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Abstract

Dry topsoil restricts root growth and nutrient uptake in arid regions, thereby significantly
reducing crop yield. Hydraulic lift occurs due to the dry topsoil and wet deep soil. This
study investigates the effects of topsoil drought intensity (three field capacities in topsoil:
60–70% (W1), 50–60% (W2), and 40–50% (W3)) and nitrogen application rate (N1: 120,
N2: 240, and N3: 360 kg ha−1) on cotton quality and the distribution of nitrogen in soil
and plant under hydraulic lift using a root-splitting device. The upper pot of the root-
splitting device was 22 cm high, with a 26 cm top diameter and a 23 cm bottom diameter;
the lower pot of the root-splitting device was 45 cm high, with a 48 cm top diameter
and a 36 cm bottom diameter. Topsoil moisture was maintained at W1 without nitrogen
application under the control treatment (CK). The W2 and W3 treatments (representing
different topsoil drought intensities) were designed to compare the interactive effects
of water and nitrogen fertiliser on nitrogen distribution and cotton quality with the CK
treatment. Results indicate that the concentrations of nitrate nitrogen (NO3

−-N) in the
10–20 cm soil were generally higher than those in the 0–10 cm soil. The topsoil drought
intensity and nitrogen application rate had significant impacts on nitrogen concentrations
in cotton organs. The W2 treatment produced the maximum nitrogen concentration,
except for the root nitrogen concentration in 2021. The nitrogen concentration in the
roots and stems peaked at 240 kg ha−1 of nitrogen application rate. The topsoil drought
intensity and nitrogen application rate had considerable influences on the cotton dry matter.
The nitrogen application rate had a significant impact on the following indexes: internal
nitrogen-fertiliser use efficiency (INUE), physiological nitrogen-fertiliser use efficiency
(PNUE), and nitrogen-fertiliser recovery efficiency (NRE), except for PNUE in 2020. The
INUE of other treatments decreased by 13.82–43.44% compared with CK treatment. In 2021,
fibre length and elongation were significantly impacted by the topsoil drought intensity,
nitrogen application rates, and their interactions. The nitrogen application rate’s effects on
the uniformity index were significant in 2020 and 2021. The hydraulic lift magnitude, NRE,
and NO3

−-N in the 0–10 cm soil were significantly correlated with each other. There were
correlations among cotton quality indexes: fibre length and strength, uniformity index and
micronaire, and micronaire and elongation. These findings provide a reference for future
research on the mechanism by which hydraulic lift participates in nitrogen distribution in
soil and crops and also offer a new direction to utilize deep water to improve the utilization
rate of water resources.
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1. Introduction
Cotton is essential to worldwide production owing to its natural fibre [1,2], cultivated

by 88 nations with 2.48 × 107 t ginned cotton lint in 2022 [3]. Cotton, as one of the most
economic and agricultural crops in China, is grown with an area of 2788 thousand ha and
has a 561.8 M tonne yield in 2023 [4]. Xinjiang, as the main cotton production area in China,
produces ~90.1% (yield percentage) of China’s cotton [4]. Southern Xinjiang, in Northwest
China, is arid, with low precipitation and high evaporation [5]. Moreover, agricultural water
accounts for a relatively high proportion, which exacerbates water resource scarcity in this
area. Increasing air temperature caused by climate change dries the land, threatening global
crop production [6]. Therefore, increasing the water use efficiency in this area is crucial.

Owing to the high land surface temperature, low rainfall, and high evaporation, the
topsoil is dry whereas the deep soil is wet in the oasis of Xinjiang. In this situation, a
phenomenon termed ‘hydraulic lift’ occurs. Hydraulic lift can redistribute water from wet
deep soil to drier topsoil [7]. This phenomenon typically occurs at night, as transpiration
stops when the stomata close [8]. The water potential of the plant increases to balance
with the higher water potential in deep soil layers, and water will then move from plant
roots into the shallow soil regions where the water potential is comparatively lower [9–11].
Hydraulic lift increases the moisture content in drier soils to render the soil water status
more homogeneous in the root zone [12,13]. Hydraulic lift can alleviate the water deficits of
plants and neighbouring plants, and more importantly, it induces ecological effects. More-
over, hydraulic lift can extend the survival time of fine roots in dry topsoil [14], promote
microbial activity [15], and facilitate the nutrient cycle [16]. One of the ecosystem services
that agricultural soils provide is the nutrient cycle, such as nitrogen and phosphorus [17],
which is essential for plant growth.

Nutrient absorption forms the basis for the accumulation and storage of dry matter,
which is necessary for yield formation [18]. In addition to being a crucial component of
chloroplasts, nucleic acids, proteins, and several secondary metabolites, nitrogen is an
important mineral nutrient element that influences plant growth and development. Water–
nutrient deficit can negatively affect photosynthetic pigments and photosynthesis [19].
Reduced nitrogen uptake can be attributed to water or detrimental impacts of nitrogen
stress on the physiological traits of roots (nitrate reductase, root vigour, and hormonal
alterations) [20–22]. Alternatively, over-dose nitrogen fertilisation causes serious negative
effects, such as soil degradation, low nitrogen use efficiency, greenhouse gas emissions,
and groundwater pollution risks [23–26]. Moreover, cotton requires more nitrogen than
other nutrients [27]. Integrated nutrient and water management approaches have been
shown to significantly enhance nitrogen and water use efficiency under varying irrigation
regimes [28]. Thus, properly managing nitrogen fertiliser in arid regions is crucial.

Nitrogen plays a critical role associated with yield in the plant metabolic system. Soil
nitrogen is usually found as nitrate and ammonium nitrogen (NO3

−-N and NH4
+-N) [29].

Plants can directly absorb NH4
+-N and convert NH4

+-N into organic substances such
as proteins for their growth and life-sustaining activities. In addition, NH4

+-N can be
converted into NO3

−-N through nitrification, further participating in the nitrogen cycle.
Meanwhile, NO3

−-N is involved in plant growth and metabolism. NH4
+-N and NO3

−-N
have important effects on soil fertility and plant growth. Various studies have analysed
nitrogen use and distribution under different water pressures and nitrogen rates. However,
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hydraulic lift can influence nitrogen cycling. A previous study’s result indicated that
hydraulic lift positively affected plant nutrient dynamics and turnover [30]. Hydraulic
lift maintains root behaviour and growth in dry topsoil [31,32], which is good for nutrient
capture [33,34]. Hydraulic redistribution, including hydraulic lift, has been proven to
increase the absorption of some nutrients, like N [30,35] and PO4

3− [36]. The process
of hydraulic lift can transport soluble ions such as nitrate and dissolved organic carbon
through water movement, increasing the uptake of nutrients [37]. Decomposition and
nitrogen cycling in surface soils were also enhanced by hydraulic lift of sagebrush [38].

Previous studies on cotton quality and nitrogen distribution primarily focused on water–
nitrogen synergy; however, studies on the regulation of nitrogen in cotton quality and nitrogen
distribution under a topsoil drought condition wherein hydraulic lift usually occurs remain
scarce. Moreover, though there are studies about the role of hydraulic lift in the nitrogen
cycle, those on the relationship between hydraulic lift and nitrogen use efficiency in cotton
are few. The hypothesis of this study was that hydraulic lift participates in the nitrogen
cycle and is correlated with nitrogen distribution and nitrogen use efficiency. The nitrogen
distribution in soil and plant subsequently affects the cotton quality. Therefore, the targets of
this study are to determine (1) the effects of topsoil drought intensity and nitrogen rates on
nitrogen distribution in soil and plants and the cotton quality under hydraulic lift and (2) the
relationship between soil nitrogen distribution and plant nitrogen distribution.

2. Materials and Methods
2.1. Experimental Site Details

The experiment was conducted in a greenhouse for 2 successive years (2020–2021) at
the Jiangsu Irrigation Experimental Centre. The experimental site is situated at 118◦50′ E
and 31◦57′ N, characterized by a subtropical monsoon climate. The average annual temper-
ature is 17.5 ◦C, with an annual average of 2017 sunshine hours, and an average air relative
humidity of 75%. The annual mean precipitation was 1025 mm, and the average annual
water surface evaporation was 950.1 mm. The daily maximum and minimum temperatures
and total solar radiation in 2020 and 2021 are shown in Figure 1.
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Figure 1. Daily maximum and minimum temperature and total solar radiation in 2020 (a) and
2021 (b).

The surface layer of the experimental site (0–30 cm) is the test soil, which was then
removed, allowed to air dry, and sieved using a 2 mm mesh screen for filling. The physical
and chemical characteristics of the soil are described in Table 1.

Table 1. The physical and chemical characteristics of the soil.

Soil Texture
Particle Mass Fraction (%) Bulk Density

(g cm−3)
Field Capacity

(%)
Point of Permanent

Wilting (%)
pH

Sand Silt Clay

Clay loam 29.4 41.7 28.9 1.30 27.37 7.38 7.2
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2.2. Experimental Design
2.2.1. Root-Splitting Device

A root-splitting device with upper and lower pots was used to enable easy and precise
management of the water conditions (Figure 2). The upper pot was 22 cm high, with a
26 cm top diameter and a 23 cm bottom diameter; the lower pot was 45 cm high, with a
48 cm top diameter and a 36 cm bottom diameter. Direct surface irrigation was applied
to the soil in the upper pot, whereas the soil in the lower pot was irrigated using two
mesh hollow-out steel pipes with a length of 35 cm and an inner diameter of 30 mm. The
outer side of the pipe was wrapped with permeable gauze to prevent soil particles from
blocking the mesh. Circular holes of 10 mm in diameter were evenly drilled at the bottom
of the upper pot to facilitate the smooth penetration of the cotton roots into the soil of the
lower pot. A 1.5 cm thick gravel layer was filled at the bottom of the upper pot to prevent
capillary water transfer from the lower to the upper pot. The upper and lower pots were
filled with sieved soil, with depths of 20 and 40 cm, respectively, and a bulk density of
1.30 g cm−3. White polyethylene plastic film was used to cover the bare soil surface of
the lower pots and the watering tube to prevent water evaporation during non-irrigation
periods. The root-splitting device was used to observe the hydraulic lift of tomato in our
previous study, and so it is replicated here [11]. The bottom of the upper pot may restrict
the natural growth of the root system to some extent. To reduce the edge effects on the
root growth, some holes were arranged at the bottom of the upper pot to meet the needs
of root growth as much as possible, as well as to avoid the holes being too large, which
would cause gravel to enter the lower pot and fail to play the role of blocking capillary
water. Future research could explore further improvements to this device.

Figure 2. Schematic diagram of root-splitting device.
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2.2.2. Experimental Treatments

Two factors of soil moisture and nitrogen application rates were determined. The
details of the treatments involved in the study are shown in Table 2. Each treatment was
replicated three times. The arrangement of the 30 root-splitting devices was completely
random. Urea (CH4N2O) was applied as the nitrogen fertiliser to the soil in the upper
pot before transplanting. Without fertiliser application, the soil moisture content in the
lower pot was maintained between 70% and 80% of the field capacity through the growth
stages. The soil moisture content in the upper pot was maintained between 70% and
80% of the field capacity to keep the seedlings alive during the seedling stage of cotton,
and then all plants were treated according to the set soil moisture conditions at the end
of the seedling stage. In order to maintain the soil moisture at the set conditions, the
cotton was planted under a rain shelter to prevent rain from directly entering the soil in
the root-splitting device. Hydraulic lift was proven to occur depending on the gradients
in soil water potential [35,39], so we set three different soil water treatments to simulate
the upper-layer-dry and lower-layer-wet conditions in field. Soil water content in the
root-splitting device was measured every 2 or 3 days using a TDR 350 soil moisture metre.
If the soil moisture content was less than the set lower limit, the required irrigation amount
was calculated and irrigated.

Table 2. Experimental treatment design.

Treatment

Nitrogen Fertiliser Soil Water Moisture of Upper Pot Soil Water Moisture of Lower Pot

Application
Rate

(kg ha−1)

Implementation
Stage

Soil Water
Moisture Level

Implementation
Stage

Soil Water
Moisture Level

Implementation
Stage

CK 0

Before
transplanting

60–70% of θf

At the end of
the seedling

stage
70–80% of θf

Throughout the
growth stage

W1N1 120 60–70% of θf
W1N2 240 60–70% of θf
W1N3 360 60–70% of θf
W2N1 120 50–60% of θf
W2N2 240 50–60% of θf
W2N3 360 50–60% of θf
W3N1 120 40–50% of θf
W3N2 240 40–50% of θf
W3N3 360 40–50% of θf

Note: θf stands for the field capacity. Control treatment (CK) means topsoil water content controlled at 60–70% of
field capacity and no nitrogen fertilizer applied. W1, W2, and W3 mean topsoil water condition at 60–70%, 50–60%,
and 40–50% of field capacity, respectively. N1, N2, and N3 mean nitrogen rates of 120 kg ha−1, 240 kg ha−1, and
360 kg ha−1, respectively. Abbreviations have the same meanings in the following tables and figures.

2.2.3. Plant Type and Agronomic Practices

Cotton (Gossypium hirsutum L. cv. Zhongmian 117) was seeded in the nutrition bowl
on 10 May 2020 and 18 April 2021. When the cotton established four true leaves, healthy
seedlings exhibiting uniform growth were transplanted into root-splitting devices on 20 June
2020 and 29 May 2021. Superphosphate (Ca(H2PO4)2) was used for phosphate fertiliser, and
180 kg ha−1 was applied for P2O5. Potassium sulphate (K2SO4) was used for potassium
fertiliser, and 180 kg ha−1 was applied for K2O. Phosphate and potassium fertilisers, as base
fertilisers, were evenly distributed into the soil in the upper pot before transplantation. The
growth period of cotton was separated into four stages: seedling, bud, flowering and boll
forming, and boll opening, with the start date of each stage presented in Table 3. The same
was true for other agronomic techniques that depended on local growing knowledge, such as
weeding and deworming. No topping was performed in the 2-year experiment.
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Table 3. The specific dates of each stage.

2020 2021

Seedling transplanting 20 June 29 May
Buds appeared in 50% of the plants 20 July 25 June

50% plants flowering 9 August 12 July
Boll blowing in 50% plants 19 September 30 August

End of picking 16 December 20 November

2.3. Measurements

(1) Soil water content

The soil water content in the root-splitting device was measured every 2 or 3 days
using a TDR 350 soil moisture metre (Spectrum Technologies, Inc., Aurora, IL, USA), the
calibration of which was completed.

(2) The magnitude of hydraulic lift

To observe the hydraulic lift magnitude, soil water content was recorded at 20:00 and
06:00 the next day using a TDR 300 soil moisture metre every 5 days. The average value of
the soil water content was measured at multiple points to reduce errors. Plant transpiration
and soil evaporation at night were small and can be ignored. The hydraulic lift magnitude
at night was determined according to the following formula:

HL = 10·V
S
·(θAM − θPM) (1)

where HL is the cotton hydraulic lift magnitude (mm), V is the soil volume in the upper
pot (cm3), S is the area of the soil in the upper pot (cm2), θAM is the soil volume moisture
content at 06:00 the following day (cm3 cm−3), and θPM is the soil volume moisture content
at 20:00 the preceding day (cm3 cm−3).

(3) NH4
+-N and NO3

−-N in the soil

Soil drilling was used to take the 0–10 and 10–20 cm soil samples from the upper pot
every 15 days.

Fresh soil samples were put into a 150 mL conical bottle with a weight of 10 g and
extracted with 50 mL of 1 mol L−1 potassium chloride solution. The extracted soil sample
was shaken for 1 h and then stood for 4 h, and the supernatant was taken for filtration.
The contents of NO3

−-N and NH4
+-N in the soil were measured using a SmartChem200

Automatic Chemical Analyzer (Alliance, Paris, France, 2010).

(4) Dry matter

After harvesting, the cotton plants of each treatment were separated into root, stem,
leaf, and reproductive organs. After 0.5 h of drying at 105 ◦C, the plant samples were
placed in an oven and dried at 75 ◦C until their weights were uniform [40]. The weight of
each part was measured with an electronic balance with an accuracy of 0.001 g.

(5) Nitrogen in the plant

Each part of the cotton that had been measured for the dry matter mass was crushed
using a small grinder and sieved using a 0.5 mm sieve, and 0.2 g of the sample was weighed
and placed in a digestion tube. After a concentrated H2SO4–H2O2 digestion, a SmartChem
200 Automatic Chemical Analyzer (Alliance, France, 2010) was used to measure the total
nitrogen content. The amount of plant nitrogen uptake was calculated as follows, according
to the equation in a previous study [40]:

Plant nitrogen uptake = Dyr matter × Nitrogen cotent o f plant (2)
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(6) Nitrogen use efficiency (NUE)

NRE = (NTN − OTN)÷ NA (3)

INUE = YLint ÷ TN (4)

PNUE = (NYseed − OYseed)÷ (NTN − OTN) (5)

where NRE is the nitrogen-fertiliser recovery efficiency (%), NTN is the total nitrogen uptake
of nitrogen-treated plants (kg ha−1), OTN is the total nitrogen uptake of non-nitrogen-
treated plants (kg ha−1), NA is the nitrogen application rate (kg ha−1), INUE is the internal
nitrogen-fertiliser use efficiency (kg kg−1), Ylint is the lint cotton yield (kg ha−1), TN is the
total nitrogen uptake of the plant (kg ha−1), PNUE is the physiological nitrogen-fertiliser
use efficiency (kg kg−1), NYseed is the seed cotton yield with nitrogen applied (kg ha−1),
and OYseed is the seed cotton yield without nitrogen application (kg ha−1) [41].

(7) Total evapotranspiration (ET)

Since the experiment was conducted in the root-splitting device, there was no effective
precipitation, upward capillary flow into the root zone, run off, or downward drainage.
The ET of the cotton plants was calculated according to the following equation, which was
simplified [42]:

ET = I + ∆W (6)

where I is the cumulative irrigation depth (mm) and ∆W is the variation of soil water in the
root zone between two soil water measurements (mm).

(8) Water use efficiency (WUE)

WUE = Yseed ÷ ET (7)

where Yseed is the seed cotton yield (kg ha−1) and ET is the total evapotranspiration (mm).

2.4. Statistical Analysis

SPSS version 24.0 (IBM SPSS Statistics, Chicago, IL, USA) was the software used to
analyse the data. Origin 9.1 (OriginLab Corporation, Northampton, MA, USA) was used to
draw the figures. To evaluate the significance between the treatments, a one-way analysis
of variance and the least significant difference test were used. A multiway analysis of
variance was conducted to determine whether the treatment factors and their interactions
had significant effects at p < 0.05. The data are displayed as mean ± standard error (n = 3).

3. Results and Discussion
3.1. Soil Concentrations of NO3

−-N and NH4
+-N

Drought intensity, nitrogen application rates, and their interaction significantly affected
soil NO3

−-N and NH4
+-N concentrations, except that NH4

+-N was not significantly affected
by drought intensity in 2021 (Table 4). The result was supported by a previous study in which
nitrogen fertilization, irrigation regime, and their interactive effects on the accumulation
of nitrate were remarkable [43]. Soil NO3

−-N and NH4
+-N concentrations fluctuated and

exhibited a decreasing trend over time in the topsoil under all treatments (Figures 3–6) because
the soil NO3

−-N and NH4
+-N concentrations were gradually diluted with time [44]. In 2020

and 2021, the soil NO3
−-N and NH4

+-N concentrations ranged from 0.73 to 27.79 mg kg−1

and 0.75 to 8.89 mg- kg−1, respectively. Under different drought intensities, the soil NO3
−-N

and NH4
+-N concentrations showed a similar response to nitrogen application rate. The high

nitrogen application rate caused overall higher soil NO3
−-N and NH4

+-N concentrations.
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However, the differences were smaller than expected. This can be attributed to increased
nitrogen loss via NH3 volatilisation and N2O emission with higher nitrogen application
rates [45,46]. NO3

−-N concentrations in the 10–20 cm soil were overall higher than those
in the 0–10 cm soil. Generally, soil NO3

−-N concentrations were high in the weak drought
treatments during the pre-measurement time. As the cotton growth period progressed, soil
NO3

−-N concentrations in the heavy drought treatment were high instead. The W2 treatment
generally showed the highest soil NH4

+-N concentrations instead of W3 in 2020. Furthermore,
the soil NH4

+-N concentrations in 2020 were higher than those in 2021. Low temperature may
be the reason for the difference [47]. Lower temperature decreased the ammonia volatilization,
leading to higher soil NH4

+-N concentrations in 2020.
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Figure 3. Soil concentrations of nitrate nitrogen (NO3
−-N) as affected by topsoil water condition

and nitrogen application rate in 2020. (a) NO3
−-N concentrations in the 0–10 cm soil under CK,

W1N1, W1N2, and W1N3 treatments; (b) NO3
−-N concentrations in the 0–10 cm soil under W2N1,

W2N2, and W2N3 treatments; (c) NO3
−-N concentrations in the 0–10 cm soil under W3N1, W3N2,

and W3N3 treatments; (d) NO3
−-N concentrations in the 10–20 cm soil under CK, W1N1, W1N2,

and W1N3 treatments; (e) NO3
−-N concentrations in the 10–20 soil cm under W2N1, W2N2, and

W2N3 treatments; (f) NO3
−-N concentrations in the 10–20 soil cm under W3N1, W3N2, and W3N3

treatments. Note: The error bars represent standard error of means from the triplicate readings.
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Table 4. The average values of soil ammonia nitrogen and nitrate nitrogen throughout the entire growth period.

Treatment

2020 2021
0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm
NH4

+-N
(mg kg−1)

NH4
+-N

(mg kg−1)
NO3−-N

(mg kg−1)
NO3−-N

(mg kg−1)
NH4

+-N
(mg kg−1)

NH4
+-N

(mg kg−1)
NO3−-N

(mg kg−1)
NO3−-N

(mg kg−1)

CK 3.62 ± 0.29 d 4.34 ± 0.21 de 4.99 ± 0.32 c 4.97 ± 0.29 g 2.18 ± 0.23 c 1.98 ± 0.19 d 1.27 ± 0.08 e 1.06 ± 0.09 e
W1N1 4.31 ± 0.28 cd 5.19 ± 0.35 cd 6.22 ± 0.77 c 9.62 ± 1.03 e 2.74 ± 0.25 abc 2.38 ± 0.22 abcd 3.56 ± 0.47 d 4.77 ± 0.58 d
W1N2 5.34 ± 0.32 b 5.33 ± 0.36 bc 9.86 ± 0.7 ab 15.25 ± 1.15 bc 2.59 ± 0.25 bc 2.72 ± 0.25 abcd 7.11 ± 0.33 c 9.77 ± 0.41 b
W1N3 5.27 ± 0.4 bc 6.12 ± 0.35 ab 10.22 ± 0.54 ab 16.5 ± 1.42 b 3.49 ± 0.34 a 2.99 ± 0.26 ab 10.93 ± 0.71 a 12.92 ± 0.58 a
W2N1 4.31 ± 0.31 cd 4.37 ± 0.21 de 5.49 ± 0.46 c 5.74 ± 0.52 fg 2.47 ± 0.24 c 2.02 ± 0.17 cd 4.02 ± 0.46 d 4.77 ± 0.48 d
W2N2 5.44 ± 0.25 b 5.5 ± 0.31 abc 11.75 ± 0.69 a 16.88 ± 0.84 b 2.91 ± 0.27 abc 2.78 ± 0.27 abc 8.8 ± 0.4 b 10 ± 0.35 b
W2N3 6.73 ± 0.3 a 6.38 ± 0.35 a 11.76 ± 0.87 a 22.03 ± 1.12 a 3.38 ± 0.32 ab 3.11 ± 0.3 a 11.14 ± 0.33 a 12.53 ± 0.28 a
W3N1 4.25 ± 0.32 cd 4.13 ± 0.21 e 4.83 ± 0.26 c 8.37 ± 1.04 ef 2.31 ± 0.27 c 2.25 ± 0.21 bcd 6.66 ± 0.16 c 7.28 ± 0.34 c
W3N2 4.89 ± 0.4 bc 4.1 ± 0.26 e 8.44 ± 0.73 b 11.07 ± 0.94 de 2.62 ± 0.28 bc 2.47 ± 0.24 abcd 9.01 ± 0.32 b 9.93 ± 0.35 b

W33N3 5.05 ± 0.34 bc 4.83 ± 0.34 cde 11.34 ± 0.86 a 13.3 ± 1.06 cd 3.61 ± 0.36 a 3.08 ± 0.28 a 11.38 ± 0.33 a 12.7 ± 0.31 a

p-value

D 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
W 0.000 0.000 0.000 0.000 0.162 0.122 0.000 0.000
N 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

D × W 0.000 0.009 0.016 0.000 0.000 0.000 0.000 0.000
D × N 0.054 0.000 0.000 0.000 0.000 0.000 0.001 0.000
W × N 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

D × W × N 0.001 0.012 0.000 0.000 0.008 0.000 0.317 0.046

Note: Values (mean ± standard error of mean) with different letters in the same column are significantly different at p < 0.05. D indicates the date of sampling; W indicates the topsoil
water condition; N indicates the nitrogen fertiliser application rate.
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Figure 4. Soil concentrations of nitrate nitrogen (NO3
−-N) as affected by topsoil water condition

and nitrogen application rate in 2021. (a) NO3
−-N concentrations in the 0–10 cm soil under CK,

W1N1, W1N2, and W1N3 treatments; (b) NO3
−-N concentrations in the 0–10 cm soil under W2N1,

W2N2, and W2N3 treatments; (c) NO3
−-N concentrations in the 0–10 cm soil under W3N1, W3N2,

and W3N3 treatments; (d) NO3
−-N concentrations in the 10–20 cm soil under CK, W1N1, W1N2,

and W1N3 treatments; (e) NO3
−-N concentrations in the 10–20 cm soil under W2N1, W2N2, and

W2N3 treatments; (f) NO3
−-N concentrations in the 10–20 cm soil under W3N1, W3N2, and W3N3

treatments. Note: The error bars represent standard error of means from the triplicate readings.
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Figure 5. Soil concentrations of ammonium nitrogen (NH4
+-N) as affected by topsoil drought

intensity and nitrogen application rate in 2020. (a) NH4
+-N concentrations in the 0–10 cm soil under

CK, W1N1, W1N2, and W1N3 treatments; (b) NH4
+-N concentrations in the 0–10 cm soil under

W2N1, W2N2, and W2N3 treatments; (c) NH4
+-N concentrations in the 0–10 cm soil under W3N1,

W3N2, and W3N3 treatments; (d) NH4
+-N concentrations in the 10–20 cm soil under CK, W1N1,

W1N2, and W1N3 treatments; (e) NH4
+-N concentrations in the 10–20 cm soil under W2N1, W2N2,

and W2N3 treatments; (f) NH4
+-N concentrations in the 10–20 cm soil under W3N1, W3N2, and

W3N3 treatments. Note: The error bars represent standard error of means from the triplicate readings.
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Figure 6. Soil concentrations of ammonium nitrogen (NH4
+-N) as affected by topsoil drought

intensity and nitrogen application rate in 2021. (a) NH4
+-N concentrations in the 0–10 cm soil under

CK, W1N1, W1N2, and W1N3 treatments; (b) NH4
+-N concentrations in the 0–10 cm soil under

W2N1, W2N2, and W2N3 treatments; (c) NH4
+-N concentrations in the 0–10 cm soil under W3N1,

W3N2, and W3N3 treatments; (d) NH4
+-N concentrations in the 10–20 cm soil under CK, W1N1,

W1N2, and W1N3 treatments; (e) NH4
+-N concentrations in the 10–20 cm soil under W2N1, W2N2,

and W2N3 treatments; (f) NH4
+-N concentrations in the 10–20 cm soil under W3N1, W3N2, and

W3N3 treatments. Note: The error bars represent standard error of means from the triplicate readings.

3.2. Nitrogen Concentration in the Cotton Organs, Cotton Dry Matter and
Nitrogen Accumulation

There were significant differences in the nitrogen concentration in the cotton organs
under different topsoil intensities and nitrogen application rates (Figure 7). The nitrogen
concentration of cotton organs under the W2 treatment reached the maximum, except for
the root nitrogen concentration in 2021 (Figure 7a,b). This indicates that the appropriate
water deficit was beneficial for nitrogen accumulation in cotton plants. Drought has been
shown to reduce the rate of xylem NO3

− translocation by 40–80%, thereby decreasing
nitrogen accumulation in the shoots [48,49]. Further studies showed that inadequate root
adenosine triphosphate accumulation owing to drought was detrimental to the root uptake
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of NO3
−, which transferred to the shoot [50]. That is the reason why nitrogen in the root

was lower than that in the leaf and stem under W2 and W3 treatments. Moreover, the
lower uptake of NO3

− caused by drought led to less NO3
− translocation to the shoot under

the W3 condition compared with the W2 condition. That is why nitrogen concentrations
in the cotton organs under heavy drought intensity (W3) were lower than those under
mild drought intensity (W2). However, the nitrogen concentrations in the cotton organs
under sufficient irrigation (W1) were also lower than those under mild drought intensity
(W2), which was not consistent with what we expected. This difference can be attributed
to the fact that the higher topsoil water condition obtained higher nitrogen accumulation;
however, nitrogen concentrations in cotton organs were diluted by higher biomass [51], as
supported by the result showing that dry matter was higher in the W1 treatment than that
under the W2 treatment (Table 5).
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Figure 7. Effects of different irrigation levels and nitrogen application rates on nitrogen concentration
in different cotton organs. (a) Nitrogen concentration in root, stem and leaf of cotton under different
irrigation levels in 2020; (b) nitrogen concentration in root, stem and leaf of cotton under different
irrigation levels in 2021; (c) nitrogen concentration in root, stem and leaf of cotton under different
nitrogen application rates in 2020; (d) nitrogen concentration in root, stem and leaf of cotton under
different nitrogen application rates in 2021. Note: p < 0.05 indicates that it is significant at the level of
0.05. The error bars represent standard error of means from the triplicate readings.

The responses of the nitrogen concentrations in different cotton organs to the nitro-
gen application rate were similar. The nitrogen concentration of the cotton organs could
increase with a moderate nitrogen-fertiliser treatment. Similar improvements in nitrogen
uptake and efficiency under different moisture levels have been reported in cereal-based
systems using integrated nutrient strategies [28]. The results indicate that the root and stem
nitrogen concentration reached the maximum at a nitrogen application rate of 240 kg ha−1
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(Figure 7c,d)). Previous studies have proved that nitrogen fertiliser significantly affected
nutrient uptake and distribution under water-deficit conditions [52]. With the nitrogen ap-
plication rate increasing to 360 kg ha−1, the root and stem nitrogen concentration decreased.
The results of Boquet and Breitenbeck [53] supported this finding. Insufficient nitrogen
application (120 kg·ha−1) exposed cotton plants to both drought and nitrogen deficiency
stress; excessive nitrogen application (360 kg·ha−1) further exacerbated the drought stress
on the cotton plants [54]. This reduction in root activity would impair nutrient uptake, ulti-
mately resulting in lower nitrogen concentration. Year-to-year differences were observed
in the response of leaf nitrogen concentration to nitrogen application rate; however, the
higher nitrogen application rate promoted more leaf nitrogen concentration in general.

Table 5. The changes in cotton dry matter and plant nitrogen uptake in 2020 and 2021.

Treatments
Dry Matter Weight (g) Plant Nitrogen Accumulation (kg·km−2)

2020 2021 2020 2021

CK 137.62 ± 2.9 f 175.8 ± 8.45 f 30 ± 1.88 f 28.64 ± 0.59 g
W1N1 180.12 ± 7.43 bc 230.59 ± 7.23 bc 41.95 ± 5.23 cde 41.9 ± 0.67 cde
W1N2 193.06 ± 3.11 b 230.18 ± 2.08 bcd 50.54 ± 2.97 bc 49.53 ± 2.21 b
W1N3 222.89 ± 2.35 a 291.81 ± 6.76 a 60.7 ± 3.06 a 57.81 ± 0.97 a
W2N1 169.32 ± 6.17 cde 225.86 ± 15.9 bcd 40.79 ± 2.15 de 39.81 ± 2.94 def
W2N2 180.59 ± 6.11 bc 209.07 ± 5.78 cde 56.81 ± 2.89 ab 39.69 ± 2.07 def
W2N3 188.2 ± 7.22 bc 247.1 ± 7.89 b 53.77 ± 3.76 ab 47.33 ± 2.41 bc
W3N1 151.29 ± 3.25 def 197.97 ± 7.76 ef 39.01 ± 1.26 e 35.28 ± 0.8 def
W3N2 149.92 ± 6.87 ef 206.28 ± 3.55 de 53.89 ± 1.07 ab 38.64 ± 0.45 ef
W1N3 171.46 ± 14.54 cd 236.47 ± 8.36 b 48.91 ± 3.41 bcd 44.82 ± 3.4 bcd

p-value

W 0.000 0.000
N 0.000 0.000
Y 0.000 0.000

W × N 0.050 0.107
W × Y 0.657 0.042
N × Y 0.047 0.019

W × D × Y 0.473 0.197
Note: Values (mean ± standard error of mean) with different letters in the same column are significantly different
at p < 0.05. Y indicates year of experiment; W indicates the topsoil water condition; N indicates the nitrogen
fertiliser application rate.

The results from the 2-year experiment indicated that topsoil drought intensity and
nitrogen application rate significantly affected cotton dry matter in 2020 and 2021 (Table 5).
The synergetic effects of topsoil drought intensity and the nitrogen application rate on
cotton dry matter were not significant. Cottons under the W2 and W3 conditions gained
lower dry matter compared with the W1 treatment. In 2020, compared with the CK
treatment, cotton dry matter in the W1N1, W1N2, and W1N3 treatments increased by
30.88%, 40.28%, and 61.96%, respectively Under the W2 condition, the cotton dry matter
decreased in all nitrogen application rate treatments compared with the W1 condition.
Meanwhile, 6.00%, 6.46%, and 15.56% reductions were found under the N1, N2, and N3
treatments, respectively. Under the W3 condition, the cotton dry matter further decreased in
the three nitrogen application rate treatments. The biomass of the N1, N2 and N3 treatments
decreased by 10.65%, 16.98%, and 8.89%, respectively, compared with the W2 treatment.
In 2021, the N1, N2, and N3 treatments under the W1 condition enhanced the cotton dry
matter by 31.17%, 30.93%, and 65.99%, respectively, compared with the CK treatment.
Cotton dry matter decreased in each W2 treatment compared with the W1 treatment. When
the drought intensity was heavy (W3), the cotton dry matter of each nitrogen application
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rate treatment was reduced by 12.35%, 1.33%, and 4.30%, respectively, compared with
the W2 treatment. The results indicate that high topsoil moisture was more beneficial for
cotton to obtain high dry matter than low topsoil moisture. This agrees with the findings
of earlier research [55,56]. In a 3-year cotton-growing experiment, Wu et al. [57] found
that cotton dry matter accumulation increased by 13.11% and 21.12% under typical and
adequate irrigation, respectively, compared with deficit irrigation. On the one hand, deficit
irrigation decreased the root length density [57]. This reduction was detrimental to the
ability of cotton to absorb nutrients and moisture. A previous study [58] found a significant
positive association between root length density and shoot dry weight to further support
this view. On the other hand, more irrigation could significantly increase photosynthesis in
cotton leaves, promote the formation of assimilates, and increase aboveground dry matter
of cotton [59].

According to the findings of the study, cotton dry matter generally increased when the
rate of nitrogen treatment increased (Table 5). Applying nitrogen fertiliser could alleviate
the inhibitory effects of drought on crop development [60,61]. The positive effects of
nitrogen on cotton development could be attributed to increased dry matter [62]. Under
water stress, nitrogen application could promote the leaf area index, sustain the duration,
increase photosynthesis in cotton leaves, and facilitate assimilate formation, increasing
cotton dry matter [59,63]. Furthermore, the increased rates of nitrogen application reduced
the reproductive allocation [64]. That is why cotton dry matter increased with increased
nitrogen application rate.

Nitrogen accumulation is the basis of cotton organ growth, quality, and yield formation,
and nitrogen uptake strongly relies on water and nitrogen availability. As shown in Table 5,
the W1N3 treatment achieved the highest plant nitrogen accumulation in 2020 and 2021.
This was primarily attributed to the highest dry matter accumulation in roots, stems, and
leaves. Considerable effects of the nitrogen application rate on plant nitrogen accumulation
were found, and this result was similar to that of Zhang et al. [65]. Topsoil drought intensity,
nitrogen application rate, and year significantly affected plant nitrogen accumulation, but
their interactions did not. In 2020 and 2021, the nitrogen uptake under the W1 treatment
increased as the rate of nitrogen application increased. The nitrogen uptake under the
N2 and N3 treatments increased by 44.70% and 37.97%, respectively, compared with
the N1 treatment. In 2020, the nitrogen accumulation of the W2 and W3 treatments
first increased and then decreased with the increased nitrogen application rate. The N3
treatment accumulated more nitrogen than the N1 treatment did. Nitrogen accumulation
of the N3 treatment increased by 31.82% and 25.38%, respectively, compared with the
N1 treatment. In 2021, nitrogen accumulation of the W2 and W3 treatments increased
as the nitrogen application rate increased. Nitrogen accumulation of the N3 treatment
was 18.89% and 27.04% higher than that of the N1 treatment. The results were similar to
those of Yang et al. [66]. According to Yang et al., nitrogen accumulation increased with
nitrogen supply under the 75% ETc treatment. However, when the supply of water and
nitrogen fertiliser exceeded a certain range (water, 100% ETc; nitrogen, 186 kg N ha−2), plant
nitrogen accumulation no longer increased significantly at each growth stage. This result
was different from the results of this study. The reason was that the topsoil water condition
was dry in this experiment, and the increased nitrogen application rate increased the root
volume and root hydraulic lift [67], which could promote plant dry matter accumulation
(Table 5). Nitrogen accumulation increased with decreased topsoil drought intensity, except
for the N2 treatment in 2020. This was proven by a previous study in which the total
nitrogen accumulation under 100% ETc treatment was higher than that under 11% ETc and
60% ETc [68]. The different response of nitrogen accumulation to treatments between the
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2 years was due to the difference in climate, which affected soil enzyme activity related to
soil nitrogen transformation [69].

3.3. Nitrogen Use Efficiency, Total Evapotranspiration and Water Use Efficiency

Table 6 presents the changes in INUE, PNUE, and NRE under different topsoil drought
intensity and nitrogen application rate treatments. The nitrogen application rate had a
considerable impact on INUE, PNUE, and NRE, which is consistent with previous stud-
ies [70,71]. In addition, INUE was significantly impacted by the topsoil drought intensity
in 2021. The INUE of the CK treatment was greater compared with other treatments. The
effects of topsoil drought intensity on PNUE were not significant in both years, but there
were significant differences between W1N2 and W3N2 in 2020 and between W1N2 and
W3N2 in 2021. The nitrogen application rate significantly affected PNUE in 2021. Under
the W1 and W2 treatments, the increased nitrogen application rate increased the PNUE.
The N3 treatment resulted in a higher PNUE than the N1 treatment. The change in PNUE
with the nitrogen application rate was different from that in Bai et al.’s [72] study, and
the reason was that 400 kg ha−1 may be too much for cotton growth, thus decreasing
PNUE. The values of PNUE were negative under the W3N2 (in 2020) and W3N1 (in 2021)
treatments. Lower yield under these two treatments was the reason for the negative PNUE,
according to the definition of PNUE, compared with the yield of the CK treatment. The
topsoil drought intensity of the W3 treatment was the severest among the treatments.
Though the application of nitrogen fertiliser could decrease abscisic acid to increase net
photosynthetic rate [73], leading to a higher accumulation of matter, the self-regulating
ability of crops was limited under the N1 treatment in 2021. The yield from the W3N1
treatment was slightly lower than that from the CK treatment, resulting in a negative
PNUE. The N2 treatment not only enhanced the drought-resistance ability compared to
the N1 treatment but also did not waste nitrogen fertilizer like the N3 treatment. Thus,
the highest PNUE was observed under the W3N2 treatment in 2021. Significant effects of
topsoil drought intensity and nitrogen application rate on NRE were observed in 2021. By
contrast to NRE treated by N1, NRE treated by N3 decreased by 14.33–44.25% in 2020 and
2021. This indicated that excess nitrogen decreased the NRE. Similar to the NRE change
under 80% ETc and 100% ETc conditions in Bai et al.’s [74] study, NRE decreased with the
nitrogen application rate. NRE decreased with increased topsoil drought intensity, except
for the N2 treatment in 2020. In comparison with NRE treated by W1, NRE treated by W3
decreased by 24.65–49.95% in 2020 and 2021. This was in accordance with the fact that the
nitrogen use efficiency was related to the soil water [75,76]. The interannual variations in
the results could be attributed to considerable differences in the sowing and transplanting
dates between the 2 experimental years. In addition, the hydraulic lift magnitude in 2021
exceeded that of 2020, with the exception of the CK, W1N2, and W2N1 treatments. A prior
study found that decomposition rates were increased compared to conditions without
hydraulic lift, and comparable in both soil layers under wet conditions [30]. Hydraulic lift
improves microbial activity and promotes nutrient absorption [76,77]. This may also cause
interannual variations in the three nitrogen use efficiencies.

The effects of topsoil drought intensity and nitrogen rate on ET and WUE are shown
in Figure 8. Topsoil drought intensity, nitrogen rate, and experimental year significantly
affected ET, but their interactive effects on ET were not significant (Table 7). The ET
generally decreased with increasing topsoil drought intensity in 2020 and 2021 under the
same nitrogen rate. The ET firstly increased and then decreased as the nitrogen increased
under the W2 and W3 treatments in 2020 and the W1 and W2 treatments in 2021. Compared
with CK treatments, the ET was significantly lower under the W3 treatments in both years.
WUE was significantly affected by nitrogen rate, experimental year, the interaction between
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topsoil drought intensity and nitrogen application rate, the interaction between topsoil
drought intensity and experimental year, and the three-way interaction of topsoil drought
intensity, nitrogen application rate, and experimental year (Table 7). The response of WUE
to nitrogen rate was different in 2020 and 2021, and the increased nitrogen rate increased
WUE in 2021. The possible mechanisms behind the changes in ET and WUE under hydraulic
lift were discussed in a previous study [67].

Table 6. Nitrogen use efficiency under different treatments.

Treatment
Internal Nitrogen-Fertilizer Use

Efficiency (kg kg−1)
Physiological Nitrogen-Fertilizer

Use Efficiency (kg kg−1)
Nitrogen-Fertilizer Recovery

Efficiency (%)
2020 2021 2020 2021 2020 2021

CK 31.64 ± 3.21 a 39.95 ± 1.29 a
W1N1 25.76 ± 2.10 abc 29.47 ± 0.38 bc 31.33 ± 4.23 ab 19.48 ± 1.50 cd 9.95 ± 2.95 ab 11.05 ± 1.06 a
W1N2 27.27 ± 2.08 ab 27.22 ± 2.96 c 48.50 ± 11.55 a 31.34 ± 15.54 bc 8.56 ± 1.13 abc 8.71 ± 0.67 ab
W1N3 25.33 ± 0.80 bc 28.67 ± 0.61 bc 46.13 ± 5.44 a 57.52 ± 3.03 ab 8.53 ± 0.35 abc 8.10 ± 0.10 b
W2N1 26.06 ± 3.19 abc 30.71 ± 1.24 bc 20.11 ± 13.16 ab 30.47 ± 3.57 bc 8.99 ± 0.80 abc 9.31 ± 1.95 ab
W2N2 20.26 ± 1.76 cd 33.77 ± 1.18 b 24.25 ± 11.44 ab 43.05 ± 6.4 abc 11.17 ± 0.45 a 4.6 ± 0.61 c
W2N3 23.58 ± 1.99 bcd 31.78 ± 0.35 bc 26.31 ± 8.89 ab 59.94 ± 3.95 ab 6.60 ± 0.66 bc 5.19 ± 0.83 c
W3N1 25.87 ± 1.38 abc 31.04 ± 0.2 bc 27.05 ± 31.59 ab −3.69 ± 11.4 d 7.50 ± 1.28 abc 5.53 ± 0.17 c
W3N2 17.90 ± 0.58 d 34.05 ± 3.63 a −2.37 ± 5.43 b 69.92 ± 14.4 a 9.95 ± 1.16 ab 4.17 ± 0.06 c
W3N3 22.54 ± 1.30 bcd 33.91 ± 3.77 b 28.05 ± 10.62 ab 65.93 ± 17.86 a 5.25 ± 1.45 c 4.49 ± 0.78 c

W ns * ns ns ns **
N * ** ns ** * **

W × N Ns ns ns * ns Ns

Note: * indicates that it is significant at the level of 0.05; ** indicates that it is significant at the level of 0.01.
ns indicates that it is not significant. W is topsoil drought intensity. N is nitrogen application rate. Values
(mean ± standard error of mean) with different letters in the same column are significantly different at p < 0.05.
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Figure 8. The change in total evapotranspiration (ET) and water use efficiency (WUE). (a) ET in 2020
and 2021; (b) WUE in 2020 and 2021. Note: The error bars represent standard error of means from
the triplicate readings. Different superscripts above the standard error are significantly different at
p < 0.05 in the same year.
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Table 7. Significance levels (p-values) of the effects of topsoil drought intensity and nitrogen rate on
total evapotranspiration (ET) and water use efficiency (WUE).

Treatment ET WUE

Topsoil drought intensity ** ns
Nitrogen rate * **

Year ** **
Topsoil drought intensity × Nitrogen rate ns *

Topsoil drought intensity × Year ns **
Nitrogen rate × Year ns ns

Topsoil drought intensity × Nitrogen rate× Year ns *
Note: * indicates that it is significant at the level of 0.05; ** indicates that it is significant at the level of 0.01. ns
indicates that it is not significant.

3.4. Cotton Quality

Figure 9 presents the change in cotton quality under different topsoil drought intensi-
ties and nitrogen application rates. Topsoil drought intensity, nitrogen application rate, and
their interaction significantly affected fibre length in 2021 but not in 2020 (Figure 9a). Ac-
cording to a previous study, the amount of irrigation significantly affected the length of the
fibre [78,79]. The findings of this study in 2021 support the results. Fibre length increased
under other treatments without statistical significance compared with CK treatments, ex-
cept for the W1N2, W2N2, and W3N2 treatments in 2020. On the one hand, the results
may suggest that fibre quality was not significantly harmed by the moisture deficit [80].
On the other hand, compared to the CK treatments, the hydraulic lift magnitude under the
other treatments was higher, except for the W1N1 treatments in 2020. The water lifted by
the root at night alleviates topsoil drought stress [81,82]. This, to some extent, mitigates
the negative impacts of severe water stress on fibre length. Under the W1 condition, fibre
length was highest under N3 in 2020 and 2021. Fibre length under the N3 treatment was
greater than that under the N1 treatment when the topsoil drought intensity was the same
in 2021. In 2021, the fibre length was longer with nitrogen-treated treatments than under
CK treatment. Earlier studies reported that the nitrogen application rate had significant
impacts on fibre length, which is consistent with the results of this study in 2021 [78,79,83].

Fibre strength directly affects the yarn strength [84]. In this study, topsoil drought
intensity had significant effects on fibre strength in 2020 but not in 2021 (Figure 9b). The
results were similar to those of Chalise et al. [79] and Booker et al. [85], who found that
irrigation had various effects on fibre strength over 2 years. The influences of water on
fibre strength are inconsistent in the literature. Some studies found that irrigation water
had significant effects on fibre strength [86–88], whereas some studies revealed that fibre
strength was not affected by irrigation water [85,89]. When the topsoil drought intensities
were W1 and W3, the N3 treatment increased fibre strength compared with the N1 treatment.
Changes in fibre strength, influenced by topsoil drought intensity and nitrogen application
rate, were similar to fibre length in 2020. By contrast with fibre strength under the CK
treatment, fibre strength under other treatments increased in 2021 (4.09–8.67%). The results
of this study indicate that the application rate of nitrogen had no considerable impact on
fibre strength (Figure 9b), and this was different from the observations of others [83,90].
The differences may be attributed to the diverse cotton varieties.
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Figure 9. The change in cotton quality. (a) Fiber length; (b) fiber strength; (c) uniformity index;
(d) micronaire; (e) elongation. Note: * indicates that it is significant at the level of 0.05; ** indicates
that it is significant at the level of 0.01. ns indicates that it is not significant. W is topsoil drought
intensity. N is nitrogen application rate. The solid colour column represents quality index in 2020,
and the column with diagonal stripes represents quality index in 2021. The error bars represent
standard error of means from the triplicate readings. Different superscripts above the standard error
are significantly different at p < 0.05 in the same year.
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Topsoil drought intensity significantly affected the uniformity index in 2020 but not
in 2021 (Figure 9c). When the nitrogen rates were N1 and N2, the uniformity index was
the lowest under the W3 treatment. When the nitrogen rates were N3, it was the lowest
under the W2 treatment in both years. The result was comparable to that of Bai et al. [90],
in which the influence of irrigation water was significant in 2020 and not in 2021. This may
indicate that hydraulic lift could increase topsoil water, thereby decreasing the adverse effects
of topsoil drought on the uniformity index. In comparison to the N1 treatment, the N2 and N3
treatments decreased the uniformity index except for W3N1 in 2021. The differences between
W2N1 and W2N3 in 2020 and W1N1 and W1N3, as well as W2N1 and W2N3 in 2021, were
significant. The highest uniformity index was under the W2N1 treatment in 2020 and the
W1N1 treatment in 2021, the second-highest uniformity index was under the W1N1 treatment
in 2020 and the W2N1 treatment in 2021, and the lowest uniformity index was under the
W2N3 treatment in both years. This study found that the effects of nitrogen application rate
on the uniformity index were significant in 2020 and 2021, which was in line with the findings
of Ma et al. [83]. Nevertheless, the reaction of the uniformity index to the rate of nitrogen
application differed from that of Ma et al. [83]. The uniformity index was not improved
with a high nitrogen application rate in this study, whereas Ma et al. [83] reported an initial
increase followed by a decline as the nitrogen levels increased. A previous study observed
that the uniformity index first increased and then decreased as nitrogen rate increased, and
four cotton cultivars obtained the highest uniformity index at the rates of 149.5, 136.25, 163.0,
and 157.14 kg of N ha−1 [91]. The results were similar to those in this study, in which the
rate of 120 kg of N ha−1 gained the highest uniformity index. A higher nitrogen rate may
negatively influence the secondary cell wall’s chemical and structural composition, leading
to a worse uniformity index [92]. The different response of the uniformity index to nitrogen
rates may be due to the different varieties of cotton compared with those of Ma et al.’s [83]
and da Silva Ribeiro et al.’s [91] studies.

As a comprehensive trait to reflect fibre fineness and maturity, micronaire was sensi-
tive and difficult to predict owing to environmental changes [93]. The influence of topsoil
drought intensity on micronaire was an interannual variability (Figure 9d). Topsoil drought
intensity had significant effects on micronaire in 2021, and its interaction with nitrogen ap-
plication rate also had significant influences on micronaire. The observations regarding the
impact of water stress on micronaire were inconsistent: Micronaire can be increased [94,95]
or decreased [89,96] depending on water stress time and duration [87]. Micronaire did not
change much with the range of 5.5–6.4 in 2020 and 5.3–6.0 in 2021, and it was not signifi-
cantly affected by nitrogen rates. This meant fibre quality was negatively affected because
the allowed range is between 3.5 and 4.9 [97]. The possible reason was that micronaire
was more sensitive to environmental factors compared with fibre strength and length [98].
However, the soil water condition remained relatively stable within a certain range and
was not regulated to the cotton demand in different growth stages. This may make the
soil water not suitable for the deposition and development of cotton cellulose, leading
to the increased micronaire. A previous study also pointed out that different drought
severities and the entire reproductive growth period of drought increased micronaire [99].
Micronaire of the same treatment was lower in 2021 than in 2020. Micronaire was relative to
temperature [100]. So, the interannual variability of micronaire may be due to the different
effective accumulative temperatures in the two years. Another possible reason for low
micronaire quality was that the cotton bolls were harvested too late, resulting in the fibre
being overly mature and having a larger fineness.

Elongation changed a little in both years (6.6–6.8) (Figure 9e). The response to ex-
perimental treatments was different in 2020 and 2021. Reports regarding fibre elongation
changes were inconsistent. Some studies observed that the increased irrigation amount
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increased elongation [87,101], whereas some reported that the irrigation amounts had no
effects on elongation [102,103]. Different results over the 2-year experiment were also
observed in this study. Significant effects of topsoil drought intensity were observed in 2021
but not in 2020. In addition, the effects of nitrogen application rate on elongation differed
over the 2 years. Previous studies indicate different results: nitrogen either had significant
effects on elongation [83] or not [103].

3.5. The Correlation Between Nitrogen Distribution and Cotton Quality Under Hydraulic Lift

Figure 10 presents the correlation between the variables with nitrogen and cotton quality
under hydraulic lift. The results indicate a positive correlation between hydraulic lift and
NO3

−-N in the 0–10 cm soil. The water from hydraulic lift enhanced the activity of soil
microorganisms [16], and a positive correlation between decomposition rates and hydraulic
lift was proved [30]. These factors led to the presence of more NO3

−-N in the topsoil. In
addition, the results provided evidence that the hydraulic lift participated in the nitrogen
cycle. This verified the hypothesis of this study. Findings from other cropping systems also
support the potential of integrated management practices to improve nitrogen use efficiency
under water-limited conditions [28]. Moreover, previous studies revealed that hydraulic
redistribution helps absorb nutrients such as nitrogen and phosphorus accumulated in topsoil
owing to plant litterfall [104,105]. Meanwhile, the hydraulic lift was negatively correlated with
NRE in this study. Although an increased nitrogen application rate increased the hydraulic lift
magnitude and plant nitrogen accumulation compared with CK treatments, increased plant
nitrogen accumulation was lower than the increased nitrogen fertiliser. The increased topsoil
drought intensity and nitrogen rate increased the hydraulic lift magnitude, and detailed data
were reported in our previous study [67]. However, severe topsoil drought intensity could
decrease the activity of nitrogen metabolism enzymes, leading to lower assimilation and
absorption of nitrogen by roots [106]. This caused the negative relationship between hydraulic
lift and NRE. The response of hydraulic lift magnitude to topsoil drought and nitrogen
application rate has been studied by Wang et al. [67]. Thus, this study mainly explored the
relationship of all indexes under hydraulic lift.
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Figure 10. The correlation between indicators. Note: NO3
−U, NO3

−L, NH4
+U, NH4

+L, RNA, SNA, LNA,
HL, INUE, PNUE, NRE, FL, NI, Mi, and El mean nitrate nitrogen concentration in 0–10 cm soil, nitrate
nitrogen concentration in 10–20 cm soil, ammonium nitrogen concentration in 0–10 cm soil, ammonium
nitrogen concentration in 10–20 cm soil, root nitrogen accumulation, stem nitrogen accumulation, leaf
nitrogen accumulation, tomato root hydraulic lift magnitudes, internal nitrogen-fertilizer use efficiency,
physiological nitrogen-fertilizer use efficiency, nitrogen-fertilizer recovery efficiency, fibre length, fibre
strength, uniformity index, micronaire, and elongation. * means significant difference (p < 0.05).
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NO3
−-N in 10–20 cm topsoil was correlated with stem nitrogen concentration. In

addition, stem nitrogen concentration had correlations with NH4
+-N in topsoil. Root and

leaf nitrogen concentration were not correlated with NO3
−-N or NH4

+-N, and they had
no significant correlation with cotton quality. Roots are important means of absorption
and transport, and the changes in nitrogen in them may render them unstable. Nitrogen
in the leaf is affected by photosynthesis. Therefore, nitrogen accumulation in the stem
was correlated with NO3

−-N and NH4
+-N in soil, which is not the case for nitrogen

accumulation in root and leaf. Root and leaf nitrogen concentrations were related to INRE,
which was related to NH4

+-N in topsoil. When the NH4
+-N concentration in topsoil was

high, the INUE was low. The same relationship was found between NRE and NO3
−-N in

the 0–10 cm soil. More NO3
−-N and NH4

+-N in soil meant less uptake and utilisation by
the plant, decreasing NUE.

Uniformity index had a negative correlation with micronaire, which was consistent
with the results in an early study [78]. There was a significant correlation between elonga-
tion and micronaire in this study; however, this was not the case for Hou et al.’s [78] study.
This can be attributed to several factors such as irrigation amount, fertilisation, genotype,
and weather conditions, affecting fibre quality [107,108]. A positive relationship between
fibre strength and length was observed, and similar results were found by previous schol-
ars [109]. In addition, cotton quality traits exhibited correlations between micronaire and
elongation. Uniformity index and micronaire had correlations with NH4

+-N in topsoil,
nitrogen accumulation in the stem, and INRE. NO3

−-N in the 0–10 cm soil had effects on
the uniformity index. Meanwhile, elongation was affected by NH4

+-N in the 10–20 cm soil.
Fibre length was mainly affected by PNRE, whereas NRE was related to uniformity index
and micronaire. This indicates that cotton quality was influenced by nitrogen application
rate and nitrogen absorption, utilisation, and transformation to some extent.

4. Conclusions
Topsoil moisture of 50–60% of field capacity or applying nitrogen at a rate of 240 kg

ha−1 significantly increased root and stem nitrogen concentrations. Cotton dry matter
significantly increased with decreased topsoil intensity and was significantly affected
by nitrogen application rate. Plant nitrogen accumulation was significantly affected by
topsoil drought intensity. INUE, PNUE, and NRE were significantly affected by nitrogen
application rate, except for PNUE in 2020. The INUE of the CK treatment was the highest.
Meanwhile, the highest and the second-highest uniform index were found under the
W2N1 and W1N1 treatments over the 2 years, whereas the lowest was under the W2N3
treatment in both years. Drought intensity, nitrogen application rate, and their interactions
significantly affected fibre length and elongation in 2021. Hydraulic lift magnitude, NRE,
and NO3

−-N in the 0–10 cm soil were correlated with each other with statistical significance.
There was a positive correlation between nitrogen accumulation in the stem and NO3

−-N
(0–10 cm) and NH4

+-N (10–20 cm). Fibre length was positively correlated with strength,
which was observed between micronaire and elongation, whereas there was a negative
correlation between uniformity index and micronaire. The W2N1 treatment can achieve
the best quality based on the consideration of five quality indicators and high nitrogen
utilization efficiency. However, in actual production, it is necessary to adjust soil moisture
and nitrogen fertilizer in combination with yield performance and also take into account
climate and soil properties. Although our experiments simulated different soil moisture
conditions (upper-layer-dry and lower-layer-wet), the minimum water potential difference
observed in actual field conditions when root hydraulic lift occurs was not addressed in
this study. Future research could focus on the water potential difference at which root
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hydraulic lift occurs. Additionally, soil enzymes and microbial activity are worthy of study
since they have critical roles in the nutrient cycle.
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