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Abstract

Drip irrigation under plastic mulch is widely used in Xinjiang, Northwest China. It can not

only save water, but also reduce nutrient loss and improve fertilizer utilization. However, it is

not clear whether the leaching occurs or not, what is the leaching amount? What is the rela-

tionship among fertilization, irrigation regimes, loss, cotton absorption, and cotton field

under different fertilization and irrigation management under drip irrigation? Studying these

issues not only provides reference for the formulation of fertilization and irrigation systems,

but also is of great significance for reducing non-point source pollution. A long-term position-

ing experiment was conducted from 2009 to 2012 in Baotou Lake farm in Korla City, Xin-

jiang, with drip-irrigated cotton (Gossypium hirsutum L.) under different N fertilizer and

irrigation amounts. The treatments were designed comprising Control (CK,0 N, 0 P, and 0 K

with an irrigation of 480 mm) and the following three other treatments: (1) Conventional fertil-

ize and irrigation (CON, 357 kg N hm–2, 90 kg P hm–2, 0 kg K hm–2, and irrigation of 480

mm); (2) Conventional fertilization and Optimizing irrigation (OPT, 357 kg N hm–2, 90 kg P

hm–2, 62 kg K hm–2, and irrigation of 420 mm); and (3) Optimizing fertilization and irrigation

(OPTN, 240 kg N hm–2, 65 kg P hm–2, 62 kg K hm–2, and irrigation of 420 mm). The results

found that the leaching would occur in arid area under drip irrigation. The loss of total N,

NH4
+, P, N and P loss coefficient was higher under conventional fertilize and irrigation treat-

ment while the loss of NO3
- was higher under conventional fertilization and optimizing irriga-

tion treatment. The correlations among N, P absorption by cotton, loss of NH4
+ and total

phosphorus were quadratic function. The total nitrogen loss and cumulative nitrogen appli-

cation was lineally correlated. The loss of NO3
- and cumulative nitrogen application was

exponential. The nitrogen and phosphorus absorption by cotton under conventional fertiliza-

tion and optimizing irrigation treatment was 24.53% and 35.86% higher than that in conven-

tional fertilize and irrigation treatment, respectively. The cotton yield under conventional

fertilization and optimizing irrigation treatment obtained higher than that in other three
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treatments. Therefore, the conventional fertilization and optimizing irrigation treatment was

the optimal management of water and fertilizer in our study. These results demonstrate that

reasonable water, nitrogen and phosphorus fertilize could not only effectively promote the

absorption of nitrogen and phosphorus, but also reduce nitrogen and phosphorus losses

under drip fertigation and plastic mulching.

Introduction

In recent decades, non-point source pollution (NPSP) has become a major threat to the water

quality of global water resources [1–3]. Non-point source pollution (NPSP) is influenced by

lots of factors, such as soil type, land use, climate, hydrology, and management [4]. Compared

with point source (PS) pollution, non-point pollution is not easily controlled because of its dif-

fuse sources, which usually comes from agricultural activities [5]. Total nitrogen (TN) and

total phosphorus (TP) loads are regarded as the main two indexes in water quality assessment

in China [6,7]. Nitrogen (N) and phosphorus (P) generally come from fertilizers in the farm-

land. Influenced by the traditional ideas of farmers, it is considered that the yield of crops with

more fertilizer and water is higher. Thus excessive application of nitrogen (N), phosphorus (P)

being added to aquatic environments, which causes a series of problems such as eutrophication

of water bodies, lower soil productivity, and poor quality water for drinking and other pur-

poses [8–12]. Most studies of soil and nutrient losses have been done. And they were mainly

focused on the surface runoff [13,14]. However, the soil and nutrient losses in the under-

ground leaching water by drip irrigation are less.

The autonomous province of Xinjiang in north-western China is an arid region in which

the main cash crop is cotton (Gossypium hirsutum L.) [15]. Due to the shortage of water

resources in Xinjiang, drip irrigation is widely used in cotton. Drip fertigation can minimize

evaporation loss, allow the amount of water and the concentrations of nutrients supplied to

crops to be precisely controlled, thereby conserving water and reducing fluctuation in the con-

centrations of nutrients in soil during the growing season, resulting in increasing yield of cot-

ton [16,17].

Nitrogen and Phosphorus are essential plant nutrients. Nitrogen is essential for plants and

is also an important limiting factor to soil productivity. Mineralization converts organic N into

NH4
+ and nitrification converts NH4

+ into NO3
-, which are absorbed and used by crops and

constitute what is termed available N [18]. Nitrate is highly mobile and leachable. It has been

established that excessive application of N leads to nitrate pollution of groundwater and sur-

face water [19,20]. Phosphorus can be transported to water bodies via storm run-off in dis-

solved and particulate forms [2]. Reasonable water and N and P need to be supplied in the

right amounts for higher crop yields [21]. However, improper use of fertilizers could lower soil

fertility, transport N and P from farmlands into aquatic systems [22], then reduce crop produc-

tivity and water body pollution.

Therefore, it is necessary to estimate and control the loss of N and P to minimize the pollu-

tion of surface water [23]. Verifying the relationships between application of fertilizers and

loss of nutrients is the first step in reducing NPSP [24]. Earlier studies found the relationship

between N application and N loss to be inconsistent: it could be linear, exponential, or qua-

dratic [25–29]. Continued and long-term application of fertilizers is believed to lead to accu-

mulation of P in soils, and in turn, resulting in greater loss of P from soil to surrounding

aquatic ecosystems [30]. These studies are biased towards diffuse irrigation. However, it relates
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to drip irrigation has received little attention. In addition, the relationship between nitrogen,

phosphorus absorption of cotton and nitrogen, phosphorus leaching forms is still unclear,

especially under four traditional fertilizer in Southern Xinjiang under drip irrigation.

The objectives of this study were: (1) to define the characteristics of nitrogen and phospho-

rus loss under different treatments under drip irrigation in arid area; (2) to verify which rela-

tionship between the accumulation of nitrogen and phosphorus in soil and plant absorption

under drip irrigation in arid area; (3) which treatment had less nitrogen and phosphorus loss

and higher yield under drip irrigation in arid area. The results of the study will be particularly

helpful in choosing fertigation regimes to minimize the leaching of N and P and to boost

higher yields.

Materials and methods

Site description and soil properties

Experiments were conducted in each cotton-growing season from 2009 to 2012 in different

fields that are part of the Baotou Lake farm in Korla City, Xinjiang, Northwestern China (41˚

4004800N, 85˚4001200E). The climate is continental arid, with average annual precipitation of

56.2 mm and potential evaporation of 2497.4 mm. The accumulated temperature is 4252.2˚C

and the frost-free period is 205 days. The groundwater level is 2 m to 2.5 m. The soil is a sandy

loam and moderately fertile. The bulk density of surface soil (0–20 cm) in the field was 1.23 g

cm−3. In 2009, the properties of surface soil at the trial site were as follows: pH, 8.46; organic

matter, 7.51 g kg−1 (estimated by the wet oxidation method); total Kjeldahl N, 0.45 g kg−1; total

Kjeldahl P, 0.046 g kg-1; 0.5 M NaHCO3 extractable P, 4.99 mg kg-1; 0.01 M CaCl2 extractable

P, 1.87 mg kg-1; available potassium (K), 95.93 mg kg-1; NO3
–-N, 7.27 mg kg-1; and NH4

+-N,

3.61 mg kg-1.

Experimental design and agronomic management

All the experiments were laid out in a factorial design. The control consisted of 480 mm of irri-

gation without any fertilizers (CK, no fertilization and irrigation). The treatments comprised

varying doses of N, P, and K and varying amounts of irrigation. N was given in the form of

urea; P, as calcium phosphate; and K, as potassium sulphate. The treatments were as follows:

(1) Conventional fertilization and irrigation (CON, 357 kg hm-2 N; 90 kg hm-2 P; no K; and

irrigation, 480 mm); (2) Conventional fertilization and Optimizing irrigation (OPT, 357 kg

hm-2 N; 90 kg hm-2 P, 62 kg hm-2 K; and irrigation, 420 mm); and (3) Optimizing fertilization

and irrigation (OPTN, 240 kg hm-2 N; 65 kg hm-2 P; 62 kg hm-2 K; and irrigation, 420 mm).

The fertilizers were broadcast manually and then incorporated into soil using a rotator before

sowing. Granular urea was applied where required as a band in the rows before sowing as a

basal dose, and the remaining N was solubilized and applied in eight separate fertigation events

after sowing. Granular urea was applied with 20% of total applied N as a band in the rows

before planting the seeds for the three treatments except for CK, and the remaining 80% N sol-

ubilized and applied according to the proportion of different treatments after planting

(Table 1). For the CON treatment, the remaining 80% N solubilized and applied over the sec-

ond, third and fourth irrigation events applied 36.8%, 21.6%and 21.6%, respectively. For the

OPT treatment, the remaining 80% N solubilized and applied over the second, third, fourth

and fifth irrigation events applied 32%, 20%, 16% and 12%. For the OPTN treatment, the

remaining 80% N solubilized and applied over the second, third, fourth and fifth irrigation

events applied 32%, 20%, 16% and 12%. Details of the fertilizer doses are shown in Table 1.

The treatments were laid out in a randomized complete block design with three replications.

Each plot was 4.5 m × 7.4 m.
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In each of the 4 years, cotton (cultivar Xinluzao 38) was sown in late April. The first drip

irrigation began in early June, and the last irrigation ended in mid-August. Four irrigation

events happened in July, namely once a week. Drip irrigation happened twice in June and

August, respectively. Drip irrigation pipes and plastic mulch were in place before sowing,

which was carried out using a custom-built tractor-drawn seeder. Seeds were sown in double

rows with a gap of 30 cm between the two rows that formed a pair and a gap of 60 cm between

one pair and the next. Within each row, seeds were sown 10 cm apart. The plastic mulch com-

prised high-density, airtight, transparent polythene film in strips wide enough to cover two

double rows. Weeds and pests were controlled using standard management practices, namely

by applying herbicides and pesticides.

Collection of leachate and analysis of NO3
– and NH4

+ levels in leachate

The levels of NO3
– and NH4

+ were determined in samples of leachate obtained from a drain-

age collector installed underground. The set-up comprised a special polyvinyl chloride dish

(0.30 m long × 0.60 m wide × 0.08 m deep) connected by plastic pipes to a 25 L polyvinyl chlo-

ride bucket (Fig 1). A plastic pipe extended from the water storage bucket as a water intake

pipe. This assembly was placed at the bottom of a rectangular pit lined on its sides with con-

crete. The pit, 150 cm long, 80 cm wide, and 90 cm deep, was dug in the middle of the plot.

The bottom of the pit was sloped from all sides towards its centre to facilitate the flow of leach-

ate into the collector, which was at the centre of the enclosure. The centre of the pit was dug

deeper to accommodate the leaching barrel, which was placed vertically into the round depres-

sion. Finally, the rectangular pit was backfilled layer by layer in the reverse order of its excava-

tion and the contents compacted while backfilling. Leachate samples were collected after each

round of irrigation.

The leachate volume was measured using a graduated cylinder. Levels of nitrate and ammo-

nium in the leachate were determined by colorimetry, using a continuous-flow analytical sys-

tem (TrAAcs 2000). Total P in the leachate was determined using the potassium persulfate

digestion method [25].

Plant sampling and analysis

At maturity, different organs of the cotton plant were removed manually from each plot, air

dried, and weighed. A 1 m × 2 m area in each plot was harvested manually to determine the

total weight of above-ground and underground biomass. The samples for determining N and

P concentrations were dried at 70˚C and then ground fine enough to pass through a 0.25 mm

Table 1. Fertilizer doses applied per irrigation (kg�hm-2).

Treatment Fertilizer applied before

sowing

1st 2nd 3rd 4th 5th 6th 7th 8th Total N Fertilization

doses

Total P Fertilization

doses

Date 4.20th 6.8th 6.17th 6.25th 7.5th 7.13th 7.21st 7.29th 8.10th

CK 0 0 0 0 0 0 0 0 0 0 0

CON 71.4 0 131.376 77.112 77.112 0 0 0 0 357 90

OPT 71.4 0 114.24 71.4 57.12 42.84 0 0 0 357 90

OPTN 48 0 76.8 48 38.4 28.8 0 0 0 240 62

1st represented the amount of N fertilizer in the first irrigation event. 2nd represented the amount of N fertilizer in the second irrigation event. 3rd represented the

amount of N fertilizer in the third irrigation event. 4th represented the amount of N fertilizer in the fourth irrigation event. 5th represented the amount of N fertilizer in

the fifth irrigation event. 6th represented the amount of N fertilizer in the sixth irrigation event. 7th represented the amount of N fertilizer in the seventh irrigation event.

8th represented the amount of N fertilizer in the eighth irrigation event.

https://doi.org/10.1371/journal.pone.0249730.t001
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mesh screen. The samples were digested and analysed for total N using the Kjeldahl method

and for total P using vanadium molybdenum yellow colorimetry. Total N and P uptake was

calculated as the sum of the product of the weight and N and P concentrations in boll and

straw tissues.

N and P loss analysis

Growing season annual nitrogen loss (LN, kg hm–2) and N loss coefficient (θN) for each differ-

ent treatment was calculated as:

Nitrogen loss: LN ¼
Xm

i¼1
ðci � viÞ, where LN represents the loss of N, Ci represents the

concentration of N in the leachate, and Vi is the volume of the leachate.

N loss coefficient θN = (LN,A−LN,CK)/MN,A × 100, where θN represents the N loss coefficient,

LN,A represents the annual nitrogen loss under A treatment, LN,CK represents the annual nitro-

gen loss under the control treatment, and MN,A represents the N applied as fertilizer under A

treatment.

Growing season annual phosphorus loss and P loss coefficient was calculated exactly the

same way as above.

Statistical analysis

Differences in loss of total N, total P, NO3
-, NH4

+, loss coefficient of N and P, N and P absorp-

tion by cotton, cotton yield among four treatments were analyzed by one-way parametric anal-

ysis of variance (ANOVA) using SPSS version 18.0. Regression analysis was conducted to

examine the relationship between accumulative N and N absorption, accumulative P and P

Fig 1. Set-up to collect leachate.

https://doi.org/10.1371/journal.pone.0249730.g001
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absorption, loss of nitrate N and cumulative N application, loss of ammonium nitrogen and

cumulative N application, and accumulative P and total P loss.

The optimal water and fertilizer treatment criteria are as follows:

α = (YA-YCK)/YCK×100, YA represents the yield under A treatment, YCK represents the

yield under CK treatment. By calculating and comparing α, then obtain the optimal water and

fertilizer treatment.

Results

Characteristics of nitrogen and phosphorus loss under different treatments

Total N, NO3
-, NH4

+ and total P loss differed significantly among four treatments. In gener-

ally, the leaching loss was more with more fertilization and irrigation. This result can be veri-

fied by Fig 2. However, NO3
- loss in OPT (Conventional fertilization and Optimizing

irrigation) treatment was higher than that in CON (Conventional fertilization and irrigation)

treatment, probably because the amount of irrigation in OPT treatment was less than that in

CON treatment, so the soil temperature was higher in OPT treatment than CON treatment

[31], and the transformation of nitrogen fertilizer into soil was faster, NH4
+ was rapidly con-

verted to NO3
-, so the NO3

- loss in OPT treatment was higher than CON treatment. The loss

of nitrogen forms and total P were higher and existed significantly difference under CON

treatment compared with other treatments, except for NO3
- (Fig 2).

The nitrogen loss coefficient were higher under CON treatment, then followed the order:

OPT > OPTN (Table 2). The nitrogen loss coefficient could be reduced by 0.50 by reducing

the amount of N applied and not changing the amount of irrigation and by 0.29 by reducing

the amount of irrigation and not changing the amount of N (Table 2). Clearly, the loss of N

through leaching can be reduced effectively by decreasing the amounts of both N and irriga-

tion. For CON and OPT treatment, there was no difference in 2009, the possible reason lies in

Fig 2. Total N, NO3-, NH4+ and total P loss under four treatments (kg hm-2). Data were mean ± standard error

(n = 3). Different lowercase letters indicate significant differences among treatments at P<0.05 level. Bars mean standard

e1rrors.

https://doi.org/10.1371/journal.pone.0249730.g002
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that the soil fluctuated greatly when the leaching bucket was buried early. From 2010 to 2012,

there was significant difference between CON and OPT treatment, which illustrated it was

effective measures by decreasing irrigation with the same fertilization.

The phosphorus loss coefficient showed the same pattern with N. The coefficient could be

reduced by 0.05 by reducing the amount of P applied and not changing the amount of irriga-

tion and by 0.01 by reducing the amount of irrigation and not changing the amount of P.

Clearly, the loss of P through leaching can be reduced effectively by decreasing the amounts of

both P and irrigation (Table 2). There was no difference among treatments from 2010 to 2012

except in 2009, which may be that soil disturbance leaded to the greater P loss.

Characteristics of nitrogen and phosphorus uptake by cotton under

different treatments

The absorption of nitrogen and phosphorus was higher under OPTN treatment in generally.

Interestingly, the amount of nitrogen and phosphorus under OPTN treatment was only 240

and 65 kg hm-2, respectively, which was obviously lower than that under CON and OPT treat-

ment (360 and 90kg hm-2). The absorption of P under OPTN treatment was higher, may be

that N fertilizer would affect the absorption of P. And with the increase of nitrogen absorption,

the absorption of phosphorus fertilizer increased [32]. These results suggested that the more

Table 2. Nitrogen and phosphorus loss coefficients, by treatments and growing season (%).

Treatment Nitrogen loss coefficient Phosphorus loss coefficient

2009 2010 2011 2012 2009 2010 2011 2012

CK - - - - - - - -

CON 0.60±0.30a 0.68±0.07a 1.19±0.11a 1.33±0.08a 0.01±0.002b 0.02±0.006a 0.03±0.004a 0.04±0.003a

OPT 0.49±0.06a 0.39±0.05b 0.72±0.06b 0.83±0.02b 0.85±0.095a 0.03±0.005a 0.03±0.003a 0.04±0.003a

OPTN 0.06±0.004b 0.24±0.07b 0.58±0.06b 0.74±0.07b 0.19±0.053b 0.01±0.003a 0.02±0.005a 0.05±0.004a

Data were mean ± standard error (n = 3). Different letters within a column indicate significant differences among treatments by ANOVA followed by Duncan’s test

(p� 0.05).

https://doi.org/10.1371/journal.pone.0249730.t002

Fig 3. Nitrogen and phosphorus uptake of cotton under four treatments (kg hm-2). Note: Data were mean ± standard error (n = 3). Different

letters within a column indicate significant differences among treatments by ANOVA followed by Duncan’s test (p� 0.05). The corresponding results

are presented in Table 3.

https://doi.org/10.1371/journal.pone.0249730.g003
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nitrogen fertilizer plants absorbed more, the less phosphorus fertilizer plants absorbed more

under the same irrigation rate.

The correlations between nitrogen leaching form, phosphorus leaching

form and absorption by cotton and cumulative nitrogen, phosphorus

application

The absorption of N and P was quadratic function correlated with the amount of N and P

applied (Fig 4A and 4B). Similar relationship applied to the loss of NH4
+ and total phosphorus

(Fig 4D and 4F). The relationship between total nitrogen loss and cumulative nitrogen applica-

tion was lineally correlated (Fig 4E). Moreover, the relationship between loss of NO3
- and

cumulative nitrogen application was exponential (Fig 4C). It is worth noting that the relation-

ships among cumulative nitrogen and phosphorus fertilization, the loss of N and P, the absorp-

tion of N and P showed increased trend, but the loss of NH4
+ decreased at beginning, then

increased. There was a significant correlation between NH4
+ and NO3

-. Total phosphorus

uptake by cotton was positively significant correlated with total nitrogen absorption, while

negatively significant correlated with NH4
+. Total N was positively significant correlated with

NO3
- (Table 4).

Optimal treatment

The cotton yield under four treatments followed the order of: OPT(6.71) > CON(6.39) >

OPTN(6.26) > CK(2.54) (Table 5).There was significant difference of cotton yield under CK

treatment compared with other three treatments, while the cotton yield among three treatment

showed no remarkable difference. For the same treatment, there was difference among years

possible due to the different cotton growth. The cotton yield under OPT treatment was 164.17

higher than that under CK treatment. Obviously, the optimal treatment in our study was OPT

treatment.

Discussion

Nitrogen and phosphorus loss

Due to the traditional belief, the higher the amount of N supplied to a crop, the higher the

yield, so farmers often use excessive amounts of N in pursuit of greater profits, particularly in

China [31,32]. Such excessive application of N leads to N being leached: the greater the amount

of N applied as fertilizer, the greater its loss through leaching, mainly in the form of NO3
-

rather than as NH4
+, which can be easily fixed in soil [23]. This observation is confirmed by

our results (Fig 2B and 2C). The loss of NO3
- was higher under OPT treatment while the loss

of NH4
+ and total N was higher under CON treatment. This result probably because the

Table 3. Summary statistics of regression analysis of the nitrogen or phosphorus relationship among different treatments.

Treatment n Nitrogen Phosphorus

Mean 95% CI p Mean 95% CI p
CK 12 230.01b 162.47–297.55 <0.01 50.37d 37.53–63.21.08 <0.01

CON 12 530.46a 374.49–686.44 <0.01 88.80c 78.72–98.87 <0.01

OPT 12 543.96a 408.85–679.07 <0.01 122.13b 105.76–138.5082 <0.01

OPTN 12 612.96a 541.30–684.61 <0.01 158.36a 114.12–202.61 <0.01

Regression results are corresponding to those in Fig 3. n, number of samples; CI, confidence interval. Growth difference of cotton under different treatments is

significant when P<0.05, vice verse.

https://doi.org/10.1371/journal.pone.0249730.t003
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different irrigation leaded to the different microenvironment with the same amount of fertili-

zation, the soil temperature was higher under less irrigation, so the conversion of NH4
+ to

NO3
- was faster, the loss of NO3

- under OPT treatment was higher. The loss of total P under

CON and OPTN treatment was higher than other treatment, probably because the amount of

Fig 4. The relationship between nitrogen and phosphorus loss index and nitrogen and phosphorus fertilizer application. The fitting relationship is selected to fit

with larger correlation coefficient in the above figure.

https://doi.org/10.1371/journal.pone.0249730.g004
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P fertilization in CON was 90 kg hm-2 and irrigation was 480 mm, so the loss of total P was

higher under CON treatment., The concentration of P in leaching was higher, the leaching vol-

ume was lower, so the loss of total P under OPTN treatment was close to that under CON

treatment. Thus, there was no difference between CON and OPTN treatment. In this study,

the concentration of total P was determined, but the other forms of P were not mentioned.

Next, we should determine the concentration of other form P to find out the main form of P

loss.

For the nitrogen loss coefficient and phosphorus loss coefficient in the study, the values var-

ied from year to year, but there was no significant difference except for the values in 2009. This

may because the installation of the leaching device in each of the plot study sites [33,34]. Tur-

tola et al. [33] studied the subsurface runoff for continuous 10 years and found that the share

of subsurface runoff contributed 90% in the first year, 70% in the third year. Marianne [35]

also found the similar results. This indicates that the leaching loss may be higher or lower

some years after installation of a leaching device.

The input of N in the present study was through irrigation water, applied as the basal dose

and top-dressed, atmospheric dry and wet deposition, whereas the output of N was in the form

of N leached, plant N uptake, N removed from soil, and N lost through the volatilization of

urea. The transformation of N in soil is a complex process [36–41]. However, the loss of N sup-

plied through drip irrigation (fertigation) is not obvious and the loss of nitrogen was very

small. Thus, drip irrigation and fertilization can effectively reduce the loss of nitrogen. In addi-

tion, we focused only on the loss of N through leaching and ignored the residual N and urea

volatilization in the present study. However, because these two forms account for a large pro-

portion of N balance, we intend to examine them in future experiments and work out a com-

plete system of N balance in soil and a crop. Clearly, there was a large proportion of nitrogen

in the leaching water except for the loss of total nitrogen, nitrate nitrogen and ammonium

nitrogen under different treatment, accounting for total N 38%, 46%, 25% and 43%,

Table 4. The correlations between the total nitrogen, total phosphorus absorption by cotton and loss of nitrogen and phosphorus in leaching water (kg hm-2).

CTN Total N NO3
- NH4

+ CTP Total P

CTN 1

Total N -0.342 1

NO3
- -0.0308 0.738�� 1

NH4
+ -0.576� 0.756 �� 0.643�� 1

CTP 0.596�� -0.409 -0.439 -0.67�� 1

Total P -0.138 0.431 0.079 0.345 -0.257 1

CTN represents total nitrogen absorption by cotton; CTP represents total phosphorus uptake by cotton

�, �� mean correlation coefficients are significant at the level of 0.05 and 0.01, respectively.

https://doi.org/10.1371/journal.pone.0249730.t004

Table 5. Cotton yield in different years under different treatments (t hm-2).

Yield 2009 2010 2011 2012 Average α

CK 4.98±016Ac 1.78±0.18Cc 1.67±0.14Bb 1.73±0.15Ab 2.54±0.43b -

CON 5.89±0.21Bb 6.89±0.13Aa 6.36±0.12Aa 6.41±0.13Ba 6.39±0.11a 151.60

OPT 6.44±0.42Ba 7.14±0.23Ba 6.58±0.16ABa 6.66±0.27ABa 6.71±0.11a 164.17

OPTN 6.50±0.19Ba 5.77±0.17Bb 6.18±0.43ABa 6.60±0.15Aa 6.26±0.12a 146.79

Data were mean ± standard error (n = 3). Different capital letters within a column indicate significant differences among years and different lower case within a row

indicate among treatments by ANOVA followed by Duncan’s test (p � 0.05). α represents the increase percentage of yield compared to that under CK treatment.

https://doi.org/10.1371/journal.pone.0249730.t005
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respectively. Whether this part of nitrogen has effect on plant absorption and utilization or not

and what are the specific nitrogen forms need further study. In addition, Steven et al (2002)

[39] found that dissolved organic nitrogen accounts for a major part of nitrogen losses from

forests, which could help to explain nutrient limitation in forest ecosystems [32]. It is desirable

to detect whether this result is suitable for the N balance in the agro-ecosystem. The rate of loss

of N was not even throughout the study, especially in the treatment with higher N fertilize and

higher amount of irrigation: the loss coefficient of N ranged from 0.60% to 1.33% from 2009 to

2012, depending on the irrigation and fertilizer regime (CON treatment) (Table 2). Taken

together, the loss coefficient under CON treatment was higher than other treatment, nearly

44.36% to 90% of OPTN treatment. Thus, OPTN treatment was the optimal water and nitro-

gen fertilization management in our study.

The components of soil P are P applied through organic and/or inorganic fertilizers, P

removed by the crop, and P lost through other routes [42]. In the present study, P was supplied

in the form of an inorganic fertilizer, which made leaching likely to be a major route of loss

other than that absorbed by the crop. It was therefore necessary to analyse P lost through

leaching from the agro-ecosystem, which is transported through soil water and eventually

reaches sources of surface water. As Fig 4F shows, the amount of P lost through leaching was

strongly correlated to the amount of P supplied through fertilizers, a result contrary to that

reported by Hu [36]; probably, P is fixed in soil in substantial amounts, which lowers the

amount likely to be lost through leaching, and P is considered to be relatively immobile in soil

compared to N. Phosphorus is firmly bound to soil because of the adsorption of P by Fe and Al

oxides in acidic soils [37]. Since 1980, fertilizer P added to soils was observed to have been

accumulated in soils in China [38–40]. This accumulated P in the soil is a large potential

source of P, which may be available to crops, and leaching accounts for only a small part. This

result is consistent with that of Wang [38]. Thus, we should connect the accumulated P in soil,

the leaching P, the absorption by plant and P fertilizer together to access P balance. This mea-

sure can be helpful to support future crop production.

Effect on nutrient uptake

Both ammonium (NH4
+) and nitrate (NO3

−) are the major inorganic sources of N for plants

[43–48]. Both of them have a significant effect on crop growth and must be managed appropri-

ately to maximize plant growth and NUE. Iqbal, A et al (2020) found that the nitrate uptake by

plants was higher than ammonium uptake in cotton. Nutrient uptake by cotton tended to

increase with the age of the crop no matter the amount of N and P fertilizers was applied [47].

In our study, total N and P uptake differed significantly depending on the ratio and the level of

N and P supplied. N and P absorption by cotton was higher under OPTN treatment, probably

because the N, P fertilization and irrigation under OPTN treatment are more suitable for cot-

ton growth. In addition, the microbial activity is more active and can provide more N source

for cotton absorption [38,39]. The loss coefficient of N and P was higher under the same treat-

ment (Table 2), probably although the combination of a high doses of fertilization and high

levels of organic matter promoted crop growth and accelerated absorption of active nutrients,

the availability was in excess of what could be absorbed, so the result was being a greater risk of

loss [40]. We found a close correlation between application and absorption for both P and N.

Absorption was facilitated by the fertilization regime and the amount of irrigation that consti-

tuted the treatment OPT (Fig 4A and 4B). This result showed that although N and P exceeded

their respective rates of absorption by the crop, proper irrigation could relieve the effect of

excessive fertilization to some extent and improve the efficiency of utilization of N and P. Thus

optimal supply of water and fertilization was the key to greater absorption and yield. In our
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study, although the relationships between N and P fertilization and absorption by cotton were

positively correlated, the bearing capacity of soil and absorption of plant was certain and there

must be a threshold in the soil. Once the threshold was exceeded, more environmental prob-

lems would be caused such as soil salinization, soil hardening, so it is an urgent problem to

solve and desirable to study.

Conclusion

Cotton, one of the main cash crops in Xinjiang, Northwest China, is widely adopted drip irri-

gation under plastic film in arid area. Although drip irrigation could reduce the waste of water

resources, it is not clear whether the leaching occurs and the characteristics of nitrogen and

phosphorus loss, especially in arid area. Our results showed that the leaching occurred under

four treatments in cotton field under drip irrigation. The greatest loss of total N, NH4
+ and

total P was under conventional fertilization and irrigation treatment, which was 28.00%,

11.00%, 115.00%, respectively higher than that under optimizing fertilization and irrigation

treatment. The loss of NO3
- was greatest under conventional fertilization and optimizing irri-

gation treatment, which was higher 34% than that under optimizing fertilization and irrigation

treatment. The greatest loss coefficient of N and P was under conventional fertilization and

irrigation treatment. Cotton absorbed higher N was under conventional fertilization and opti-

mizing irrigation treatment, and P was under optimizing fertilization and irrigation treatment.

The correlations among N, P absorption, loss of NH4
+ and total phosphorus were quadratic

function. The total nitrogen loss and cumulative nitrogen application was lineally correlated.

The loss of NO3
- and cumulative nitrogen application was exponential. The conventional fer-

tilization and optimizing irrigation treatment was the optimal water and fertilization manage-

ment because the cotton yield was highest With the increase of fertilization application, the

amount of N and P loss increased during the period of our study, but how does the loss change

after long term of fertilization? If the amount of N and P loss continues to increase, will it be

harmful to surface or underground body? This study is based on long term fertilization and

irrigation experience under drip irrigation to evaluate N and P loss. This study is desirable to

study.
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