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Abstract: This study researched the effects of using various nitrogen (IN) conservation measures on
the residual characteristics of nitrate and ammonium N in soil and the associated N uptake by cotton
plants. A field experiment with six treatments was conducted, as follows, no N application (DT1),
conventional N application (DT2), 60% conventional N application combined with DCD (DT3), 60%
conventional N application combined with NBPT (DT4), 60% conventional N application combined
with cotton straw returning (DT5), and 60% conventional N application combined with DCD, NBPT,
and cotton straw returning (DT6). The results showed that the cotton straws in the DT5 treatment
were beneficial for the vegetative growth of cotton seedlings. However, it was observed that the later
performance of the plants in this sample was poor in terms of height, biomass, and yield of cotton.
The plant height in the DT6 sample increased by 15 cm compared with those in DT1, and the soil and
plant analyzer development (SPAD) values of the fourth leaf from the top of the DT6 plants were
higher than those in the DT1 and DT4 samples. The DT6 plants (60% Urea + DCD + NBPT + cotton
straw) increased N use efficiency by up to 47%, and no significant decrease in biomass and cotton
yield was observed compared to the DT2 sample. The residual content of nitrate N in the tillage
layer increased gradually over time between two rounds of drip irrigation treatment applications.
Compared with the DT2 treatment, the other treatments resulted in lower residual nitrate N contents.
In summary, the application of N fertilizers at a reduced rate combined with N conservation measures
may increase N use efficiency and decrease the risk of non-point source N fertilizer pollution, while
maintaining the cotton yield.

Keywords: nitrogen reduction; nitrogen conservation; nitrogen uptake; NUE; cotton yield; extremely
arid areas

1. Introduction

With its wide-ranging applications, cotton is the world’s most vital economic crop [1].
The Tarim Basin in China is an arid region with a high cotton yield and unique climatic
and soil conditions. It is located in China’s main cotton planting region, Xinjiang, where
cotton production accounts for 83% of the total national production [2-4]. Many factors
affect cotton yield [5], among which nitrogen (N) is the main limiting factor for its growth.
Compared with other nutrients, the application of N fertilizer is necessary throughout
the cotton growth period and cotton plants” demand for N is extremely high. Urea is the
most common N fertilizer used for cotton production in China. Within two to three weeks
after urea application, the fertilizer is converted to a mobile nitrate (NO3~N) through
nitrification [6]. In addition, the volatilization of Nitrous oxide (N,O) due to denitrification
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and the volatilization of ammonia (NH3) due to the presence of ammonium nitrogen
(NH4") results in the loss of most of the N fertilizer following its application to the soil.
This massive release of N leads to serious problems in the water, air, and soil systems [7,8].

To ensure environmental sustainability, it is necessary to reduce the damage caused
by using N fertilizers while maintaining crop production and ensuring global food se-
curity. To make cotton development sustainable and to reduce the negative impact of N
fertilization, the N utilization of plants needs to be made more efficient. An important
improvement in this respect is the addition of N-(n-butyl) thiophosphoric triamide (NBPT)
and dicyandiamide (DCD) to fertilizers [9], which are common urease and nitrification
inhibitors, respectively.

DCD dissolves easily (23 g L™, 13 °C) and contains 65% N [10]. It inhibits the oxidation
of NH;* to NO3 ™~ by inhibiting Nitrosomonas [10], which delays the nitrification of NH;*-N
and improves the soil retention of N, thereby increasing the utilization efficiency of N
fertilizers and improving the N level in crops. The urease inhibitor NBPT [9,11] inhibits
N loss due to NH3 and N,O volatilization by reducing the hydrolysis rate of urea [12],
and it exhibits an effective inhibitory effect on urea in a variety of soils when used at low
dosages [13,14]. After NBPT is added to the soil, it is converted to oxon analog N-(nbutyl)
phosphoric triamide (NBPTO) [15], which competes with Ni-enzymes for binding sites
on the urea molecular structure, thereby inhibiting urea hydrolysis [16]. Existing studies
on the joint use of wheat straws and urease inhibitors have shown that the presence of
wheat straws, with or without the use of NBPT, prolongs the retention of NH," in soils and
reduces the formation of NO3 ™~ [17,18].

For cotton N conservation, the reported performance of single biochemical inhibitors
varies among studies, and few studies have reported on the effect on N conservation when
a combination of inhibitors and straws is used, particularly in sandy loam soil within arid
areas. Nitrification and urease inhibitors applied to dry land can significantly inhibit N,O
emissions [19,20], reduce N leaching losses (by 38% to 56%) [21], and increase the N recovery
rate of crops (by 34% to 93%) [22]. However, the performance of nitrification inhibitors is
closely related to the type used, the soil and crop types, the application environment, and
other factors [23]. Therefore, this study explores the differences in the NO; ~-N and NH,;*-N
contents of tillage soil and in the growth status and yield of cotton plants under different N
conservation measures in the extremely arid Tarim Basin in Xinjiang, China. Reducing the
N dosage in fertilizers without reducing the cotton yield and the N utilization efficiency has
important implications for the management of cotton fields and for decreasing non-point
source N pollution in arid areas [24-26].

2. Materials and Methods
2.1. Experimental Conditions

A field test was conducted in Alar, Xinjiang Province. Alar is a city situated on the
southern margin of the Tarim Basin (40°22’ to 40°57" E, 80°30’ to 81°58’ N). The test field
was under the following conditions: annual mean temperature of about 10.7 °C, annual
mean precipitation of 40.1-82.5 mm with an annual mean evaporation of 1876.6-2558.9 mm.
The test soil was sandy loam, and the physical and chemical properties of the 0-20 cm soil
layer are shown in Table 1.

Table 1. Physical and chemical properties of the test field.

Nitrate Available Available Electrical

Water( gl)bntent Org(anli(c I}/{Ttter AI:‘IIEIOII(IiliIll‘)I N N Phosphorus Potassium ];Otil ??}t pH Conductivity
’ 88 818 (mg kg—1) (mg kg~1) (mg kg1) 88 Mm cm-1
15 13 0.97 2.83 11 96 2.8 7.62 229

2.2. Experiment Design

The cotton (Gossypium spp.) variety, Shikang 278, was grown in triplicate in six
treatment types (DT1, DT2, DT3, DT4, DT5, and DT6) between 2019 and 2020. DT1 was a
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blank control (without N application), DT2 was a conventional control (with a N application
rate of 450 kg ha™1), and the N application rate of the other treatments was 60% of that in
DT2 (i.e., an application rate of 270 kg ha~!). The test design s shown in Tables 2 and 3. The
test was conducted using a completely randomized block design with three replicates each
year. Each test plot area was 36 square meters and each treatment had three repetitions.
Mulched drip irrigation was applied to the cotton. The planting densities of each treatment
type test area were similar.

Table 2. Amount of base fertilizer applied.

Types of Fertilizer DT1* DT2 ** DT3 DT4 DT5 DTé6
N (kg ha=') 0 225 135 135 135 135
DCD (kg ha=1) — — 13.5 — — 13.5
NBPT (kg ha™1) — — — 1.35 — 1.35
Cotton straw (kg ha=1) — — — — 4500 4500

* DT1 was the control treatment. ** The base fertilizer rate of DT2 was the same as that of conventional fertilizer
(225 kg ha™1).

Table 3. Amount of dressing fertilizer applied each time.

Treatment N (kg ha—1) DCD * (kg ha—1) NBPT ** (kg ha—1)
DT1 0
DT2 28.125
DT3 16.875 1.70
DT4 16.875
DT5 16.875 0.17
DTé6 16.875 1.70 0.17

*DCD is a nitrification inhibitor. ** NBPT is a urease inhibitor.

DCD was used as a nitrification inhibitor in DT3 and DT6 and was added at a rate
of 10% of the N application rate. NBPT was applied as a urease inhibitor in DT4 and
DT6 at a rate of 1% of the N amount. The N fertilizer used in each treatment was urea
(N 46%). Cotton straw was used as a fertilizer in DT5 and DT6. After the cotton straws
were crushed, they were evenly mixed within the soil at an application rate of 4500 kg ha !
to a depth of 30-cm depth, prior to sowing. Double superphosphate was applied as a basal
phosphate fertilizer at a rate of 138 kg ha~! (as P,Os), potassium sulphate was applied as
a basal potassium fertilizer at a rate of 78 kg ha~! (as K,0), and potassium dihydrogen
phosphate (as 0-52-34) was applied as a phosphorus and potassium top-dressing at a
rate of 450 kg ha~!. The fertilizer dosage was 50% before sowing and 50% during the
growth period.

Air and soil temperatures were measured two weeks after fertilization to characterize
the test site conditions, as detailed in Table 4. The top-dressing was applied through drip
irrigation for eight-day periods, and eight rounds in total were applied at an irrigation
volume of 25 m® ha~! per round.

Table 4. Fertilizer application date and associated air and soil temperatures.

Application Date  Air Timax (°C)  Air Tpin (°C)  Soil Tnax (°C)  Soil Tynin (°C)
30 May 2019
(base fertilizer) 310 20.0 322 263
7 July 2019
(dressing fertilizer *) 521 21.3 315 25.5
25 May 2020
(base fertilizer) 32.0 21.2 311 25.1
28 June 2020 331 s - 26

(dressing fertilizer *)

* Dressing fertilizer applied for an 8-day period.
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2.3. Index Measurement Methods

(1) Cotton plant height and number of true leaves on the main stem.

To conduct the measurements, three rows were selected in each plot, and 10 consec-
utive plants were selected in each row, totaling 30 plants per plot. The plant height was
measured with a steel measuring tape from the cotyledonary node to the uppermost point
of the plant. The number of true leaves on the main stem was defined as the number of
leaves growing above the first two cotyledons, and this number was recorded for each of
the five growth stages.

(2) Number and weight of bolls and the SPAD values of the fourth leaf from the top of
the plant.

The number of bolls for each plant was determined by counting the number of mature
bolls of 30 plants in a given plot (excluding young bolls, which measured less than 2 cm
in length, and flower buds) and then averaging the number for the 30 plants. The seed
cotton weight per boll in a given plot was determined by collecting the seed cotton from
30 pre-selected cotton plants on a regular basis after the bolls had opened, obtaining the
total weight of the collected seed cotton, and dividing the total weight first by 30 and then
by the number of bolls per plant. The SPAD value of the fourth leaf from the top of the
cotton plant in each plot was measured during sunny, windless weather. Specifically, the
SPAD values at three points on the fourth leaf from the top of the plant on the main stem of
a pre-selected cotton plant were measured using a hand-held SPAD-502 chlorophyll meter
(Konica Minolta Optics, Japan) and then averaged.

(3) Total N content of the cotton plants.

Ten cotton plants with uniform growth and development were selected from each test
plot. The roots, stems, leaves, buds, and bolls were separated, thoroughly rinsed with tap
water, rinsed 2-3 times with distilled water, placed on gauze on a table for 20 min to ensure
they were fully dried, and then weighed. The treated specimens were then further dried
at 105 °C for 30 min and baked at 80 °C until a persistent biomass weight was obtained.
Specimens were crushed and the total N content was determined using the sulphuric
acid-hydrogen peroxide digestion method.

The above measurements were conducted sequentially during the seedling stage
(in June), the full budding stage (in early July), the full flowering stage (in late July), the
boll-forming stage (in the middle of August), and the boll-opening stage (in late September).

(4) NO3~-N and NH,4"-N contents of tillage soil.

The NO3;~-N and NH;*-N contents of the 0-20 cm soil layer were monitored from
the seedling stage to the budding stage (from 21 June to 4 July, starting from the second
day of topdressing, samples were taken once a day for two consecutive weeks and marked
as sampling days 1, 2, ..., 15) and from the flowering stage to the boll-forming stage
(from 14 July to 24 August, samples were taken once a week and marked as sampling days
24,32, ..., 64) following fertilization. This process was designed to reveal the nutrient
content dynamics under the different fertilization treatments, with the ultimate aim of
providing a theoretical basis for the optimum application of N fertilizer to cotton fields.
The methods applied to measure the NO3; -N and NH4*-N contents can be found in
previous studies [27,28]. In brief, fresh soil samples were leached using 1 M KCl, and the
leachate was analyzed using a flow analyzer (AutoAnalyzer 3 (AA3), SEAL Analytical
GmbH, Germany).

(5) The cotton yields were calculated according to Formula (1):

Seed cotton yield (kg- hm_2> =

cotton number-hm 2 x boll number for each plant x weight of seed cotton for each boll(g)
1000

)

and the total N uptake by the cotton was calculated according to Formula (2):

TN =) wix Ci )
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where TN refers to the total N uptake by the cotton, wi is the biomass weight of each part
(kg), Ciis the measured N content of each part (g/kg), and i represents the parts analyzed
(roots, stems, leaves, buds, or bolls).

Furthermore, N use efficiency was calculated according to Formula (3):

N use effien cy (NUE (70) — N uptakeN fertilizer treatment N uptakeno fertilizer treatment % 100% (3)
’ quantity of N application

2.4. Data Processing Method

Plotting was performed using Origin 9.0 software, statistics (means and standard
deviations) were calculated using SPSS 20.0 software, and a multivariate comparison was
conducted using Duncan’s test.

Statistical analysis was conducted using the restricted maximum likelihood estimation
of variance components method. The covariance parameter for block x N treatment x year
was utilized to test the effects of the N fertilizer treatment and the interactions between N
treatments and years. The year was assumed to be a random effect. A conventional LSD
(a = 0.05) post hoc analysis was used to detect the statistical differences between the means.
There were no significant interaction effects between treatment and year for any of the
parameters analyzed in this study. Therefore, the results section only provides information
about the main treatment effect of our investigations and the data are pooled across years.

3. Results and Analysis
3.1. Cotton Growth Dynamics

(1) Cotton plant height.

As shown in Figure 1, plant height is an important physiological index of cotton,
and a suitable plant height is a prerequisite for a high cotton yield. After cotton topping,
the cotton plant height increased gradually and tended to be stable. During the boll-
opening stage, the cotton plant height for the different treatments decreased in the order of
DTé6 > DT4 > DT5 > DT3 > DT2 > DT1. During the seeding stage, there were no significant
variations in the heights of the cotton plants between DT6, DT3, and DT4, but their heights
were all greater than those of the plants in DT2 and DT1. The difference in the height of the
cotton plants between DT6 and DT4 was not significant after the budding stage, but the
cotton plant height for these two treatments was significantly greater than that for the other
treatments. This result indicates that the application of urea with a nitrification inhibitor
alone (DT3) and the application of urea with cotton straws alone (DT5) were unfavorable
for increasing the height of cotton plants. Compared with DT6, DT3 contained a smaller
amount of soil residual NO3 ™.

(2) Number of true leaves on the cotton plant main stem

As shown in Figure 2, there was no significant variation in the number of true leaves
at the seeding stage between the treatments. However, at the budding stage, the number
of true leaves on the plants in DT4 was significantly different from those in DT1 and DT?5.
At the flowering stage, the number of true leaves on the plants in DT3, DT4, and DT6
was significantly different from those in DT1, DT2, and DT5, but there was no significant
difference between the DT3 and DT4 plants. At the boll-opening stage, the number of true
leaves on the plants in DT1 was significantly lower than on those in DT6, but the number
was at a similar level with plants from the other treatments. The largest number of true
leaves at any stage of the cotton growth period was 34 in DT6 during the flowering stage.
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Figure 1. Height of cotton at different growth stages using the different N fertilizer treatment
types (Different lowercase letters at the top of columns indicate significant differences or otherwise
insignificant differences).
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Figure 2. Quantity of true leaves on the main stem of cotton plants using different N fertilizer
treatment types (Different lowercase letters at the top of the columns indicate significant differences
or otherwise insignificant differences).

(3) SPAD value of the fourth leaf from the top of the plant.

The fourth leaf from the top of the cotton plant is the main organ of photosynthesis.
Chlorophyll is an important pigment that converts light energy into chemical energy, and
there is a close relationship between photosynthesis and leaf chlorophyll content. The
amount of solar radiation absorbed by leaves is mainly determined by their chlorophyll
content, with this chlorophyll content serving as an indicator of the nutritional status of
leaves and the degree of senescence. Moreover, a leaf’s chlorophyll content is one of the
important indicators of the dynamics of a leaf’s physiological activity. As shown in Figure 3,
at the cotton seedling stage, the SPAD values of the fourth leaf from the top of plants in
DT2, DT3, DT5, and DT6 differed significantly from those in DT1 and DT4. In the other
four growth stages, the SPAD values of the fourth leaf from the top in plants from the



Processes 2022, 10, 353

7 of 16

five treatments DT2-DT6 were the same, but their values differed significantly from those
in DT1.

80
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[ DIE=——hny
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70

Seeding stage Budding stage Flowering  Bell period Boll opening

Reproductive period

Figure 3. SPAD value of the fourth leaf from the top of the plant using different N fertilizer treatments
(Different lowercase letters at the top of the columns indicate significant differences or otherwise
insignificant differences).

(4) Growth curve.

The reproductive organ biomass determines the yield of a cotton plant. Many factors
influence a plant’s biomass and the parts of the plant from which the biomass is obtained,
which then affects the cotton yield. As shown in Figure 4a, the increase in root biomass
in plants in DT2 and DT4 slowed down in the boll-forming stage. The increase in root
biomass exhibited in plants in DT2 and DT4 prior to the boll-forming stage was also seen
in DT6 plants; however, the increase in root biomass during the boll-forming stage was
significantly higher in DT6 plants than in DT2 and DT4. This difference is attributed to
the fact that N conservation measures play a major role in supplying N for root biomass
accumulation during the later stages of cotton growth, as is the case with the DT6 plants
in this study. Moreover, the traditional fertilization treatment used in DT2 led to low root
biomass throughout the cotton plant growth period, but significantly higher leaf biomass
compared with the other treatments. The root biomass dynamics were basically the same
in the DT5 and DT3 plants, with rapid root growth during the seeding and budding stages,
slow root growth from the flowering stage to the boll-forming stage, and rapid root growth
again during the boll-forming stage. In contrast, root growth was slow during the seedling,
budding, and flowering stages of the DT1 plants, but it increased during the boll-forming
and boll-opening stages, leading to the maximum root biomass recorded. This discrepancy
was attributed to the fact that DT1 was a non-fertilization treatment, and the supply of
necessary nutrients for cotton growth mainly depends on the background soil fertility. The
background soil fertility was sufficient for supporting cotton vegetative growth in the early
stages, but the demand for nutrients increased during the reproductive growth stages,
making it necessary for the cotton plants to continuously transport nutrients from the root
system to sustain their reproductive growth, thereby promoting root growth, which is a
phenomenon known as cotton resistance to stress. As shown in Figure 4b, there was the
same stem biomass across the treatments during the seedling and flowering stages, but the
stem biomass exhibited the same trend in plants in DT2, DT3, and DT6 at the budding and
flowering stages, namely a trend of rapid growth. Stem growth slowed down after the boll-
forming stage, especially after the boll-forming stage of the DT2 plants, when stem growth
slowed significantly. This was because the residual soil N content using the traditional
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treatment was low during the later stages of cotton growth due to the absence of any N
conservation measures, despite the high application rate of a N fertilizer. A sustained and
rapid stem growth was observed in the DT4, DT5, and DT1 plants after the boll-forming
stage. DT5 plants had the highest stem biomass of all treatments at the boll-opening stage,
and this value was much higher than that of DT6 plants. These findings suggest that
the joint application of cotton straws, the nitrification inhibitor, and the urease inhibitor
reduced the supply rate of N but increased the relative content of soil carbon, which was
favorable for stem growth. As shown in Figure 4c, the leaf biomass in each treatment
increased from the seedling stage, reaching a maximum during the boll-forming stage
(except for DT3 plants) and then decreased towards the boll-opening stage. In particular,
the leaf biomass at the flowering and boll-forming stages was increased (p < 0.05) in DT2
plants than in other treatments, indicating that treatments with higher application rates
of a N fertilizer are more favorable for cotton leaf growth. However, the leaf biomass was
significantly lower in DT1 plants than in other treatments at all stages. The leaf biomass in
DT3 plants began to decrease after the boll-forming stage, because the nitrification inhibitor
reduced the supply of NO3 ™, thereby inhibiting leaf growth. Leaf biomass showed the
same trend in DT4, DT5, and DT6 plants. As shown in Figure 4d, the boll biomass in each
treatment showed an increasing trend from the budding stage to the boll-opening stage.
At the boll-opening stage, the boll biomass was significantly higher in DT6, DT4, and DT5
plants than in other treatments, while it was lowest in DT1.
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Figure 4. Growth curve of cotton: (a) roots, (b) stems, (c) leaves, and (d) bolls.

3.2. Cotton Yield

Table 5 shows that the planting densities of the plants in each treatment type were
similar. Improvements in boll number [29] and boll weight [30] are important factors
behind a high cotton yield. The numbers of bolls in plants of DT2, DT3, DT4, DT5, and DT6
were significantly different from those in DT1. The highest 100-boll weight was observed
in the plants of DT4 and DT?2, and there was the same content between the two. The cotton
yield in each treatment group decreased in the following order DT4 > DT2 > DT6 > DT3
> DT5 > DT1; DT4 plants had the highest cotton yield, which was higher by 3.32% than
that of plants in DT2, while the cotton yields of plants in DT1, DT3, DT5, and DT6 were
lower by 24%, 6.36%, 8.11%, and 0.13%, respectively, than the DT2 plants. There were no
significant differences among the cotton yields of the DT2, DT4, and DT6 plants.
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Table 5. Cotton yields under different nitrogen application levels.
Treatment Planting Boll Number Weight for Cotton Yield 1;::(;‘5::;::
. 2 -1
Density hm for Each Plant 100 Bolls (g) (kg ha=1) over DT2 (%)

DT1 162,680 a 294D 560.00 ¢ 2847.57 ¢ —24.28
DT2 156,074 a 392a 615.78 ab 3760.19 a -

DT3 161,079 a 3.51 ab 606.43 b 3521.90 b —6.36
DT4 152,490 a 4.02a 642.95 a 3885.77 a 3.32
DT5 152,048 a 3.63a 608.86 b 3455.19b —8.11
DTé 158,505 a 397 a 606.46 b 3755.99 a —0.13

Notes: Different lowercase letters in the columns indicate significant differences or otherwise insignificant differences.

3.3. Nitrogen Use Efficiency at Different Stages

With sandy loam soil, it is essential to increase N use efficiency to increase the crop
yield. N use efficiency is generally defined as the ratio of N absorbed by crop plants during
the whole growth period to the total amount of N fertilizer applied. Cotton has a long
growth period that includes a long interval between the application of a basal fertilizer
to the first top-dressing application, and N use efficiency varies dramatically between the
different stages. We proposed a concept of phase nitrogen use efficiency (PNUE), which is
defined as the proportion of cumulative N uptake during the period from the application
of N to the end of a given stage in relation to the total amount of N applied.

As shown in Figure 5, the combined application of NBPT, straw, and DCD in DT6 and
the individual applications of DCD, NBPT, and straw in DT3, DT4, and DTS5, respectively,
resulted in higher PNUE values than seen with DT2. The PNUE up to the end of the
seedling and budding stages was higher in DT4 and DT5 than in DT2 and DT6. The PNUE
up until the end of the flowering stage was lower in DT2 than in the other treatments, while
DT6 had the highest PNUE up until the end of the boll-forming and boll-opening stages.
Table 6 indicates that the NUE for each treatment decreased in the following order DT6
(48.0%) > DT4 (43.7%) > DT3 (43.1%) > DT5 (40.1%) > DT2 (26.3%).

60

Bl
| e a
s0 | BB DT4
Bl o1
[

40 |

PNUE (%)
=

20

Seeding stage Buding stage  Flowing Bell period Boll opening

Reproductive period

Figure 5. Cumulative nitrogen use efficiency (PNUE) using different nitrogen fertilizer treatments
(Different lowercase letters at the top of the columns indicate significant differences or otherwise
insignificant differences).
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Table 6. Changes in nitrogen use efficiency (NUE) using different nitrogen fertilizer treatments.

Treatment NUE (%) Changes in NUE (%)
DT2 26.3 0
DT3 43.1 +63.9
DT4 43.7 +66.3
DT5 40.1 +51.8
DTé6 48.0 +81.0

3.4. Nitrogen Uptake by Cotton for the Whole Growth Period

Net nitrogen accumulation was calculated by multiplying the nitrogen content in dry
matter and the dry weight at each growth stage. The amount of N accumulated during
the budding stage in the various treatments decreased in the following order DT4 > DT5
> DT6 > DT2 > DT3 > DT1, and it was significantly higher in DT4 and DT5 than in the
other treatments (Table 7). The decreasing order of N accumulated during the flowering
stage in the different treatment groups was DT2 > DT3 > DT4 > DT5 > DT6 > DT1, with
significantly higher amounts of N accumulated in DT2 compared with the other treatments.
The decreasing order of N accumulated during the boll-forming stage was DT2 > DT6

> DT3 > DT4 > DT5 > DT1, with significantly higher amounts of N accumulated in DT2
and DT6 compared with the other treatments. The decreasing order of the amount of N
accumulated during the boll-opening stage was DT6 > DT3 > DT4 > DT5 > DT2 > DT1,
with significantly higher amounts of N accumulated in the DT6, DT3, and DT4 treatments
compared with the others. N accumulation peaked during the flowering stage, regardless
of the treatment. From the flowering stage to the boll-forming stage, the decreasing order in
the amount of N accumulated in the treatments was DT2 > DT6 > DT3 > DT4 > DT5 > DT1.
The net amount of N accumulated was the highest in DT2. During the boll-opening stage,
the amount of N accumulated was lower in DT2 than in the other treatments. With respect
to the ratio of N accumulated at a given stage to the total N accumulated within the
entire growth period, the ratio in DT2 reached a maximum before the flowering stage
but decreased during the boll-forming stage. The same trend was also observed for DT3.
In contrast, the amount of N accumulated in DT4, DT5, and DT6 increased significantly
during the boll-forming stage. The amount of N accumulated in DT1 was high before the
flowering stage, but it decreased during the boll-opening stage. This can be attributed to
the fact that the background soil fertility met the needs of the cotton plants in the early
growth stages, but the soil’s N levels failed to meet the reproductive growth needs of the
plants as they continued to grow in the later stages.

3.5. Residual Characteristics and Changes in NO3~ and NH,* within Tillage Soil under
Different Treatments

Irrigated fertilization was applied eight times during the study. Dynamic measure-
ments of soil NO3~ and NH;* in the 0-20 cm tillage layer were obtained each day after the
first two rounds of sixteen days of irrigated fertilization and every week after the last six
rounds. The contents of NO3;~ and NHy " in the 0-20 cm tillage layer were dynamically
determined using a continuous flow analyzer. As shown in Figure 6a, the soil NO3;~
content increased to a certain extent in all treatments except for DT1 (no N applied), and the
increase was particularly obvious in the soil of DT2, DT5, and DT6. The soil NO3 ™ content
first increased and then decreased over time with all of the fertilizer treatments, except for
DT2, where the soil NO3 ™~ content peaked twice during the period from 21 June to 5 July.
As shown in Figure 6b, the maxima for soil NH* content were above 6 mg kg~! in all
treatments except for DT1. The soil NH4* content was low within the first four days after N
was applied; it then showed a decreasing trend over time but peaked again during the last
4-7 post-application days (when it rapidly increased and then decreased), which indicates
that the onset of rapid urea decomposition was delayed. There were multiple peak values
in the NH,* content of the soil of DT3, which indicates that the nitrification inhibitor plays
an important role in retaining soil ammonium N. In the DT4 soil, the NH,;* content first
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increased and then gradually decreased following irrigated fertilization. In the DT5 soil,
the NH* content peaked twice during the period from 21 June to 5 July, which indicates
that the post-application release of fertilizer N into the soil occurred more than once and
that it also occurred in the later stages. Compared with the other treatments, the soil NH,*
content showed a greater number of peak values in DT6, where the soil NH4* content
remained close to the peak values for a longer duration than with the other treatments, and
the inter-peak intervals were shorter. This result indicates that the joint application of a
nitrification inhibitor, urease inhibitor, and returned straws provides a better result than
the application of any of the three individually.

Table 7. The stages of N accumulation in cotton under different levels of N fertilizer treatments.

N Accumulation Net N Accumulation Net N Accumulation

Growth Period Treatment (kg ha—1) at Each S:cage at Each Stage/Total N (%)
(kgha—1)
Budding stage DT1 11.6d £ 04 - 38.00
DT2 129b + 04 - 70.02
DT3 123c+04 - 54.52
DT4 13.8a+04 - 45.01
DT5 134a+05 - 46.81
DT6 13.1b £ 0.6 - 45.65
Flowering DT1 241 ¢+ 0.7 12.4 7.64
DT2 415a+0.7 349 16.22
DT3 39.8b £ 0.5 30.1 3.06
DT4 383b £ 0.6 24.5 3.64
DT5 371b+0.5 23.7 2.02
DT6 40.0b £ 0.3 26.9 6.77
Boll period DT1 26.6 ¢+ 0.3 2.5 18.79
DT2 479a+ 0.3 8.0 4.01
DT3 442b +04 1.6 20.06
DT4 403b £ 0.3 1.9 25.94
DT5 381c+04 1.0 24.64
DT6 47.0a+0.7 7.0 25.44
Boll opening DT1 328c+04 6.1 -
DT2 499b £ 05 2.0 -
DT3 55.2a+0.6 11.0 -
DT4 544a+0.7 14.1 -
DT5 50.6b £+ 0.6 124 -
DT6 59.0a £ 0.8 15.0 -

Notes: Different lowercase letters in the columns indicate significant differences or otherwise insignificant differences.
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Figure 6. Concentrations of NO3; ™~ (a) and NH;* (b) in the soil at a depth of 0-20 cm.

4. Discussion

Nitrogen is the most vital mineral nutrient for crop growth, and its deficiency can
result in changes in the growth, yield, and physiological status of cotton plants. Our study
demonstrated that for urea applied at 60% of the conventional rate, N use efficiency was
improved in the presence of DCD, NBPT, and cotton straw together, or in the presence of
only one of these three. In contrast, N use efficiency was the lowest in DT2. In this respect,
the application of urea alone in DT2 promoted soil nitrification/denitrification, which in
turn promoted soil N,O emissions and N loss. However, N use efficiency in DT5, where
urea was applied only with returned straws, was lower than that of the other fertilizer
treatments. Compared with DT6, the decomposition of the cotton straws in DT5 resulted
in soil N consumption, as the straws competed with the cotton plants for N adsorption.
When applied to the soil, the cotton straws underwent decomposition, which consumed
O; in the soil and intensified denitrification, thus leading to the consumption of soil N.
During the boll-forming and boll-opening stages, straw-induced denitrification became less
obvious as the straws continued to decompose, and the top-dressing applied in these later
stages ensured a continuous supply of N. As a result, the leaf and boll biomass increased
again during these stages. In DT6, the addition of cotton straws together with DCD and
NBPT prolonged the effective duration of the N fertilizer in the soil and increased the C/N
ratio. A higher ratio of active organic carbon to NO3 ™ is favorable for the reduction of
nitrate N to ammonium N and thus for N fixation [31]. A common practice adopted by
local farmers for cotton planting in southern Xinjiang is to crush straws and directly apply
them to the fields.

Compared with DT3 and DT4, DT6 provided N conservation measures that involved
the application of DCD, NBPT, and straws, and the straws served to increase the ratio of
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active C to N [32-34], thereby improving the N fixation efficiency. In DT4, the root biomass
was relatively low after the boll-forming stage because of the low N use efficiency (due to
the unfavorable N uptake conditions).

Cotton yields were lower in DT1, DT5, and DT3 than in DT2, but there were no
significant differences between DT4, DT2, and DT6. Kawakami et al. [9] found that joint
application of urea at 75% of the conventional rate with DCD and NBPT reduced the
N uptake of cotton, which adversely affected cotton growth and led to lower yields.
This observation is consistent with our results which show that the inclusion of DCD
in DT3 resulted in a lower cotton yield. However, Di and Cameron [35] reported that the
application of DCD has been reported as being beneficial in enhancing N fertilizer efficiency
and crop yields. It may be that DCD can reduce N loss in various ways [20,36].

The yield reduction in this study can be attributed to the following: DCD increases
stomatal conductance [37] and has a positive impact on photosynthesis and the yield under
good precipitation conditions [38]. However, it has a negative impact when precipitation is
insufficient or when there is severe water loss [39]. The present test field was located in
the extremely arid area of the Tarim Basin where precipitation is scarce and evaporation is
strong, which also aggravates ammonia volatilization loss.

The benefits of simultaneous fertilization with NBPT and urea have been well doc-
umented [40]. The application of NBPT on silt loam and clay loam can reduce NHj3
volatilization losses by 89% and 47%, respectively [41]. NBPT also has a positive effect
on the chlorophyll content, growth, and yield of cotton plants [9]. In this study, there
was the same content between the cotton yields of DT4 and DT2, but the application rate
of urea in DT4 was 60% that of DT2, which suggests that NBPT played an important
role in increasing the cotton yield. This accords with the previous finding of Earnest and
Varco [42]. This effect could be attributed to the inhibition of urea hydrolysis by urease
inhibitors, which delays the changeover of amide N to NH;*-N and reduces the soil NH4*
content, thereby decreasing the volatilization of NHs. The observed performance of NBPT
confirmed that ammonia volatilization loss is a key factor influencing the N use efficiency
of urea. In contrast, the use of straws in DT6 increased soil C/N ratios and thus facilitated
N fixation, which prolonged the effective duration of N fertilizer in the soil. DCD can
inhibit the conversion of NH4*-N to NO3; ™~ and reduce the leaching of NO3~, and NBPT
can reduce the volatilization loss caused by the conversion of NHs* to NH3, especially in
sandy loam in extremely arid areas. The test soil in this study was alkaline, which facilitated
the changeover of NH4* to NHj3 and also the volatilization loss of N. Consequently, the
DT6 treatment provided the highest yield. The planting environment and planting time of
crops are very important factors in the accumulation of biomass [43], as well as in respect
of nitrogen accumulation and the C/N ratio of cotton.

The NO3;~ and NH4" contents of the 0-20 cm soil layer in each test plot showed
a general, gradual, decreasing trend with time following the top-dressing application,
and dropped to low levels after two weeks. The soil NO3;~ content was lower in DT3,
where DCD was used, than in DT2, DT4, and DT6, which indicates that DCD has a good
inhibitory effect on the changeover of N to NO3 ™ in soil, thereby indirectly reducing the
leaching of nitrate N. The retention of soil NH* in the different treatments decreased in
the order of DT6 > DT3 > DT5 > DT4. Therefore, the combined addition of DCD and NBPT
with cotton straws outperformed fertilizer treatments without cotton straws in terms of
NH," retention in the soil. However, soil N is not only found in the form of nitrate N and
ammonium N, it also exists in organic N and mineralized N. Moreover, the conditions
affecting the conversion between different N forms are complex. This study only compared
the dynamics of the NO3~ and NH4* contents within the 0-20 cm tillage layer of the cotton
fields after an irrigated top-dressing was applied of the different fertilization treatments.
Therefore, the NO3;~ and NH4* contents and other N forms (such as organic N) in the deep
soil layers have yet to be investigated.
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5. Conclusions

This study focused on the extremely arid Tarim Basin in Xinjiang, China to explore the
differences in the NO3 ~-N and NH,4*-N contents of tillage soil and in the growth status and
yield of cotton under different N conservation measures, after reducing the N fertilization
rate to 60% of the traditional rate adopted by local farmers. The main points arising from
the results of the study are as follows.

Adding NBPT (DT4) and DCD, NBPT, and straw (DT6) can both reduce the amount of
nitrogen fertilizer needed by 40% and ensure cotton yield. Especially, using a urea, DCD,
NBPT, and straw treatment (DT6) increases plant height, the SPAD value of the fourth leaf
from the top, and the number of true leaves on the main stem of cotton plants. However,
treatment DT3, in which DCD was added at 10% of the nitrogen (N) application amount,
failed to simultaneously achieve N conservation and an increased yield. The application of
straws without DCD and NBPT (DT5) was favorable for the vegetative growth of cotton
in the early stages; however, it was unfavorable for reproductive growth during the later
stages. Thus, long-term N accumulation was not achieved.

Under the test conditions in this study, the joint application of 60% urea with straws,
DCD, and NBPT in treatment DT6 achieved the highest N use efficiency of 48%. This
result was higher than the N use efficiency in any other treatment in which a single N
conservation measure was adopted. Optimizing the proportion of straws, DCD, and NBPT
utilized will be the focus of our next study.

In the time interval between two adjacent rounds of drip fertilization, the residual
content of nitrate N in the tillage layer increased gradually with time, while that of am-
monium N showed no obvious trend. During the entire drip irrigation and fertilization
process, the residual content of nitrate N and ammonium N in the tillage layer showed a
gradually decreasing trend regardless of N conservation measures. Thus, the application of
N fertilizers at a reduced rate in conjunction with N conservation measures may reduce
the residual content of N in soil and decrease the risk of non-point source pollution of N
fertilizers, while maintaining the cotton yield.
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