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Abstract: Saline water irrigation has been widely used for crop production where agriculture is short
of freshwater. However, information about the response of soil respiration to saline water irrigation
is limited. To identify the effect of saline water irrigation on soil respiration, the experiment based
on long-term saline water irrigation cotton fields (since 2006) was conducted in the Heilonggang
area in 2021. Five salinity levels in irrigation water were tested (3.4 [S1], 7.1 [S2], 10.6 [S3], 14.1 [S4],
and 17.7 dS m−1 [S5]), and deep ground water (1.3 dS m−1) was used as the control (CK). After
15 years of saline water irrigation, we monitored soil physicochemical properties and soil respiration.
In addition, we developed a structural equation model of the relationship between them. The results
demonstrated that saline water irrigation significantly reduced soil water-stable aggregate content and
porosity by 4.42–45.33% and 6.52–14.10%, respectively, and attenuated soil cellulase, α-glucosidase,
and alkaline phosphatase activity. Soil respiration under saline water irrigation was significantly
reduced by 5.28–33.08%. Moreover, saline water irrigation with salinity below 10.6 dS m−1 had
no significant effect on cotton yield. Moreover, soil salinity (62%), water-stable aggregate content
(46%), and soil porosity (25%) had significant effects on soil respiration, and soil porosity had a
significant positive effect on soil alkaline phosphatase activity according to the structural equation
model. Overall, saline irrigation with salinity below 10.6 dS m−1 can alleviate water shortages and
reduce soil carbon emissions without affecting cotton yield in the study area.

Keywords: saline water irrigation; cotton; soil respiration; soil physical and chemical properties;
cotton yield; structural equation model

1. Introduction

Agriculture is one of the major sources of greenhouse gas emissions [1]. The Fifth
Assessment Report of the IPCC stated that greenhouse gas emissions from agricultural
sources account for 24% of total global greenhouse gas emissions. Notably, from 1993 to
2007, the growth of greenhouse gas emissions in China was higher than that of the world’s
average greenhouse gas emissions from agricultural activities [2]. Increasing global carbon
dioxide (CO2) emissions results in additional climate warming [3]. Soil respiration (SR)
is essential to the global carbon balance. It controls carbon emissions from the soil to the
atmosphere that arise from the activities of roots and microbial populations [4]. SR is
of great significance for accurately assessing the carbon budget of terrestrial ecosystems.
Therefore, it is of great practical value to study SR in the agriculture field and consider
mitigation strategies.

Irrigation is an important factor affecting agricultural environments and crop pro-
duction [5]. However, the shortage of fresh water is getting worse. Exploiting alternative
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sources of fresh water has become important for alleviating irrigation water shortages [6].
Some researchers reported that saline water irrigation (SWI) could be applied for agri-
cultural irrigation [7,8]. Abakumov et al. indicated that irrigation with water sources
with mineralization rates of up to 2.8–3.5 g L−1 increased the wheat yield by 1.5 c ha−1

compared to the control [9]. The experimental results of Wang et al. showed that the
salinity of irrigation water had no significant effect on cotton yield [10]. Therefore, the
scientific and rational utilization of saline water is of great significance to solve the shortage
of irrigation water resources [11]. The Heilonggang area is one of the principal areas in
producing grains and cotton in the North China Plain. Due to the extreme shortage of
surface water in this region, the deep groundwater has been overexploited for a long time,
which seriously affects the sustainable use of water resources and the stable development
of agriculture. As an alternative source of fresh water, shallow underground saline water
resources in this area are abundant and widely distributed [12]. Therefore, it is necessary to
conduct research in this area on SWI under freshwater resource shortage.

Carbon emissions are one of the important components of the soil carbon cycle. Carbon
emissions due to SR are mainly influenced by the soil’s physical and chemical properties,
including soil structure, soil enzyme activity, etc. The authors of [13] found a significant
positive correlation between SR and soil porosity. This is because soil with large porosity
has a good aeration environment, which is more conducive to SR. The research showed
that soil aggregates significantly affected the microbial community, which in turn affected
SR [14]. The authors of [15] proposed that increased soil enzyme activities such as soil
cellulase and alkaline phosphatase promoted SR. In addition, some studies have found
that soil structure can affect soil microorganisms [16]. Bhattacharyya et al. indicated that
the loss of porosity in macroaggregates decreased the enzyme activity in cropped soils [17].
Xia et al. showed that soil texture ranked second after pH in shaping the soil microbial
community [18]. Therefore, the study of SR should not only consider soil microorganisms,
but also the soil structure for comprehensive analysis.

Currently, the SR research focuses on different fertilization, water and fertilizer in-
tegration, and irrigation methods [19,20]. Few researchers have studied SR with SWI.
Previous studies have found that saline water has effects on soil physical and chemical
properties [21,22]. The authors of [23] proposed that the bulk density of the soil plow layer
increased with increased irrigation-water salinity, while soil porosity and the content of
macroaggregates in the plow layer decreased. The authors of [24] found that increased
salinity reduced the activity of soil enzymes in coastal marshes, leading to limited SR. This
may be because the salt brought in during saltwater irrigation has a series of reactions
with the aggregate structure, chemical elements, and organisms in the soil, resulting in
changes in the physical and chemical properties of the soil. However, information on the
relationship between soil structure and soil enzyme activity as well as links between carbon
emissions and soil physical and chemical properties under SWI remain poorly understood.

Previous studies only considered the causes of SR changes from a single perspective.
We attempt to explain the changes of SR in SWI from the perspective of soil structure and
enzyme activity by measuring soil physical and chemical properties such as soil porosity,
water-stable aggregate content, and soil enzyme activity. We want to propose irrigation
water salinity that has little impact on cotton yield and can reduce carbon emissions in
this area by measuring cotton yield and SR. The detailed objectives of this study are
(1) to analyze the effect of SWI on soil physical and chemical properties; (2) to explore
the responses of cotton yield and SR under SWI; and (3) to study the effect of SWI on
relationships between SR and soil physical and chemical properties.

2. Materials and Methods
2.1. Study Site Description

The experiment was conducted at the dry-land farming and water-saving agricultural
test site (37◦44′ N, 115◦47′ E; and 21 m above sea level) at the Dry-Land Farming Institute
of Hebei Academy of Agriculture and Forestry Sciences (Figure 1). The study site is
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characterized by a semi-humid and semiarid climate with an annual average temperature
of 12.8 ◦C. The annual average rainfall is 500 mm, which mostly occurs during July and
September. The soil texture of the experimental field is loam (0–20 cm), and the groundwater
depth is below 5 m. This study was carried out in the field with long-term saline water
irrigation. The physical and chemical properties of the soil plow layer at the beginning of
the experiment in 2006 are presented in Table 1.
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Figure 1. (a) Location of the study site and (b) plots of long-term saline irrigation experiment. Note:
The data come from the results of a groundwater resource evaluation in 2003. Accessed on 15 March
2021. (http://www.cigem.gov.cn/kjqb/jx001_1.htm).

Table 1. Physical and chemical properties of soil plow layer at beginning of experiment in 2006.

ECe
(dS m−1)

SAR
(meq L−1)1/2 pH OM

(g kg−1)
N P K Ca2+/Mg2+

Ratio
BD

(g cm−3)(mg kg−1)

2.12 1.04 8.05 11.5 76 15 112 4.44 1.37

Note: ECe = electrical conductivity of a saturated soil extract. SAR = sodium adsorption ratio. Ca2+ = calcium
ion. Mg2+ = magnesium ion. OM organic matter. N: available nitrogen. P: available phosphorus. K: available
potassium. BD: bulk density.

2.2. Experimental Design

The long-term saline water irrigation experiment began in April 2006. The experi-
mental plots were arranged in a randomized block design, and each plot was 37.62 m2

(6.6 m × 5.7 m) in area. According to the reports, shallow groundwater salinity in the
Heilonggang region tends to increase from low plains to coastal plains, mainly ranging
from 2 to 10 g L−1 (about 3.4 to 17.7 dS m−1) [25,26]. Therefore, five salinity levels of
irrigation water were tested in the study: 3.4, 7.1, 10.6, 14.1, and 17.7 dS m−1, named S1,

http://www.cigem.gov.cn/kjqb/jx001_1.htm
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S2, S3, S4, and S5, respectively. The treatments were replicated three times. In addition,
local deep groundwater with an EC of 1.3 dS m−1 (considered as freshwater) was used as
the control treatment (CK). The shallow saline groundwater in the study area was mainly
formed by continental salinization and seawater intrusion and primarily included Na+ and
CL− ions [27]. Therefore, the irrigation water for the S1–S5 treatments was obtained by
mixing deep groundwater (1.3 dS m−1) with sea salt. The ion content in the irrigation water
is presented in Table 2. The irrigation method was border irrigation, and the water meter
was used for measurement. Irrigation water was supplied when the soil moisture content
was lower than 65% of the field capacity.

Table 2. Electrical conductivity and salt-ion composition of the irrigation water.

Treatment
Water Salinity

(dS m−1)

Ion Concentration (mEq L−1)

Ca2+ Mg2+ K+ Na+ SO42− HCO3− CL−

CK 1.3 1.43 1.61 0.15 10.73 5.88 1.04 7.36
S1 3.4 1.71 3.19 0.18 25.62 10.32 1.11 21.45
S2 7.1 2.00 4.60 0.20 56.44 16.91 1.21 47.27
S3 10.6 2.33 5.78 0.23 87.84 23.34 1.31 73.58
S4 14.1 2.79 6.26 0.25 119.97 30.14 1.44 100.04
S5 17.7 3.21 7.03 0.28 150.46 36.89 1.56 126.22

This paper took the 16th year of continuous SWI experiments (2021) as an example
to analyze the effects of long-term SWI on SR. Spring cotton cultivar Ji 863 was sown on
29 April and harvested on 9 November 2021. The 2021 experiment was conducted from
April to November. Field preparation, tillage, and fertilizer application were conducted on
28 April. A total of 750 kg ha−1 of compound fertilizer (15% N, 15% P2O5, and 15% K2O)
was applied to the plots, followed by rotary tillage. Cotton was sown manually, with three
seeds per hole in each plot. The rows had an alternating narrow-wide spacing of 50–90 cm,
and the narrow rows were mulched with transparent plastic film.

The irrigation dates and quotas of the six treatments were the same during the exper-
iment. Irrigation water of 75 mm was applied on 23 April and 6 July. Daily air tempera-
tures and precipitation were collected from a weather station (Figure 2). The rainfall was
587.6 mm during the experimental period. The rainfall in the bud stage (from 14 June to
11 July) and the flowering and boll stage (from 12 July to 28 August) were 71.20 mm and
159.60 mm, respectively.
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2.3. Soil Physical and Chemical Properties Measurement

The current study’s soil physical and chemical properties included soil salinity, water-
stable aggregates, porosity, and enzyme activity. Soil samples were collected from the soil
tillage layer (0–20 cm layer). The sampling dates were 19 April (BE: before the experiment),
5 July (BS: the bud stage), and 14 August (FBS: the flowering and boll stage).

2.3.1. Soil Salinity

After air-drying, the soil samples were ground and then sieved using a 1 mm sieve.
The electrical conductivity (EC1:5) of the mixed solution, prepared using soil and water in a
1:5 ratio by weight, was measured using a conductivity meter (Orion Star A322, Thermo
Scientific, Waltham, MA, USA). To facilitate comparisons with other international research,
the EC of the saturated soil extract (ECe) was also measured. The saturated paste was
prepared according to the US Salinity Laboratory (1954) method, which was employed
to obtain a saturated extract. ECe was measured using the conductivity meter, and the
relationship between the EC1:5 and ECe is expressed by Equation (1):

ECe= 9.367EC1:5 − 0.001
R2= 0.990

(1)

2.3.2. Soil Water-Stable Aggregates

The TPF-100 soil aggregate structure analyzer was used to determine the composition
of soil water-stable aggregates, and the determination method was the wet sieving method.
A total of 50 g of the air-dried soil sample was put into the top layer of the sieve. The mesh
sizes of the sieves were 5, 2, 1, 0.5, 0.25, and 0.053 mm, respectively. The soil of all the sieve
layers was collected into aluminum boxes after sieving. Then, the soil was weighed after
being dried in an oven at 60 ◦C.

R0.25 (>0.25 mm water-stable aggregate content) was calculated as follows [28]:

R0.25 =
Mi>0.25

MT
(2)

where R0.25 (%) is the soil particle size greater than 0.25 mm water-stable aggregate content.
Mi>0.25 (g) is the mass of water-stable aggregates greater than 0.25 mm in diameter. MT (g)
is the total aggregate mass.

2.3.3. Soil Porosity

The ring-knife method was used to measure soil bulk density [29]. The soil samples
were taken from the 0–20 cm soil layer of each plot, and three ring knives were taken from
each plot.

Soil porosity was calculated as follows:

P = (1 − γ/d) × 100 (3)

where P is the soil porosity (%), γ is the soil bulk density (g cm–3), and d is the soil-specific
gravity (2.65 g cm–3) [30].

2.3.4. Soil Enzyme Activity

Soil enzyme activity was measured using an enzyme activity assay kit (Suzhou Kem-
ing Biotechnology Co., Ltd., Suzhou, China). Soil cellulase, α-glucosidase, and alkaline
phosphatase activity were calculated as follows:

S−CL = (∆A + 0.0462 )/2.5090 × V/W/T (4)

S− α−GC =(∆A + 0.0027)/0.0016 × V/W/T (5)
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S−AKP = 0.725 × (A1 − A0)/(A2 − A0)/W (6)

where S-CL (mg d−1 g−1) is the soil cellulase activity. S-α-GC (µmol d−1 g−1) is the soil
α-glucosidase activity. S-AKP (µmol d−1 g−1) is the soil alkaline phosphatase activity. ∆A
(Abs) is the difference in the photometric value between the measured value group and
the control group, determined by the microplate reader (Thermo Fisher, VarioskanFlash,
Waltham, MA, USA). A0 (Abs) is the luminosity value of the blank group. A1 (Abs) is the
photometric value of the measurement group. A2 (Abs) is the photometric value of the
standard group. V (mL) is the total volume of the reaction system. W(g) is the sample
weight. T (d) is the reaction time. The coefficients in the three formulas are determined
according to the standard regression equation. In Equation (4), the unit of coefficient 0.0462
is Abs, and the unit of coefficient 2.5090 is Abs mL mg−1. In Equation (5), the unit of
coefficient 0.0462 is Abs, and the unit of coefficient 0.0016 is Abs ml µmol−1. In Equation
(6), the unit of coefficient 0.725 is µmol d−1.

2.4. SR Measurement

The static chamber (50 cm by 50 cm by 15 cm) system, made up of a base (groove at
the top), which was permanently installed into the ground, and a chamber box (opaque
PVC), equipped with a battery-powered fan and an access tube for the gas collection, was
used for gas sampling. After sowing the cotton, the base of the sampling box was installed
15 cm below the bare ground between cotton rows with a groove at the top of the base
located at the surface.

Gas samples were collected once a week during the cotton bud, flowering, and boll
stages. Samples were collected for five consecutive days after the irrigation event until the
emission rate stabilized. After the sampling box was fixed on the base, water was poured
into the groove of the base to ensure the tightness of the static chamber system. The gas
was then extracted at 0, 10, 20, and 30 min using a 50 mL syringe. The temperature was also
measured at the same time, and the samples were collected between 8:00 a.m. and 11:00
a.m. The samples were analyzed within 24 h using a gas chromatograph system (Shimadzu
2010 Plus, Shimadzu Co., Ltd., Kyoto, Japan).

The CO2 gas emission fluxes were calculated as follows [31]:

F = ρ × h × 273
273 + T

× dc
dt

(7)

where F is the gas emission flux in mg m−2 h−1, ρ is the gas density in the standard
atmospheric pressure condition, h (m) is the height of the chamber, T (◦C) is the temperature
inside the chamber, dc is the concentration of gases, dt (h) is the interval of time, and dc/dt
(mg m−3 h−1) is the change rate of gas concentrations inside the chamber according to the
slope of data plotted by four sampling points.

The cumulative emissions during the cotton growth season were calculated as fol-
lows [32]:

C =∑n
i=1(F i+1+Fi)/2 × (t i+1 − ti) × 24 (8)

where C is cumulative emissions in mg m−2 h−1, F is the gas emission flux in mg m−2

h−1, i is the number of measurements, (ti+1 − ti) is the number of days between two
measurements, and n is the total number of measurement times.

2.5. Cotton Yield and Components Measurement

Cotton was divided into three batches based on maturity for manual picking from the
central rows of each plot to determine seed cotton yield. The boll number per plant, the
weight of 100 bolls, and the harvesting density were determined at the boll-opening stage.
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2.6. Statistical Analysis

Origin 2019 (Origin, Wellesley, MA, USA) was used to plots the charts. SPSS 23.0 (SPSS,
Chicago, IL, USA) was used for analysis of variation (ANOVA), and Duncan’s multiple
range test was used to compare significant differences. Furthermore, we employed the
structural equation model (SEM) to establish direct versus indirect relationships between
SR and soil physical and chemical properties. We constructed our SEM in the “lavaan”
package [33] of R 4.2.0 (R Core Team (2022)).

3. Results
3.1. Soil Physical and Chemical Properties
3.1.1. Soil Salinity

ECe had a consistent trend in the three stages (BE, BS, and FBS). It showed an increasing
trend with increased irrigation water salinity (Figure 3). Compared with CK, S3–S5 of BE
significantly increased by 88.80–167.79% (p < 0.01) (Figure 3a), while S2–S5 significantly
increased by 70.15–284.66% and 41.60–375.86% in BS and FBS (p < 0.01), respectively
(Figure 3b,c). ECe in BS and FBS was 101.01–188.74% and 1.32–80.05% higher, respectively,
than that in BE. Soil salinity decreased in FBS, which may be related to the rainfall in FBS
(159.60 mm) being higher than that in BS (71.20 mm).
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Figure 3. The soil salinity (ECe) in different growth periods of cotton. (a) ECe in BE; (b) ECe in
BS; (c) ECe in FBS. Letters a, b, c and d located above columns indicate that the means of each
column are/aren’t significantly different (p ≤ 0.05) according to Duncan’s multiple range test
(DMRT). Columns that share the same letter are not significantly different according to the DMRT
(p≤ 0.05). Columns labeled with the different letters are significantly different according to the DMRT
(p ≤ 0.05).

3.1.2. Soil Water-Stable Aggregates

In this study, we found that SWI resulted in a decrease in soil water-stable aggregate
content (R0.25) (Figure 4). Compared with CK, the R0.25 of S1–S5 decreased significantly by
17.79–45.33% in BE (p < 0.01) (Figure 4a), while the R0.25 of S2–S5 significantly decreased
by 4.42–41.92% and 12.63–38.21% in BS and FBS (p < 0.01), respectively (Figure 4b,c).
Compared with BE (Figure 4a), the R0.25 was reduced by 10.97–22.76% and 3.72–17.42% in
BS and FBS, respectively.
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(a) R0.25 in BE; (b) R0.25 in BS; (c) R0.25 in FBS. Letters a, b, c, d and e located above columns indicate
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3.1.3. Soil Porosity

The variation of soil porosity in the three stages was generally consistent and showed
a decreasing trend with increased irrigation water salinity (Figure 5). Compared with CK,
the soil porosity of S2–S5 reduced significantly by 7.39–14.10% (p < 0.05) and 6.52–13.01%
(p < 0.01) in BE and BS, respectively (Figure 5a,b). By contrast, the porosity with S4–S5
treatments significantly decreased by 9.43–10.37% compared with CK in FBS (p < 0.05)
(Figure 5c). Compared with BE (Figure 5a), the soil porosity decreased by 6.20–9.06% and
0.30–4.45% in BS and FBS, respectively (Figure 5b,c).
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3.1.4. Soil Enzyme Activity

The soil enzyme activity decreased as irrigation water salinity increased. The cellulase
activity of S4 and S5 was significantly lower than that of CK in BE (p < 0.05) (Figure 6a–c).
Compared with BE, the alkaline phosphatase activity of BS and FBS was decreased by
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11.03–20.00% and 14.25–35.58%, respectively (Figure 6d–f), and the α-glucosidase activity
of BS and FBS was decreased by 23.52–43.76% and 21.83–37.45%, respectively (Figure 6g–i).
Moreover, the activity of the three enzymes in FBS was higher than those in BS.
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Figure 6. The soil enzyme activity of each treatment in different growth periods of cotton. (a)
The soil cellulase activity in BE; (b) the soil cellulase activity in BS; (c) the soil cellulase activity in
FBS; (d) the soil alkaline phosphatase activity in BE; (e) the soil alkaline phosphatase activity in BS;
(f) the soil alkaline phosphatase activity in FBS; (g) the soil α-glucosidase activity in BE; (h) the
soil α-glucosidase activity in BS; (i) the soil α-glucosidase activity in FBS. Letters a, b and c located
above columns indicate that the means of each column are/aren’t significantly different (p ≤ 0.05)
according to Duncan’s multiple range test (DMRT). Columns that share the same letter are not
significantly different according to the DMRT (p ≤ 0.05). Columns labeled with the different letters
are significantly different according to the DMRT (p ≤ 0.05). Different colors of the columns indicate
different treatments.
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3.2. SR

With increased irrigation salinity, soil CO2 emissions decreased (Figure 7). The trends
for all treatments were consistent at each date. After the irrigation on 6 July, the CO2
emissions of each treatment increased first and then decreased. Although the soil carbon
emissions from SWI treatments (S1–S5) increased after irrigation, they were still lower than
those of CK. Compared with FBS, the variations of SR were more intense in BS, and the SR
values were lower. The highest emissions in BS and FBS were 543.10 and 607.93 mg m−2

h−1, respectively. The lowest emissions in BS and FBS were 139.59 and 201.35 mg m−2 h−1,
respectively (Figure 7).
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Table 3 shows the effects of SWI on CO2 cumulative emissions in different growth
stages of cotton. The cumulative CO2 emissions decreased as irrigation water salinity
increased. Compared with CK, the cumulative CO2 emissions of S1–S5 significantly de-
creased by 5.28–33.08% in BS. In FBS, the cumulative CO2 emissions of S2–S5 significantly
decreased by 15.89–30.70%, and S1 decreased by 6.70% but not significantly compared with
CK. The cumulative CO2 emissions were 49.99–51.70% higher in FBS than those in BS.
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Table 3. CO2 cumulative emissions under different saline water irrigation treatments.

Growth Stage Treatment CO2 Cumulative Emissions (g m−2)

the bud stage

CK 228.86 ± 3.17a
S1 216.77 ± 3.74b
S2 197.27 ± 4.33c
S3 189.18 ± 2.99c
S4 173.85 ± 8.12d
S5 153.15 ± 5.50e

the flowering and boll stage

CK 457.60 ± 9.15a
S1 426.83 ± 8.16a
S2 384.89 ± 11.32b
S3 364.69 ± 31.29b
S4 356.84 ± 21.98b
S5 317.11 ± 23.49c

Note: each value represents mean± standard errors of three replications; Letters a, b and c indicate that the means
of each treatment is/isn’t significantly different (p ≤ 0.05) according to Duncan’s multiple range test (DMRT). The
same letter is not significantly different according to the DMRT (p ≤ 0.05). The different letters are significantly
different according to the DMRT (p ≤ 0.05).

3.3. Cotton Yield

In the cotton growing season of 2021, the final number of bolls, boll weight, and seed
cotton yield did not decrease with increased soil salinity (Table 4). The number of bolls in
S5 was significantly lower than that in CK by 22%. The single boll weight of S4 and S5 was
significantly lower than CK by 19% and 14%. The differences in these indicators among
S1, S2, S3, and S4 treatments were slight. The order of seed cotton yield in 2021 from high
to low was S1, CK, S2, S3, S4, and S5. Compared with CK, the yield of S1 increased by
1.64%, and the yields of S2, S3, S4, and S5 decreased by 3.35%, 7.33%, 20.81%, and 30.49%,
respectively (Table 3). Irrigation water salinity below 10.6 dS m−1 had no significant impact
on cotton yield components and yield in 2021.

Table 4. Composition of cotton yields with different irrigation treatments in 2021.

Treatment
Cotton Harvest Density Boll Weight

(g)
Final Number of Bolls Seed Cotton Yield

(Plants per Hectare) (Number per Plant) (kg hm−2)

CK 45,477 ± 265.95a 6.27 ± 0.15a 20.48 ± 0.06a 4385.86 ± 332.28a
S1 45,566 ± 812.49a 6.43 ± 0.28a 20.28 ± 0.20a 4457.79 ± 72.52a
S2 45,743 ± 531.90a 6.30 ± 0.31a 20.19 ± 0.08a 4238.84 ± 189.74a
S3 45,566 ± 1338.58a 6.23 ± 0.32a 20.42 ± 0.04a 4064.22 ± 293.92a
S4 46,541 ± 265.95a 5.06 ± 0.83b 19.13 ± 0.32a 3473.36 ± 253.96b
S5 46,807 ± 1063.80a 5.39 ± 0.24b 15.93 ± 2.30b 3048.44 ± 268.37b

Note: each value represents mean ± standard errors of three replications; Letters a and b indicate that the means
of each treatment is/isn’t significantly different (p ≤ 0.05) according to Duncan’s multiple range test (DMRT). The
same letter is not significantly different according to the DMRT (p ≤ 0.05). The different letters are significantly
different according to the DMRT (p ≤ 0.05).

3.4. Pathways Determining SR by SWI

We conducted structural equation model (SEM) analyses separately for the data from
BS and FBS (Figure 8). We use ECe for SWI and CO2 cumulative emissions to represent
SR. In BS, SWI significantly and negatively affected R0.25 (p < 0.005), α-glucosidase activity
(p < 0.05), and alkaline phosphatase activity (p < 0.005) (Figure 8a). The effect of R0.25 (46%)
was the greatest on SR among the five soil physical and chemical properties. Among the
three enzymes, alkaline phosphatase activity (22%) has the greatest effect on SR (Figure 8a).
In FBS, SWI had a significant negative effect on R0.25 and α-glucosidase activity (p < 0.005).
Soil salinity (62%) (p < 0.01) and soil porosity (25%) (p < 0.05) significantly affect SR. Among
the three enzymes, α-glucosidase activity (20%) had the most significant effect on SR
(Figure 8b). In addition, soil porosity (43% and 33%) had a significant positive effect on
alkaline phosphatase activity in BS and FBS (p < 0.05) (Figure 8b).
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The numbers adjacent to the lines are the standardized path coefficients, which means how much
standard deviation changes the independent variable if each of the independent variables changes
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chemical properties and SR. Orange lines indicate the interactions of soil physical and chemical
properties. Green lines represent the indirect effects of SWI on SR.

4. Discussion
4.1. Effect of SWI on Soil Physical and Chemical Properties

In this paper, we show that SWI increases soil salinity. ECe showed an increasing trend
with increased irrigation water salinity. This is because the higher the salinity of irrigation
water, the more salt it brings into the soil [34]. We found that the soil salinity of CK in BS
was higher than in the other two periods. This is because the irrigation water salinity of CK
was 1.3 dS m−1. Soil salinity will increase after irrigating salt water in BS. However, the
soil ECe did not accumulate linearly with years, although it was related closely to amounts
of irrigation and rainfall [23]. ECe in FBS is lower than that in BS, which may be due to
the rainfall being large and concentrated in FBS, and the infiltration of soil water caused
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the migration of soil salt from the plow layer to the deep layer [35]. Therefore, soil salinity
is dynamic and does not stay in the topsoil. It was found that rainfall can regulate the
movement of water and solute in soil and reduce the accumulation of soil salinity in the
plant root zone [36,37]. The leaching effect of rainfall alleviates the salt stress of SWI on
crop production.

In order to evaluate the effect of SWI on soil structure, we analyzed the soil R0.25 and
porosity under SWI. R0.25 of the SWI treatments was decreased compared with that of
CK. SWI tended to reduce the content of soil water-stable aggregates, mainly because the
Na+ ions brought by saline water exhibited a low electric charge, large radius, and small
hydration energy, which caused the expansion and dispersion of soil colloidal particles [38].
At the same time, soil porosity decreased as irrigation water salinity increased. The study
of Ji et al. [39] also showed that the increase in soil salinity reduced soil porosity. This is
mainly due to the decrease in the proportion of elongated continuous pores [40]. Therefore,
the soil R0.25 and porosity of FBS were slightly higher than those of BS due to the higher
ECe in BS.

In addition, we found that SWI reduced the activities of some enzymes involved in
carbon conversion. Compared with CK, cellulase, α-glucosidase, and alkaline phosphatase
activity was decreased in the same stages of SWI treatment. This is because soil salt can
change the soil microbial community structure and quantity, reduce soil enzyme activity
through osmotic stress, and reduce the overall activity of soil enzymes [41].

4.2. Effect of SWI on SR and Cotton Yield

In our study, SWI reduced SR markedly (Figure 7 and Table 3). This may be because the
ions brought by the SWI affect soil structure and enzyme activities, which lead to changes
in microbial respiration [42]. The authors of [43] also found a negative correlation between
the fluxes of CO2 and soil electrical conductivity. This may be because salt can affect the
soil microbial community structure and quantity [44]. The results of [45] showed that soil
microbial activities were greatly restrained in saline-water-irrigated soils and the number
of bacterial phyla decreased with irrigation salinity. Our study also found that SWI reduced
soil enzyme activity. Soil CO2 efflux is a combination of autotrophic and heterotrophic
respiration [46], so the weakening of soil microbial activity reduces SR. At the same time,
we also found that SWI reduced soil porosity, which indicated that soil permeability was
weakened, and soil carbon emissions would be reduced because of this. This study also
showed that soil carbon emissions were different in different growth stages of cotton. The
cumulative soil carbon emissions were higher in FBS than in BS. The soil enzyme activity
and porosity of FBS in this experiment were higher than those of BS, resulting in higher
soil carbon emissions.

Meanwhile, the results showed that the soil CO2 emissions trend increased first and
then decreased after SWI. The authors of [47] found that the increase of soil moisture can
increase soil CO2 emissions. This trend may be because irrigation increases soil moisture
and stimulates soil microbial activity and root respiration, leading to higher soil carbon
emissions [14,48]. Although the soil carbon emissions of SWI also increased after irrigation,
they were still lower than those of CK. It is because salinity decreases soil R0.25, porosity, and
soil enzyme activity, resulting in a decrease in soil carbon emissions [13–15]. In addition,
we found the CO2 emissions on June 14 to be even higher than those after irrigation. This
is related to the rainfall conditions, as it rained on 13 June. Increased soil water content
stimulates microbes, leading to higher gas emissions.

It can be seen from above that soil salinity and rainfall can affect soil respiration in
cotton fields irrigated with saline water. Due to the influence of the inter-annual variation
of rainfall, the salt migration dynamics in fields with SWI are very complex, which leads
to the continuous effect of saltwater irrigation on the physical and chemical properties of
surface soil [23]. It is difficult to determine the effect of salt on soil under short-term SWI.
This study was carried out on the same localization experiment. We focus on the analysis
of the results of the 16th year, which can comprehensively reflect the impact of successive
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years of SWI on soil. It remains to be further explored how SWI soil respiration changes
under different annual patterns of rainfall.

We also found that the cotton yield increased first and then decreased with the increase
of irrigation water salinity. It can be seen from Table 4 that this was related to the cotton
harvest density, the final number of bolls, and the boll weight of each treatment. SWI with
an appropriate saline water concentration had little effect on the cotton harvest density,
boll number, boll weight, and seed cotton yield, but the yield decreased significantly when
the irrigation water concentration exceeded 10.6 dS m−1. The reason is that cotton has a
strong salt tolerance and drought resistance, and the salt stress caused by low saline water
does not yet reach the level that significantly inhibits the number of cotton bolls and boll
weight [23,49]. Considering the influence of SWI on SR and cotton yield, it is recommended
to use water with salinity below 10.6 dS m−1 to irrigate cotton fields. However, this
threshold for the salinity of irrigation water is only proposed based on the analysis of one
year’s data, and it needs to be demonstrated using data from many years.

4.3. Effect of SWI on Relationships between Soil Respiration and Soil Physical and
Chemical Properties

Sections 4.1 and 4.2 show that soil salt destroyed the soil structure and reduced enzyme
activities after the long-term SWI, thus affecting soil respiration. This was also proved by
the SEM performance in BS and FBS. In addition, we found that soil physical properties
can affect soil enzyme activities. Soil porosity had a significant positive effect on alkaline
phosphatase activity with SWI in SEM. This may be because soil physical properties can
change the soil oxygen concentration [50], and soil microbial activity and enzyme activity
are closely related to soil oxygen conditions [51].

It can be seen from SEM that soil physical indicators have significant effects on SR
at different growth stages of cotton. The soil water-stable aggregates of BS significantly
positively affect SR. This is consistent with Yang et al. [52]. The soil porosity of FBS also
has a significant effect on SR, which is consistent with Zhu et al. [13]. This may be because
physical indicators affecting the soil aeration structure can not only directly regulate soil
carbon emissions, but also indirectly affect SR by affecting soil enzyme activities.

5. Conclusions

This study was carried out based on a long-term SWI experiment. The results showed
that SWI increased soil salinity while decreasing the soil water-stable aggregate content,
porosity, enzymatic activity, and soil respiration. Additionally, SWI with salinity below
10.6 dS m−1 has no significant effect on cotton yield. Furthermore, it can be seen from SEM
that soil salinity, water-stable aggregate content, and soil porosity have significant effects on
SR, and soil porosity has a significant positive effect on soil alkaline phosphatase activity.

In summary, SWI with salinity below 10.6 dS m−1 can alleviate water shortages and
reduce soil carbon emissions without affecting the cotton yield in the study area. However,
the process of soil salinity migration in cotton fields is very complex and is affected by
many factors such as rainfall and irrigation. The effects of SWI on SR in different rainfall
years need to be further studied.
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