm when the drip irrigation quota was 262~427 mm [46]. Additional
research showed that both the flowering stage and boll stage were the key water demand
periods for cotton growth and development; the small “average daily water consumption
intensity” and “water consumption modulus” are not conducive to the formation of cotton
bolls, and may result in a decrease in cotton production [17]. This study showed that
the daily water consumption intensity was 2.47~5.84 mm-d ! from late bud stage to boll
stage, and that the water consumption modulus reached 56.40~69.66%. The results of the
present study were similar to the results of Wang et al., who carried out field experiments
in southern Xinjiang and found that the water consumption modulus of cotton at flowering
and boll stage reached 60.4~61.8%, and that the water consumption modulus of cotton
at bud stage was about 16.2~18.5% [47]. These ranges are conducive to achieving high
cotton yield by maintaining a suitable water consumption modulus during the critical
water demand period of cotton. The present study implied that the water consumption
modulus for the T2 treatment was higher than that of other treatments in the critical period
of cotton; from the perspective of the proper water consumption modulus, the suitable soil
water lower limit for cotton in southern Xinjiang is 75% FC.

4.2. Cotton Yield, Water and Nitrogen Use Efficiency

Studies have shown that the decrease in boll density was the main factor that resulted
in a decrease in cotton yield [36]. Additionally, decreases in the effective number of bolls
per plant and the average boll weight also resulted in a decrease in cotton yield to a certain
extent [34]. Cai et al. reported that long-term water deficits would result in metabolic
disorders in cotton plants and a reduced growth rate, which had negative impacts on the
economic yield of cotton [48]. However, the fiber yield from sufficient irrigation usually
did not reach the maximum value [49,50]. The present study indicated that increases in
the irrigation quota were conducive to improving cotton lint, harvest density and average
boll weight; however, when the soil moisture lower limit exceeded 85% FC, the number
of effective bolls per plant declined. Moreover, the WUE and IWUE increased with the
decrease in soil water lower limit, while the cotton yield and PFPN decreased. Although
the WUE and IWUE for the T5 treatment were higher than the respective values for the
other treatments, the effective boll number per plant and boll weight with the T5 treatment
decreased, thus reducing the cotton yield with the T5 treatment significantly. Compared
with the T1 treatment, the cotton yield with the T2 treatment decreased only by 1.2%;
however, the corresponding IWUE and WUE increased by 11.82% and 10.28%, respectively.

4.3. Fiber Quality

With the improvement in people’s living standards, the quality of cotton has attracted
more and more attention. Generally, with water-saving irrigation for cotton, considerable
declines occurred in fiber length, the fiber uniformity index and the textile consistency
index, while the short fiber index increased accordingly [51,52]. This study indicated that
the cotton fiber length, length uniformity index, and textile consistency index decreased,
while the short fiber index increased when the soil water lower limit was too high or too
low. That may be due to the fact that when the soil water lower limit exceeded the critical
value, over-irrigation may lead to more immature bolls and result in reduced fiber quality
correspondingly [53]. When the soil water lower limit was lower than the critical value,
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the crops suffered from severe drought and the plants could not grow normally; thus, the
cotton quality declined. The micronaire value usually serves as a comprehensive index
that is used for representing the fineness and maturity of cotton fiber [54], and the greater
the fiber elongation, the less the cotton rigidity. A lower irrigation quota for cotton tends
to result in a higher micronaire value and lower fiber elongation [55-57]. Similar results
have been indicated in this study; with the decrease in the soil water lower limit, the higher
the cotton maturity index, the greater the cotton micronaire value, and the smaller the
fiber elongation. Basal H. et al. implied that the fiber strength decreased with increases
in the soil water deficit [58]. Additionally, this study implied that the fiber strength could
be significantly improved by appropriately reducing the soil water lower limit, which
was similar to the results of Shen, who found that moderate water stress was beneficial to
improve cotton fiber strength [21]. Moreover, Witt et al. believed that cotton had lower
fiber strength at the highest irrigation rate [53].

4.4. Soil Salt Accumulation

The soil salt distribution and spatiotemporal migration process can be influenced
by mulched drip irrigation effectively during the cotton growth period [59]. Wang et al.
found that soil salt accumulated in the 0~40 cm soil layer and desalinated in the 80~100 cm
layer in the vertical direction during the non-irrigation period, while in the irrigation
period, soil salt desalinated in the 0~20 cm layer and accumulated in the 40~100 cm layer;
however, total soil salt in the 0~100 cm layer remained unchanged [60]. The results of
Zhang et al. showed that at the end of the cotton growth period, soil salt accumulated
between the plastic films, and the soil salt content between the films was 1.24~2.34 times
greater than that below the drip irrigation belt [61]. This study indicated that the soil salt
accumulated both inside and outside the membrane with each treatment at the end of the
cotton growth period. Influenced by the horizontal migration of soil salt inside the film
and the evaporation from topsoil outside the film, the soil salt accumulation rate outside
the membrane in the 0~100 cm soil layer was 0.72~1.82 times more than that inside the
membrane. With the influence of topsoil evaporation, the soil salt accumulation rate in
the 0~60 cm soil layer was 3.01~21.21 times more than that in the 60~100 cm layer. Li et al.
indicated that with an increase in the irrigation lower limit under mulch drip irrigation with
saline water, the soil moisture in the designed wetting layer increased and more soil salt
migrated outside the film, whereas the crop yield decreased with a decrease in the irrigation
lower limit [62]. However, an excessively small irrigation quota was not conducive to soil
salt leaching. The present study indicated that, after harvest, the irrigation model for the T2
and T4 treatments could ensure that the soil remained under low salt condition. In order to
maintain the regional water and salt balance and the sustainable planting of cotton, it is
necessary to apply supplementary irrigation with a large quota of fresh water during the
non-growth period of cotton to leach the accumulated soil salt.

5. Conclusions

With the increase in the soil water lower limit, both the irrigation frequency and
irrigation quota increased and the cotton yield increased, while the WUE and IWUE
decreased. The cotton yield reached as high as 7146 kg-hm~2 when the soil water lower
limit was set at 75% FC. In particular, cotton fiber quality was influenced significantly
by soil moisture regulation, and the lower the soil water lower limit, the greater the
micronaire value, the higher the maturity index, and the less the fiber elongation. Moreover,
appropriate reduction of the soil water lower limit (decreased from 85% FC to 75% FC)
was conducive to an increase in the fiber length and textile consistency index and an
improvement in fiber strength. After cotton harvest, soil salt accumulated inside and
outside the film for all treatments, especially inside the film, where the soil salt accumulation
rate was about 0.87~1.82 times higher than that outside the mulch, while the soil salt
accumulation rate in the 0~60 cm layer was 3~21.21 times higher than that in the 60~100 cm
layer. Based on a comprehensive analysis by the entropy TOPSIS method, the proper soil
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water lower limit for cotton mulched drip irrigation during the growth period was 75% FC,
and the corresponding irrigation quota was 334 mm.
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