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Abstract

To investigate the effect of surface water and underground water drip irrigation on cotton

yield, dry matter accumulation and nutrients uptake, two consecutive field experiments were

conducted. The first experiment (different mixing ratio irrigation) comprised of five ratios of

underground water to surface water including; 1:0 (U), 0:1 (S), 1:1 (U:S = 1:1), 1:2 (U:S =

1:2) and 1:3 (U:S = 1:3). Whereas, the second experiment (round irrigation) comprised of

eight treatments including: 1:3 (T1), 2:2 (T2), 3:1 (T3), {S:U 3:1 (T4)}, 2:2 {S:U (T5)}, 1:3 {S:U

(T6)}, 4:0 (T7) and 0:4 (T8). The average concentration of leaves dry matter after 8th irrigation

in different mixing ratio experiment was significantly increased by 131.2% (S), 34.4% (U: S

= 1:1), 59.3% (U: S = 1:2), and 93.7% (U: S = 1:3), respectively, relative to U treatment. Like-

wise, the stem dry matter increased from 48.5 g (U), to 122.2 g (S) and 101.6 g (U:S = 1:3).

The soil available N at 0–20 cm after 8th irrigation recorded an average increase rate of

40.1%, 6.6%, 13.5%, and 29.5%, respectively. However, at 20-40cm an average increase

rate of 37.4% (S), 7.1% (U: S = 1:1), 20.0% (U: S = 1:2), and 21.9% (U: S = 1:3) were noted

(p < 0.05). The highest cotton yield of 6571 kg h-1 was recorded in S treatment compared

with the U treatment (5492 kg h-1), U: S = 1:1 (5502 kg h-1), U: S = 1:2 (5873 kg h-1) and U: S

= 1:3 (6111 kg h-1). Contrastingly, in round irrigation experiment the highest leaves dry mat-

ter at various growth stages were recorded in T8 treatment. For instance, compared with T7

treatment an average increase rate of 50.6% (growth), 100.9% (boll) and 93.3% (boll open-

ing), in stem dry matter were recorded in T8 treatment. Moreover, the concentration of N in

round irrigation at 0–20 cm at different growth stages were 83.3±2.8 (growth stage), 79.01

±1.84 (boll stage), and 96.16±3.83 (boll opening stage) in T8. Whereas, in T7 the concentra-

tion of N was 36.1±5.9 (growth), 54.51±2.81 (boll), and 53.9±3.83 (boll opening) (p < 0.05).

Similarly, cotton yield were substantially higher in T8 applied treatment and follows the

sequence of T8 > T1 > T4 > T2 > T5 > T3 > T6 > T7. Overall, our findings provide meaningful

information to current irrigation practices in water scarce regions. Improving water use effi-

ciency is a viable solution to the water scarcity. Therefore, surface water irrigation is recom-

mended as an effective irrigation strategies to improve cotton yield and growth.
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1. Introduction

Water for irrigation is one of the most limiting factor for future global agricultural develop-

ments [1, 2]. Climate change, and over-exploitation of water resources in arid and semi-arid

regions of the world are being subjected to severe water shortages [3]. Consequently, water

scarcity threatens the sustainability of irrigated cotton production in many regions around the

world. To overcome the inherent problem, efficient use of water to cotton crop is an important

consideration where irrigation water resources and rainfall are limited [4]. Moreover, effective

use of irrigation is not simply a water saving irrigation but it is a comprehensive exercise to

lower down the competition for fresh water among municipal, industrial and agricultural sec-

tors in several countries in the world especially in China [5]. Therefore, optimizing water use

for cotton production by introducing new irrigation strategies as well as efficient management

of an irrigation network to optimize the problem of water shortage and ecological environ-

ment deterioration is of paramount importance [6].

Cotton (Gossypium hirsutum L.), an important source of natural fibers for textile industries

that serve the humanity from at least more than four to seven thousand years ago [7]. Its cur-

rent global production is estimated to be 24.65 million tons, with 6.71 million tons produced

in America, 0.38 million tons produced in Europe, and 15.06 million tons produced in Asia

[8]. Following this, only China accounts for one-quarter of the world’s cotton output and one-

third of the world’s cotton consumption [9]. On the flip side, cotton production is completely

dependent on sufficient irrigation i.e., the shortage of irrigation water resources restrict the

comprehensive improvement of cotton productivity [10, 11]. It is estimated that approximately

700 to 1200 mm water are required for cotton growth during their growing season, depending

on irrigation method, and production goals [12]. Several irrigation management strategies

have been discussed to enhance water-use efficiency of cotton crop in recent years. For

instance, a study conducted by Grismer [13] noted that, in Arizona counties, for upland cotton

actual evapotranspiration (ETc) water-use efficiency varied from 1.27 to 1.38 kg/ha-mm while,

for pima cotton, it varied from 0.9 to 1.09 kg/ha-mm. In California counties, ETc water-use

efficiency varied from 1.34 to 2.10 kg/ha-mm and 1.51–1.77 kg/ha-mm for upland and pima

varieties, respectively.

Surface water resources (water from rivers and reservoirs) and groundwater resources

(water stored in aquifers) were used for agriculture purposes in arid and semi-arid regions.

However, irrigation with underground water has a negative impact on cotton productivity,

plant nutritional condition, and dry matter accumulation. For instance, excessive under-

ground water irrigation exacerbates the soil salinization problems, and reduce crop yield [11,

14]. In parallel, well water irrigation with low temperature potentially inhibits the growth and

development of cotton plant [15]. Subsequently, low soil temperatures may slow down the

uptake rate of nutrients such as N so much that they turn out to limit vegetative growth rates

[16]. Following this at 20˚C-RZT, nutrient concentrations have been significantly affected

plant growth indexes, indicating that low root temperature inhibited high nutrient effects on

plant growth [16, 17]. On the other hand, surface water irrigation shows some promising effect

on increasing crops yield [18, 19]. For example, irrigating seedlings with warm water (surface

water) can increase the stem thickness, leaf area, root coefficient, photosynthetic rate, dry mat-

ter per unit fresh weight, and root-shoot ratio [16]. Therefore, it is critical to understand how

different irrigation regime effect cotton growth and productions under limited water supplies.

Xinjiang Uygur Autonomous Region is one of the most water-scarce states in China.

According to the Statistics Bureau of Xinjiang Uygur Autonomous Region, the water produc-

tion per unit area of Xinjiang Uygur Autonomous Region is 51 mm, which is the second high-

est rank in the country [19]. The large number of glaciers in Xinjiang Uygur Autonomous
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Region and the small unit area are important issues of water resources in Xinjiang Uygur

Autonomous Region. Snowmelt water from glaciers accounts for more than 25% of total sur-

face water [20]. In the present-day context, lot of emphasis is being given on improvements in

irrigation practices to increase crop production and to sustain the productivity levels. In this

study, two field experiments were carried out in calcareous soils. We hypothesize that surface

water drip irrigation outcompetes underground water irrigation in increasing cotton yield, dry

matter accumulation and NPK uptake. Therefore, the objectives of this study were to (i) com-

pare the effects of different irrigation schemes on cotton growth and yield. (ii) Clarify the

response of cotton growth to surface and underground water application, (iii) finally put for-

ward an appropriate irrigation strategy to increase cotton yield in calcareous soil.

2. Materials and methods

2.1 Experimental site

The study area is located in the Mosuowan reclamation region (44˚030N, 86˚050E), which is

located on the northern slope of Tianshan Mountain in Xinjiang and is surrounded by the

Gurbantunggut Desert. According to WRB soil taxonomy, the tested soil is classified as Calci-

sol Fluvisols. The study area has a typical continental climate with a mean annual precipitation

of 115 mm, and rainfall largely occurs from April to July. The mean annual potential evapo-

transpiration is approximately 2,000 mm. The physicochemical characteristics of given soil is

listed in (Table 1).

2.2 Experimental design

2.2.1 Experiment I: Different mixing ratio experiment 2019. A three replicated Ran-

domized Complete Block Design (RCBD) was employed to layout the experiment having plot

size of 55.2 m2. The first experiment was a field experiment conducted on April 12, 2019 with

five ratios of underground water to surface water including; 1:0 (U), 0:1 (S), U:S = 1:1, U:

S = 1:2, and U:S = 1:3, respectively. To mix underground water and surface water at a specific

ratio, we dig several wholes and cover it with plastic, after that we supplied surface and under-

ground water into the whole with a constant water ratio by using water ratio measurement

meter. After getting our specific ratio of underground and surface water we mixed the

Table 1. Selected physical and chemical properties of the tested soils.

Soil properties 0-20cm

pH 8.83±0.03

OM (g kg-1) 13.7±0.23

Total-N (g kg-1) 1.20±0.05

Available-P (mg kg-1) 17.5±3.52

Total-P (g kg-1) 1.08±0.12

Total-K (mg kg-1) 21.0±2.07

Available-K (mg kg-1) 241.4±0.00

Data were presented as the mean ± standard error (SE), n = 3 at a significance level of p < 0.05.

pH was determined at soil to milli-Q water ratio of 1:5 w/v using pH meter.

Organic matter was measured by potassium dichromate volumetric method (Shaw, 1959) [21].

Total N was measured by the semimicro-Kjeldahl method [22].

Total P was measured by the perchloric acid digestion method [23].

Total and available K was measured by the flame photometry method [22].

https://doi.org/10.1371/journal.pone.0274574.t001
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nutrients (fertilizers) in the water and supplied it to the cotton field through by drip irrigation.

The schematic of our experimental design are presented in S1 Fig. The details supply of water

and nutrients for each irrigation in experiment first has listed in (Table 2).

2.2.2 Experiment II: Round irrigation experiment 2020. The experiment II (round irri-

gation) was a field randomized complete block design (RCBD) having plot size of 55.2 m2.

Treatments includes, 1:3 (T1), 2:2 (T2), 3:1 (T3), {S:U 3:1 (T4)}, 2:2 {S:U (T5)}, 1:3 {S:U (T6)},

4:0 (T7) and 0:4 (T8). The treatment ratios represents the supply of surface and underground

water in different stages of cotton growth i.e., seedling stage, growth stage, boll stage and boll

opening stage. In round water irrigation we supplied the constant ratios of both surface water

and underground water directly to the cotton field at various growth stages prior before mix-

ing it. For maintaining the required ratios we first supplied the specific ratio of surface water

and then we supplied the specific ratio of underground water by using a water ratio measure-

ment meter. Further details about round irrigation is given in (Table 3). Nutrients (fertilizer)

and water were supplied through drip irrigation. The supply of water and nutrients for each

irrigation has listed in (Table 4).

2.3 Soil and plants sampling

Soil samples were collected at depths of 0–20 and 20–40 cm from each block after 3–5 days of

irrigation. Samples were air dried, sieved through 1mm and 0.15 mm for nutrients determina-

tion. The pH was determined at soil to milli-Q water ratio of 1:5 w/v using pH meter. The

organic matter was determined by Walkley-Black chromic acid wet oxidation method [21].

Nitrogen was determined by semimicro-Kjeldahl method [22]. Phosphorus was measured by

Table 2. The amount of nutrients (fertilizer) and water during the period of cotton irrigation in different mixing ratio 2019.

Irrigation time Irrigation water (m3.ha-1) Nitrogen (Kg.ha-1) Phosphorus (Kg.ha-1) Potassium (Kg.ha-1)

12.6.2019 450 30 15 15

20.6.2019 450 75 75 75

30.6.2019 375 105 105 105

10.7.2019 375 105 105 105

20.7.2019 300 75 150 150

31.7.2019 300 30 180 180

10.8.2019 225 75 75 75

24.8.2019 225 45 45 45

https://doi.org/10.1371/journal.pone.0274574.t002

Table 3. Supply of surface and underground water at different growth stage of cotton during round irrigation 2020.

Treatments Seedling stage Growth stage Boll stage Boll opening stage

T1 U:S (1:3) 1U S S S

T2 U:S (2:2) U U S S

T3 U:S (3:1) U U U S

T4 S:U (3:1) 2S S S U

T5 S:U (2:2) S S U U

T6 S:U (1:3) S U U U

T7 U:S (4:0) U U U U

T8 U:S (0:4) S S S S

1 U represents the supply of underground water.
2 S represents the supply of surface water.

https://doi.org/10.1371/journal.pone.0274574.t003
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the Perchloric acids digestion method [23]. Potassium was determined by flame photometry

[22]. Available NPK and organic matter were determined in soil samples after growth stage,

boll stage and boll opening stage.

Plant samples were randomly collected from each block at interval of 3–5 days after each

irrigation. Plant samples were divided into the following parts (leaves, stems, roots and fruits),

washed with tap water and then dried in oven at 105˚C for 30 minutes and then at 75˚C for 3

days. The plant samples were then weighed with balance and the dry matter data were calcu-

lated after growth stage, boll stage and boll opening stage (Fig 1), following the method of [24].

2.4 Statistical analysis

Data were analyzed using the SPSS 25.5 statistical program (SPSS Inc., Chicago, IL, USA) with

ANOVA for various growth stages as dependent on surface water (S), underground water (U)

and their interaction (S�U) at a significance level of p< 0.05. Moreover, a Duncan multiple

range test was carried out to test the significant differences between different treatments.

GraphPad Prism 12.0 software (GraphPad Software, Inc., San Diego, CA, USA) was used for

data processing and images making. All results in figures and tables were presented as

mean ± standard error (SE) of three replicates, and a significance level of P<0.05 was used for

all analysis.

3. Results

3.1 Effects of different mixing ratio irrigation on the dry matter

accumulation

The average dry matter accumulation in the different parts of the cotton plant fluctuated

greatly and increased sharply after each irrigation time (Fig 2). For instance, the significant

maximum dry weights (DW) were recorded in S treatment followed by the U: S = 1:3 treat-

ment. However, the lowest dry matter accumulation was recorded in the U treatment. The

concentration of leaves dry matter after 8th irrigation increased from 32.8 ± 0.15 g (U), to

74.1 ± 0.27g (S), 43.5 ± 0.18g (U:S = 1:1), 51.1 ± 0.21g (U:S = 1:2) and 62.9 ± 0.37g (U:S = 1:3),

with an average increase rate of 131.2%, 34.4%, 59.3%, and 93.7%, respectively (P< 0.05, Fig

2a). Compared with underground water irrigation a tremendous average increase rate of

131.2% and 93.7% were noted with the application of surface water and different mixing ratios.

Similarly, stem dry matter of five applied treatments as affected by eight irrigation regimes are

presented in Fig 2b. The concentration of stem dry matter after 8th irrigation increased from

48.5 g (U), to 122.2 g (S) and 101.6 g (U:S = 1:3), with an average increase rate of 151.5% and

109.5%, (Fig 2b). Moreover, compared with underground water irrigation treatment (24.6 g),

Table 4. The supply of water and nutrients (fertilizer) for each irrigation (round irrigation 2020).

Irrigation order Water (m3.ha-1) Nitrogen (Kg.ha-1) Phosphorus (Kg.ha-1) Potassium (Kg.ha-1)

1 450 30 15 15

2 450 75 75 75

3 375 105 105 105

4 375 105 105 105

5 300 75 150 150

6 300 30 180 180

7 225 75 - -

8 225 45 - -

https://doi.org/10.1371/journal.pone.0274574.t004
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a significant highest root dry matter was recorded with surface water treatment (51.74 g) and

U: S = 1:3 treatment (46.96 g) (p< 0.05, Fig 2c). Similarly, compared with surface water,

underground water significantly suppressed roots dry matter accumulation and follows the

sequence of S>U: S = 1:3> U: S = 1:2> U: S = 1:1>U. The highest fruits dry matter accumula-

tion was recorded in the treatment of surface water (83.43 ± 0.34 g) relative to all other applied

treatments (p< 0.05, Fig 2d). Furthermore, correlation and regression analysis was performed

to explore the relationship between soil available nutrients and dry matter accumulation (Fig

3). It can be seen from the figure that there is a strong positive correlation between soil avail-

able nutrients and dry matter accumulation in different mixing ratio irrigation (2019).

Fig 1. Schematic of dry matter accumulation calculation.

https://doi.org/10.1371/journal.pone.0274574.g001
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3.2 Effects of round irrigation on dry matter accumulation

Round irrigation also significantly affected dry matter accumulation in the different parts of

the plant at various stages of growth (p< 0.05, Fig 4). The biomass of yield-related organs

showed a trend of gradual increase with the progression of the growth period, and the most

intense change was at the beginning of the boll development stage. Maximum dry weights

(DW) were achieved at boll opening stage and minimum at growth stage. The DW of leaves,

stem, roots and fruits continued to increase initially and then declined and stayed stable com-

paratively because of leaf senescence and termination of reproductive development at final

stages (Fig 4a–4d). The highest leaves dry matter of 14.4g (growth stage), 88.8g (boll stage) and

100.7g (boll opening stage) were observed in T8 treatment compared with the lowest, 8.9g

(growth stage), 42.9g (boll stage) and 78.7g (boll opening stage) of T7 treatment. Moreover,

results of two-way ANOVAs reveals a significant main and interactive effect on various stage

of leaves dry matter treated with surface water (p< 0.05, Fig 4a). Compared with T7 applied

treatment an average increase rate of 50.6%, 100.9% and 93.3%, at growth, boll and boll open-

ing stage respectively, in stem dry matter were recorded in T8 treatment. Likewise, a signifi-

cant main and interactive effect were observed at various stages of stem dry matter (p< 0.05,

Fig 2. Effects of different mixing ratio irrigation methods on the accumulation dry matter: Fig (2a) represents leaves dry matter; (2b) represents

stem dry matter; (2c) represent roots dry matter; and (2d) represent fruits dry matter, respectively. Data were presented as the mean ± standard

error (SE) of three replicates at a significance level of p< 0.05 (based on ANOVA).

https://doi.org/10.1371/journal.pone.0274574.g002
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Fig 4b). Also, it was evident from the results that the highest root dry matter recorded in

growth, boll and boll opening stage were 6.46g, 38.68g and 51.63g with T8 treatment, com-

pared with the lowest values of 4.60g, 12.24g and 23.57g recorded in T7 treatment. A signifi-

cant main and interactive effect were observed at boll and boll opening stages of roots dry

matter (p< 0.05, Fig 4c). Fruits dry matter were produced in boll and boll opening stages and

was substantially higher in T8 treatment compared with other applied treatments throughout

the whole experiment. A significant main interaction effect on boll and boll opening stage

while a significant interactive effect on boll stage were observed for fruits dry matter (p< 0.05,

Fig 4d). Similarly, there was a strong positive correlation between soil available nutrients and

dry matter accumulation in round irrigation scheme (Fig 5). Our result showed that the sur-

face water irrigation along with different mixing ratio shows promising effect on increasing

average dry matter accumulation in cotton plant.

3.3 Effects of different mixing ratio and round irrigation on soil available

nutrients

Soil available nitrogen at a depth of 0–20 and 20–40 cm fluctuated greatly during the whole

cotton growth period, and increased sharply after each irrigation time (Fig 6a and 6b). The

concentration of N at 0–20 cm after 8th irrigation increased from 72.3 ± 0.15 mg/kg (U), to

101.3 ± 0.27 mg/kg (S), 77.1 ± 0.18 mg/kg (U:S = 1:1), 82.1 ± 0.21 mg/kg (U:S = 1:2) and

99.3 ± 0.37 mg/kg (U:S = 1:3), with an average increase rate of 40.1%, 6.6%, 13.5%, and 29.5%,

respectively (p< 0.05, Fig 6a). The concentration of N at 20–40 cm after 8th irrigation in S

treatment were increased by 37.4%, 7.1%, 20.0%, and 21.9% on average relative to U applied

treatment (p< 0.05, Fig 6b). Trends of soil available nitrogen follows the order of S>U:

Fig 3. The relationship between soil available nutrients and dry matter in different mixing ratio irrigation (2019).

https://doi.org/10.1371/journal.pone.0274574.g003
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S = 1:3> U:S = 1:2> U:S = 1:1>U. Moreover, the accumulation of P in different soil depths

0–20 and 20–40 cm was presented in (Fig 6c and 6d). The concentration of P at 0–20 cm after

8th irrigation increased by 76.9%, and 33.8% %, respectively in S and U:S = 1:3 applied treat-

ments compared with U treatment (p< 0.05, Fig 6c). Whilst at 20–40 cm, the amount of P in

surface water application significantly increased from 12.6 ± 0.15 mg/kg (U), to 28.4 ± 0.27

mg/kg (S), 13.4 ± 0.18 mg/kg (U:S = 1:1), 13.3 ± 0.21 mg/kg (U:S = 1:2) and 22.6 ± 0.37 mg/kg

U:S = 1:3 (p< 0.05, Fig 6d). The status of available potassium in soil at 0–20 and 20–40 cm

remains parallel throughout the experiment (Fig 7a and 7b). Compared with all other applied

treatments the surface water treatment showed maximum concentration of potash, however

the difference between different applied treatments were negligible. Soil organic matter was

significantly affected by different irrigation treatments (Fig 7c and 7d). However, at the start of

the experiment the S treatment followed by U: S = 1:3 treatment shows potential promising

effect at both 0–20 and 20–40 cm, whereas the difference between other treatments were

negligible.

Furthermore, the concentration of soil available nutrients at a depth of 0-20cm and 20–40

cm in round irrigation method significantly affected by different applied treatments. The

Fig 4. Effects of round irrigation methods on dry matter accumulation: Fig (3a) represents leaves dry matter; Fig (3b) represents stem dry matter;

Fig (3c) represent roots dry matter; and Fig (3d) represent fruits dry matter, respectively. Data were presented as the mean ± standard error (SE) of

three replicates at a significance level of p< 0.05. The inserted P values are from two-way ANOVAs.

https://doi.org/10.1371/journal.pone.0274574.g004
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concentration of N recorded at 0–20 cm at different growth stages were 83.3±2.8 (growth

stage), 79.01±1.84 (boll stage), 96.16±3.83 (boll opening stage) in T8, while in T7 the concen-

tration of N was 36.1±5.9 (growth), 54.51±2.81 (boll), and 53.9±3.83 (boll opening) (p< 0.05,

Fig 8a and 8b). The soil available P content significantly increased in the initial and final stages

with T8 treatment throughout the experiment (p< 0.05, Fig 8c and 8d). Whereas, the status of

available potassium in soil remains parallel throughout the experiment, the difference between

different applied treatments were negligible (p< 0.05, Fig 9a and 9b). The maximum concen-

tration of potash was determined in T8 treatment at growth, boll and boll opening stages. Soil

organic matter was significantly affected by different irrigation treatments (p< 0.05, Fig 9c

and 9d). However, at the start of the experiment surface water irrigation treatment shows

promising effect at both 0–20 and 20–40 cm, while the difference between other treatments

were negligible.

3.4 Effects of different irrigation methods on cotton yield

The effect of different mixing ratio irrigation on cotton yield is presented in Fig 10a. Cotton

yield responded significantly to different water irrigation modes. For instance, the maximum

cotton yield 6571 kg h-1 was recorded in (S) treatment compared with the treatment of (U)

(5492 kg h-1), U: S = 1:1 treatment (5502 kg h-1), U: S = 1:2 treatment (5873 kg h-1) and U:

Fig 5. The relationship between soil available nutrients and dry matter in round irrigation (2020).

https://doi.org/10.1371/journal.pone.0274574.g005
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S = 1:3 treatment (6111 kg h-1). Likewise, round irrigation potentially effect cotton yield under

different applied treatments (Fig 10b). For example, the increasing trend follow the order of

T8> T1 > T4> T2> T5 > T3> T6> T7, which shows that surface water irrigation can

effectively guarantee cotton production. The highest cotton yield was observed in T8 treatment

in which surface water was supplied through all stages of cotton growth, followed by treatment

T1 and T4 (Fig 10b). However, the lowest yield was recorded in treatment T7 in which under-

ground water was supplied. Correlation and regression analysis was performed to explore the

relationship between soil available nutrients and cotton yield (Fig 11). It can be seen from the

figure that there is a negative correlation between soil available nutrients and cotton yield in

different mixing ratio irrigation (2019), while a strong positive correlation was found in round

irrigation (2020) between soil available nutrients and cotton yield.

4. Discussion

Water, the vital element for excessive irrigation, plays an extremely important role in agricul-

ture. Currently agriculture is the largest water-consuming sector and approximately accounts

for 60% of the total water resources consumption and has become a big concern for sustainable

Fig 6. Effects of different mixing ratio irrigation on soil available nitrogen (mg/kg) and soil available phosphorus (mg/kg): Fig (4a) and (4b)

represents soil available nitrogen at depth of 0–20 cm and 20–40 cm; Fig (4c) and (4d) represents soil available phosphorus at depth of 0–20 cm

and 20–40 cm. Data were presented as the mean ± standard error (SE) of three replicates at a significance level of p< 0.05 (based on ANOVA).

https://doi.org/10.1371/journal.pone.0274574.g006
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crop production. Cotton (Gossypium hirsutum L.) production in Xinjiang strongly relay on

sufficient irrigation conditions however water scarcity is one of the critical constraints for the

sustainable production of cotton [20]. Meanwhile, surface water evaporation caused by high

temperatures results in a severe water shortage leads to soil salinization, a lowered survival rate

for crops, and slow development of local agriculture [25]. Similarly, increased usage of under-

ground water for irrigation exacerbates the soil salinization problems, which significantly

reduce crop yield [10, 11]. In this study, the application of surface water in both mixing ratio

and round irrigation methods, significantly promotes dry matter accumulation (Figs 2–4),

NPK uptake (Figs 6–9) and cotton yield (Figs 10 and 11), compared with all other applied

treatments. Our obtained results are in line with the findings of previous published literature

[26–28]. The superiority of surface water over underground water in calcareous soil may likely

be due to the following reasons; in general surface water possess high temperature while the

underground water temperature is quite low. Previous study has shown that well water irriga-

tion with low temperature potentially inhibits the growth and development of jujube [29].

Likewise, several published literatures have shown that underground water irrigation (low

temperature water) affect the growth, yield, dry matter accumulation and active developmental

stages of grains plants such as peanuts, cucumber, and tomato [30–33]. For instance, a study

Fig 7. Effects of different mixing ratio irrigation on soil available potassium (mg/kg) and soil organic matter (g/kg): Fig (5a) and (5b) represents

soil available potassium at depth of 0–20 cm and 20–40 cm; Fig (5c) and (5d) represents soil organic matter at depth 0–20 cm and 20–40 cm. Data

were presented as the mean ± standard error (SE) of three replicates at a significance level of p< 0.05 (based on ANOVA).

https://doi.org/10.1371/journal.pone.0274574.g007
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conducted by Meng et al., (2016), noted that underground water irrigation significantly affects

the growth and development of cotton plant. Similar results with the application of under-

ground water irrigation is also obtained in this study. Furthermore, Deng et al., [34], also

pointed out that underground water irrigation along with their low temperature properties sig-

nificantly retarded the growth of vegetables and their photosynthetic developments. Conse-

quently, the excessive usage of underground water irrigation results in the accumulation of

toxic substances in soil which alternatively leads to reduction in plants and grains yields [35,

36]. The accumulation of salt can directly decrease soil nutrient efficiency by inhibiting micro-

bial mineralization activity in soil [37]. Additionally, salinity can also indirectly affect soil

nutrient cycling and efficiency by destroying soil physical structure [38–40]. On the flip side,

the study of Zhang et al., 2002 [26] showed that alternate irrigation with surface fresh water

can reduce soil salt content and increase cotton production which are in line with our findings.

In this study surface water irrigation along with different mixing ratios irrigation also shows

promising effects on cotton yield and dry matter accumulation when compared with under-

ground water treatment alone. This is possibly due to when the underground water and sur-

face water were mixed together, the temperature and salt content were changed. For example,

a study conducted by Tao et al., 2014 [27], showed that mixed irrigation mode of brackish and

fresh water with a salinity of 1.6g/L could achieve higher crop yield with better quality. Consis-

tently, a study carried out by Wang et al., 2010 [28], showed that well and canal mixed

Fig 8. Effects of round irrigation on soil available nitrogen (mg/kg) and soil available phosphorus (mg/kg): Fig (6a) and (6b) represents soil

available nitrogen at depth of 0–20 cm and 20–40 cm; Fig (6c) and (6d) represents soil available phosphorus at depth of 0–20 cm and 20–40 cm.

Data were presented as the mean ± standard error (SE) of three replicates at a significance level of p< 0.05 (based on ANOVA).

https://doi.org/10.1371/journal.pone.0274574.g008
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irrigation could keep the salt balance of root soil even in relatively dry years. Whereas, well irri-

gation alone results in salt accumulation in roots of winter wheat and decreased the yield up to

20% to 30%. All these findings suggest that under-ground water irrigation possess negative

effects on plant yield and growth whilst surface water irrigation and different mixing ratios

irrigation significantly promote cotton yield NPK, uptake and dry matter accumulation.

5. Conclusions

It can be concluded that the application of surface water along with their different mixing

ratios irrigation outcompete underground water irrigation in both different mixing ratio and

round irrigations methods. A significant highest dry mater accumulation, NPK uptake and

cotton yield at various stages i.e., growth stage, boll stage, and boll opening stage were always

noted with surface water applied treatments compared with underground water treatment.

The dry matter accumulation, NPK uptake, and cotton yield were suppressed more regularly

by underground water treatments. Although the effects of surface water irrigation to agricul-

tural soils on increasing cotton yield is promising. Nevertheless further study is needed by

using edge cutting technologies to fully underpin the underlying mechanism of surface water

irrigation and underground water irrigation and their interaction with soil particles in a wide-

range of soil conditions.

Fig 9. Effects of round irrigation on soil available potassium (mg/kg) and soil organic matter (g/kg): Fig (7a) and (7b) represents soil available

potassium at depth of 0–20 cm and 20–40 cm; Fig (7c) and (7d) represents soil organic matter at depth 0–20 cm and 20–40 cm. Data were

presented as the mean ± standard error (SE) of three replicates at a significance level of p< 0.05 (based on ANOVA).

https://doi.org/10.1371/journal.pone.0274574.g009
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Fig 10. Effects of different irrigation methods on cotton yield. Data were presented as the mean ± standard error (SE) of three replicates at a

significance level of p< 0.05 (based on ANOVA).

https://doi.org/10.1371/journal.pone.0274574.g010

Fig 11. The relationship between soil available nutrients and cotton yield.

https://doi.org/10.1371/journal.pone.0274574.g011

PLOS ONE Effect of surface and underground water irrigation on cotton yield by applying different irrigation strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0274574 October 14, 2022 15 / 18

https://doi.org/10.1371/journal.pone.0274574.g010
https://doi.org/10.1371/journal.pone.0274574.g011
https://doi.org/10.1371/journal.pone.0274574


Supporting information

S1 Fig. Field pictures of the experimental scheme.

(DOCX)

S1 Data.

(XLSX)

S2 Data.

(XLSX)

S1 File.

(PDF)

Author Contributions

Conceptualization: Nihal Niaz, Cheng Tang.

Data curation: Nihal Niaz.

Formal analysis: Nihal Niaz.

Funding acquisition: Cheng Tang.

Investigation: Nihal Niaz.

Methodology: Nihal Niaz, Cheng Tang.

Project administration: Cheng Tang.

Resources: Cheng Tang.

Software: Nihal Niaz.

Supervision: Cheng Tang.

Validation: Cheng Tang.

Visualization: Cheng Tang.

Writing – original draft: Nihal Niaz.

Writing – review & editing: Nihal Niaz.

References
1. UN-Water. The United Nations World Water Development Report 4: Managing Water under Uncertainty

and Risk; United Nations World Water Assessment Programme, UNESCO: Paris, France, 2012.

2. Gu Z, Qi Z, Ma L, Gui D, Xu J, Fang Q, et al. Development of an irrigation scheduling software based on

model predicted crop water stress. Comput. Electron. Agric. 2017; 143, 208–221.

3. Feike T, Ling YK, Mamitimin Y, Nan H, Lin L, Abdusalih N, et al. Determinants of cotton farmers’ irriga-

tion water management in arid northwestern china. Agric. Water Manag. 2017; 187, 1–10.

4. Qu Wei, Tan Yanmei, Li Zhentao, Aarnoudse Eefje, Tu Qin. Agricultural Water Use Efficiency—A Case

Study of Inland-River Basins in Northwest China. Sustainability. 2020; 12, 10192.

5. Meng B, Liu JL, Bao K, Sun B.Water fluxes of Nenjiang river basin with ecological network analysis:

Conflict and coor-dination between agricultural development and wetland restoration. J. Clean. Prod.

2019; 213, 933–943.

6. Liu Y, Jiang H, Li C, Huang H, Pan Z, Chai C. Analysis of irrigation water requirement and irrigation

requirement index for cotton of Hebei province. Nongye Gongcheng Xuebao/Trans. Chin. Soc. Agric.

Eng. 2013; 29, 98–104.

7. Li Y, Gao X, Tenuta M, Gui D, Li X, Xue W, et al. Enhanced efficiency nitrogen fertilizers were not effec-

tive in reducing N2O emissions from a drip-irrigated cotton field in arid region of Northwestern China.

PLOS ONE Effect of surface and underground water irrigation on cotton yield by applying different irrigation strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0274574 October 14, 2022 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274574.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274574.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274574.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274574.s004
https://doi.org/10.1371/journal.pone.0274574


Sci. Total Environ. 2020; 748, 141543. https://doi.org/10.1016/j.scitotenv.2020.141543 PMID:

32798882

8. FAOSTAT. 2021. http://www.fao.org/faostat/en/#data/QCL. (accessed on 25 July 2021).

9. Ma C, Mamat S, Yao J, Isak G. Spatio-temporal changes of cotton production in China from 1950 to

2015. Acta Geogr. Sin. 2020; 75, 1699–1710.

10. Sorensen RB, Lamb MC, Butts CL. Crop rotation, irrigation system, and irrigation rate on cotton yield in

southwestern Georgia. Crop. Forage Turfgrass Mgmt. 2020; 6, e20053.

11. Mahmoodi-Eshkaftaki M, Rafiee MR. Optimization of irrigation management: a multi-objective approach

based on crop yield, growth, evapotranspiration, water use efficiency and soil salinity. Journal of

Cleaner Production. 2020; 252, 119901.

12. Evett SR, Baumhardt RL, Howell TA, Ibragimov NM, Hunsaker DJ. Cotton. Crop Yield Response to

Water; FAO ir-rigation and drainage paper. No. 66; FAO: Rome, Italy. 2012; pp. 152–161.

13. Grismer ME. Regional cotton lint yield, ETc, and water value in Arizona and California. Agric. Water

Manag. 2002; 54, 227–242.

14. Sekhon KS, Kaur A, Thaman S, Sidhu AS, Garg N, Choudhary OP, et al. Irrigation water quality and

mulching effects on tuber yield and soil properties in potato (Solanum tuberosum L.) under semi-arid

conditions of Indian Punjab. Field Crops Research. 2020; 247, 107544.

15. Meng A. Effect of drip irrigation temperature on grey desert soil environment and cotton growth. Urumqi:

Xinjiang Agricultural University. 2016; 39–40.

16. Kong Q. Analysis on the key factor of inhibiting cotton production development and discussion on its

strategies. Xinjiang Agric. Sci. 2010; 47, 3–5 (in Chinese with English abstract).

17. Yaohu Kang, Ruoshui Wang, Shuqin Wan, Wei Hu, Shufang Jiang, Shiping Liu. Effects of different

water levels on cotton growth and water use through drip irrigation in an arid region with saline ground

water of Northwest China. Agric. Water Manag. 2013; 109, 117–126.

18. Chen Z, Niua Y, Zhaoa R, Hana C, Hanb H, Luoa H. The combination of limited irrigation and high plant

density optimizes canopy structure and improves the water use efficiency of cotton. Agric. Water

Manag. 2019; 218, 139–148.

19. Wang J, Zhao S, Tan X, Liang Y, Gong Z, Ai X, et al. Production situation and cotton seed industry

development report in Xinjiang cotton planting region in 2018. Cotton Sci. 2019; 41, 9–14.

20. Tian JS, Zhang XY, Yang YL, Yang CX, Xu SZ, Zuo WQ, et al. How to reduce cotton fiber damage in

the Xinjiang China. Industrial Crops and Products. 2017; 109, 803–811.

21. Shaw K. Determination of organic carbon in soil and plant materials. Journal of Soil science. 1959; 10,

316–326.

22. Bao SD. Analysis of soil and agrochemistry. Third Edition. Beijing: China Agriculture Press. 2000; [in

Chinese].

23. Olsen SR, Cole CV, Watanable FS, Dean L. Estimation of available phosphorus in soils by extraction

with sodium bicarbonate. Washington, D.C. United States Department of Agriculture. 1954.

24. Makhdum MI, Pervez H, Ashraf M. Dry matter accumulation and partitioning in cotton (Gossypium hir-

sutum L.) as in-fluenced by potassium fertilization. Biol Fertil Soils. 2007; 43: 295–301.

25. Fang S, Tu W, Mu L, Sun Z, Yang Y. Saline alkali water desalination project in southern Xinjiang of

China: a review of desalination planning, desalination schemes and economic analysis. Renewable and

Sustainable Energy Reviews. 2019; 113, 109268.

26. Zheng J. Study on the utilization of brackish water under the condition of bar cover. Shandong Agricul-

tural University. 2002.

27. Tao J, Tian J, Li J. Study on drip irrigation system of greenhouse pepper under different brackish water

film. China Rural Water and Hydropower. 2014; 5, 68–72. (in Chinese).

28. Wang R, Kang Y, Wan S, Hu W, Liu S, Liu S. Salt distribution and the growth of cotton under different drip

irrigation regimes in a saline area, Agricultural Water Management. 2011c vol; 100, no. 1, pp. 58–69.

29. Zhang RW, Tian JC, Ma JM. The effect of different irrigation water temperatures on the growth and pho-

tosynthesis of leaf lettuce. China Rural Water and Hydropower. 2017; 4, 1–2.

30. Bai YY, Wang HD, Li M, et al. Effect on different irrigation water temperatures on tomato seedlings

growth in greenhouse. Water Saving Irrigation. 2012; 11, 16–17.

31. Shi PX, Liu YR, Zhang XJ, et al. Effects of irrigation with low temperature water on soil enzyme activity

and soil nutrient of peanut rhizosphere. Chinese Journal of Oil Crop Sciences. 2016; 38, 811–816.

32. Kuang W, Gao X, Gui D, Tenuta M, Flaten DN, Yin M, et al. Effects of fertilizer and irrigation manage-

ment on nitrous oxide emission from cotton fields in an extremely arid region of northwestern China.

Field Crop Research. 2018; 229, 17–26.

PLOS ONE Effect of surface and underground water irrigation on cotton yield by applying different irrigation strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0274574 October 14, 2022 17 / 18

https://doi.org/10.1016/j.scitotenv.2020.141543
http://www.ncbi.nlm.nih.gov/pubmed/32798882
http://www.fao.org/faostat/en/%23data/QCL
https://doi.org/10.1371/journal.pone.0274574


33. Sun SJ, Cui SM, Song Y, et al. Effects of root zone temperature on growth and photosynthetic parame-

ters of grafted cu-cumber. Agricultural Biotechnology. 2018; 7, 27–31.

34. Deng HL, Tian JC, Ouyang Z. Effect of Irrigation water temperature on soil temperature in vegetable

root zone in greenhouse. Ningxia Engineering Technology. 2018; 17, 97–101.

35. Bumgaer NR, Scheerens JC, Mullen RW, et al. Root-zone temperature and nitrogen affect the yield and

secondary me-tabolite concentration of fall and spring grown, high-density leaf lettuce. Journal of the

Science of Food & Agriculture. 2012; 92, 116–124.

36. Li LJ, Lu XC, Ma HY, et al. Comparative proteomic analysis reveals the roots response to low root-zone

temperature in Malus baccata. Journal of Plant Research. 2018; 131, 865–878. https://doi.org/10.

1007/s10265-018-1045-6 PMID: 29855747

37. Rath KM, Rousk J. Salt effects on the soil microbial decomposer community and their role in organic

carbon cycling: a review. Soil Biology Biochemistry. 2015; 81, 108–123.

38. Lakhdar A, Rabhi M, Ghnaya T, Montemurro F, Jedidi N, Abdelly C. Effectiveness of compost use in

salt-affected soil. Journal of Hazardous Materials. 2009; 171, 29–37. https://doi.org/10.1016/j.jhazmat.

2009.05.132 PMID: 19576686

39. Zhang KF, Bosch-Serra AD, Boixadera J, Thompson AJ. Investigation of water dynamics and the effect

of evapo-transpiration on grain yield of rainfed wheat and barley under a mediterranean environment: a

modelling approach. Plos One. 2015; 10.

40. Zhang YY, Hua RX, Xia R. Impact analysis of climate change on water quantity and quality in the Huaihe

River Basin. J. Nat. Resour. 2018; 1, 114–126.

PLOS ONE Effect of surface and underground water irrigation on cotton yield by applying different irrigation strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0274574 October 14, 2022 18 / 18

https://doi.org/10.1007/s10265-018-1045-6
https://doi.org/10.1007/s10265-018-1045-6
http://www.ncbi.nlm.nih.gov/pubmed/29855747
https://doi.org/10.1016/j.jhazmat.2009.05.132
https://doi.org/10.1016/j.jhazmat.2009.05.132
http://www.ncbi.nlm.nih.gov/pubmed/19576686
https://doi.org/10.1371/journal.pone.0274574

