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Abstract: The efficient use of water and fertilizer is vital for optimizing plant growth and yield in
rice production. To achieve sustainable rice production and resource management, the ways in
which applied water and nitrogen affect the root and shoot morpho-physiology, as well as yield,
must be understood. In this study, a pot experiment was conducted to investigate the effects of
slow-release nitrogen fertilizer (sulfur-coated urea) application at three levels (light nitrogen (NL),
medium nitrogen (NM), and heavy nitrogen (NH)) on the growth, yield, and nitrogen use efficiency
(NUE) of rice grown under three water regimes (wetting and soil saturation (WSS), wetting and
moderate drying (WMD) and wetting and severe drying (WSD)). The results revealed that differences
in water regimes and fertilizer rates led to significant differences in the roots, shoots, yield, and
NUE of rice. Increasing the N dosage by 5% enhanced the root and biomass production by 16%
in comparison with that of the other groups. The NHxWSS treatment produced the greatest root
length, weight, density, active absorption, and oxidation. However, the integration of WSS x NL
generated the maximum value of nitrogen apparent recovery efficiency (63.1% to 67.6%) and the
greatest value of nitrogen partial factor productivity (39.9 g g~ ! to 41.13 g g~ 1). Transmission electron
microscopy (TEM) images showed that plants grown under high and medium nitrogen fertilizer rates
with WSS had improved leaf mesophyll structure with normal starch grains, clear cell walls, and
well-developed chloroplasts with tidy and well-arranged thylakoids. These results show that TEM
images are useful for characterizing the nitrogen and water status of leaves in the sub-micrometer
range and providing specific information regarding the leaf microstructure. The findings of this study
suggest that the application of NH x WSS can produce improvements in growth traits and increase
rice yield; however, the NLxWSS treatment led to greater NUE, and the authors recommend its
usage in rice agriculture.

Keywords: Oryza sativa L.; controlled-release fertilizer; irrigation management; yield; nitrogen
use efficiency

Agriculture 2022, 12, 86. https://doi.org/10.3390/agriculture12010086

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture12010086
https://doi.org/10.3390/agriculture12010086
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0002-7463-6592
https://orcid.org/0000-0003-0945-9224
https://orcid.org/0000-0002-6699-8972
https://orcid.org/0000-0003-1431-939X
https://doi.org/10.3390/agriculture12010086
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12010086?type=check_update&version=2

Agriculture 2022, 12, 86

20f19

1. Introduction

In the 21st century, agriculture faces the challenge of producing enough food to feed
the world’s rapidly expanding population under conditions of increasing water scarcity.
Rice is one of the most popular staple food crops worldwide, feeding over 40% of the global
population and 60% of the Chinese population [1]. Rice farming consumes most of the
world’s freshwater for irrigation [2], and approximately 70-80% of China’s freshwater is
used for this purpose [3]. Several water-saving technologies have been implemented to
optimize rice yield when water is scarce, including aerobic rice systems, drought-tolerant
genotypes, and alternate wetting and soil drying (AWD) irrigation [4]. AWD methods were
developed to reduce the amount of water utilized for irrigation in paddy fields by allowing
them to dry out to soil field capacity before rewatering [5,6].

Crop roots are the primary organ responsible for water and nutrient uptake, and
their growth is influenced by the soil moisture content and levels of available nutrients.
The integration of watering regimes and fertilization to increase available nitrogen (N)
produces an interactive effect on rice growth in paddy soils. Continuous flooding (CF)
irrigation alters soil characteristics and enhances the permeation of nutrients into roots. In
comparison with AWD, CF provides greater concentrations of soluble nutrients and less
nutrient loss [7]. Soil subjected to AWD irrigation undergoes significant changes during
the transition from flooded to non-flooded conditions [8]. AWD shifts result in a relatively
dramatic change in the soil’s physiochemical environment, which can regulate the root and
shoot growth of rice [9]. Furthermore, AWD shifts affect many soil chemical properties,
such as soil pH and redox potential [10]. Moreover, in comparison with CF irrigation,
N uptake by rice is impaired by AWD irrigation because of physiological responses to
N and water stress [11], which lead to inefficient water absorption by roots and reduce
N accessibility in the rhizosphere [12]. Thus, inadequate water and N supply affect root
growth processes and overall plant growth [6,13]. Therefore, the interactive effect of water
regimes and N fertilization strategies on root zone chemistry must be comprehensively
understood to allow rice growers to compensate for N inefficiency and improve root and
shoot growth, thereby increasing grain yield and nitrogen use efficiency (NUE) [14].

Rice crops deplete soil nutrients, and N fertilizer is essential for optimal rice yields [15].
However, the NUE of rice is only 20-30%, and a large amount of N applied in fertilizer is
lost to the environment [16,17]. The low NUE of rice has led to excessive and ineffective
use of N fertilizer, which has caused serious soil degradation, groundwater pollution, and
the emission of ammonia and greenhouse gases [3] as a result of surface runoff losses,
leaching into groundwater, and volatilization into the atmosphere. Therefore, many studies
have shown that slow-release N fertilizers (SRNFS) are effective in increasing yield and
NUE for rice cultivation [18,19], as well as in reducing negative environmental impacts [20].
Hence, the development of water and N-fertilizer-efficient technologies should be pursued,
because they can allow rice growers to consistently achieve high grain yields and NUE [21].

Rice roots react differently under different water regimes and provide the first line of
defense against water and N stress [22]. The availability of water and N nutrients influences
the growth of plant roots [23], and the rice root morphology plays an essential role in N
absorption from soil [14]. High root activity causes strong N uptake and supports high rice
yield and NUE [24]. Therefore, the impacts of different rates of SRNF application on rice
grown under various water regimes merit additional investigation.

China has become the largest N fertilizer consumer in the world, and rice farming
has grown dependent on CF irrigation [25], threatening rice production [26]. Therefore,
rice growers have been advised to utilize AWD irrigation to overcome the consequences
of water scarcity. Given the urgent need for the introduction of rice water and N fertilizer
management practices, the development of water-saving and N-fertilizer-efficient tech-
nologies is required. In addition, water and N supply options should provide optimum
soil water conditions, thereby providing a favorable growth medium for the absorption of
N, leading to optimal plant growth and rice yield. Therefore, the main aim of the present
study was to evaluate the effects of different application rates of SRNFs under diverse
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water regimes on the morpho-physiological attributes and their relations to the N uptake,
NUE, and productivity of rice in a pot trial.

2. Materials and Methods
2.1. Experimental Site and Pipe Setup

Three groups of experimental PVC pipes were set under an open-side shelter covered
with transparent plastic film at the farm of Guangdong Academy of Agricultural Sciences,
located in Guangzhou (23°13’ N, 113°81’ 10” E, altitude 11 m), China. The experimental
treatments were applied in both late seasons of 2019 and 2020. The Guangzhou region has
a subtropical monsoon climate. The maximum temperature, minimum temperature, and
humidity under the shelter were recorded daily as displayed in Figure 1.
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Figure 1. Averages of temperature and humidity during both experiment seasons for (A) 2019 and
(B) 2020.

Here, 36 PVC pipes (length, 100 cm; diameter, 200 mm) filled with dry loam soil were
prepared for two rice seedlings (Oryza sativa L.). A layer of gravel was placed in the first
20 cm of each pipe as a filter, and each pipe was equipped with an opening to allow water
to drain (Figure 2). During filling of the pipes and before the addition of any nutrients, soil
samples were collected from each pipe, bagged, and sent to a laboratory for soil analysis.
The physical and chemical characteristics of the soil are listed in Table 1. To germinate
the rice seeds, they were soaked and fully immersed in non-chlorinated water for 36 h at
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temperatures between 25 and 35 °C. At this time tiny rootlets formed on the seeds, which
were then removed from the water and allowed to dry for 24 h. Then, the dried seeds
were transferred into a pot filled with rich nutrient soil and flooded for 10 days in a sunny
location (water level was maintained at two inches above the soil during germination),
after which the rice stalks were monitored until they had grown to about 6 inches in height,
then two seedlings were transplanted into each pipe.
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Rice root
Soil column with root

Soil column

Fine gravel

Coarse gravel

v
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- Water
Filter base percolation pot
Figure 2. Experimental pot setup.
Table 1. Physical and chemical soil properties.
Parameters Values
Soil texture Loam
Sand (%) 3353 +17
Silt (%) 41.6 £0.28
Clay (%) 24.87 +0.45
Bulk density (g cm~3) 1.2 £0.09
Particle density (g cm~3) 2.32 +0.03
Total soil porosity % 54.71 & 3.57
Soil pH 6.1+ 0.11
Soil organic matter (g kg~') 12.96 £ 1.36
Total Nitrogen (g kg_l) 0.6 +0.02
Total Phosphorus (g kgfl) 0.47 £ 0.01
Total Potassium (g kg~!) 14.92 +0.12
Available nitrogen (mg kgfl) 3215 £0.15
Available Phosphorus (mg kg ™') 2.85+0.26
Exchangeable potassium (mg kg~1) 165.63 £ 17.2

2.2. Soil Analysis

The Bouyoucos hydrometer was used to determine the soil texture (TM-85, SHTG,
Shanghai, China) [27]. The core sampler technique and the following equations were
applied to measure the particle density and soil bulk density:

Pp (g Cm_3) = Ws(g)/Vs(cm3) (1)

Bp <g cm*3) = Ws(g) /V(cm3> )
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Total soil porosity was utilized to measure the soil moisture content (8s%) at saturation
point, and the total porosity of the soil was determined according to Equation (3):

Pr(%) = ( 1-Bp <g cm_3> /Pp (g cm—3) ) % 100 ®)

where P, is the particle density, Bp is the bulk density, WS is the soil sample weight, V is
the soil sample volume, Vs. is the volume of the solid, and Pr is total soil porosity.

A calibrated pH meter was used to test the pH of a 1:5 extract of soil and water [28].
Organic matter (OM) was quantified by the oxidation method [29]. A YKM-36 (Shanghai,
China) test tube heater was exploited to digest a 2 g soil sample inside a solution containing
selenium sulfate and salicylic acid. The temperature was maintained at 100 °C for 30 min
and then raised to 380 °C for 3 h [30]. A spectrophotometer was employed to determine
the amount of available soil N in each digest (UV1901, Kejie, Nanjing, China) [31,32]. Soil
phosphorus was quantified using spectrophotometry, while soil potassium was measured
with a flame photometer (FB640 N, Wincom, Hunan, China) [33].

2.3. Experimental Design and Treatments

The experiment was organized in a randomized complete block design constituting
a 3 x 3 factorial experiment with two factors (water regime and N fertilizer SRNFs) and
three replications. The first factor was the water regime, which included three distinct
water management strategies: wetting and soil saturation (WSS), wetting and moderate
drying (WMD), and wetting and severe drying (WSD). For WSS, the soil was submerged
under 50 mm of water after the soil moisture content reached 100%SP. For WMD), the soil
was submerged under 50 mm of water after the soil moisture content reached 90%SP. For
WSD, the soil was submerged under 50 mm of water after the soil moisture content reached
70%SP. The second factor was SRNF application, which was tested at 4 levels: without
added N fertilizer (NO) (0 mg N 1<g’1 soil) as a control treatment, light nitrogen (NL)
application (100 mg N kg ! soil), moderate nitrogen (NM) application (200 mg N kg~ ! soil),
and heavy nitrogen (NH) application (350 mg N kg~! soil). The SRNF was sulfur-coated
urea provided by Taian Guangyuan International Trade Co., Ltd, (Jinan, China). (37% N,
17% S, theoretical release longevity >120 days, 37% mass fraction of total nitrogen, initial
nutrient release rate <27, static nitrogen dissolution rate <45).

Accordingly, 36 experimental pipes (3 irrigation regimes x 4 fertilizer levels x 3 replicates) were
set up under a shelter tunnel. Nutrient-free freshwater was utilized throughout the experiment.
The volume of water supplied to the soil to achieve the specified limit was determined using the
following equation [21]:

1= (M- (SWC — AWC) x ( DSM/A)) x 1000 )

where I is the irrigation water (mm), M is the volume of immersion water (mm; constant
for all treatments), SWC is the soil water content on saturation point (%; constant for all
treatments), AWC is the actual water of the soil when irrigating (%), and DSM is the dry
soil mass (kg; constant for all treatments).

The area covered by the soil in the cylindrical pipe was calculated using the follow-
ing equation:

A =314 x (D/2)? (5)

where A is the area of the pipe and D is the inner diameter of the pipe (mm).

The actual volumetric soil water content was determined using an HD2 precise mois-
ture measurement TDR instrument by IMKO, Germany, after calibrating the device.

2.4. Data Collection
2.4.1. Chemical Characteristics of the Soil in the Root Zone

At the ripening stage, soil samples were taken from the root zone with sampling
sippers. A calibrated pH meter was applied to determine the soil pH [28], the soil redox
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potential (Eh) of the soil was established using a portable redox potential meter, and
available forms of N in the rhizosphere soil were determined according to the methods
described in Section 2.2.

2.4.2. Measurement of Plant Sampling and Yield Indicators

The numbers of tillers and panicles, as well as the length of panicles, were recorded
throughout the heading and grain filling stages. At the end of the maturity stage, the plants
were hand-harvested and weighed and the data were recorded. The grains were separated
from the straw and packaged individually in paper bags before being dried in an oven set
to 75 °C for three days. Dried samples were weighed and processed into powder form to
detect nutrient concentrations in plant tissues and grains [34].

2.4.3. Root Growth Measurements

Total root mass was obtained by washing the soil carefully with water to remove all
debris. Roots were centrifuged according to Cavalca et al. (2010) [35] and weighed to obtain
root fresh weight (RFW) values. Roots were sub-sampled and oven-dried at 75 °C for 72 h.
The RDW was estimated by deducting the moisture content of the root from root fresh weight.
The root-to-shoot ratio was calculated by dividing the root dry weight by shoot dry weight
and multiplying it by one hundred. The total root length (RL) was estimated using the line
intersection method described by [36]. The root volume was also measured using the water
displacement method [37]. The root length density (RLD) (mm cm~3) was calculated as shown
in Equation (6), the root weight density (RWD) (g cm3) was calculated using Equation (7),
the specific root length (SRL) (m/g) was calculated using Equation (8), and the total surface
area (TSA) (m?) and root diameter (RD) (mm) were calculated using Equation (9). All the
equations used were recommended by Hamoud et al. (2019b) [14]:

RLD = RL/V (6)
RWD = RDW/V %)
SRL = RL/RDW ®)

RD = ( RDW/RL x 71)%° )

where RL is the root length (cm), V is the soil core volume (cm?), and RDW is the root dry
weight (g).

However, Barber (1995) [38] suggested that if fresh roots are cylindrical and have a
density of 1.0 g cm 3, then the mean radius of the roots (r’) and total surface area TSA can
be determined using Equations (10) and (11), respectively:

¥ = (RFW/RL # 7)*? (10)

TSA =2 x wx ¥ x RL (11)

where RFW is the root fresh weight (g). The root active adsorption area (AAA) values of
fresh root samples were estimated using the methylene blue dyeing method [39].

2.4.4. Plant Tissues N Concentrations Measurements and the Amount of Nutrient
Removed by the Crop

Oven-dried (75 °C for 72 h) tissues of grain, straw, and roots were used to determine
N concentrations. Three wet-ashing digestion sets were prepared. Each set contained 36
digestion tubes, with each tube containing 0.5 g of powder from each plant component.
Here, 1 g of selenium reagent mixture and 10 mL of concentrated sulfuric acid were added
to the tube, as used by [30]. The indophenol blue method was used for N estimation in
plants tissues as proposed by Novamsky et al. (1974) [40], while the moisture content in the
plant tissues was measured by taking 2 g of the subsample powder for grains and straw,
which was oven-dried at 75 °C for 72 h. The moisture content (%) was determined by
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reweighing the sample to calculate the amount of water lost. According to Hamoud et al.
(2019a) [21], the following equations can be used to calculate the amount of N removed
with the crop:

NCR = NAG + NAS = (NCG% x DWG/100) + (NCS% x DWS/100)  (12)

where NCR is the nitrogen crop removal (mg hill '), NAG is the nitrogen accumulation
in grain (mg hill=!), NAS is the nitrogen accumulation in straw (mg hill '), NCG is the
nitrogen content in the grain (%), DWG is the dry weight of the grain (g), NCS is the
nitrogen content in the straw (%), and DWS is the dry weight of the straw (g).

2.4.5. Transmission Electron Microscopy Observation

The ultrastructure changes in the leaf cell mesophyll were detected as described by
Oi et al. (2017) and Sheteiwy et al. (2019) [41,42]. Rice leaf blades were fixed chemically by
applying the method for conventional TEM observation, embedded in resin, and subse-
quently set in the FIB-SEM chamber. The sectioning and imaging were repeated overnight
for 200-500 slices with 50nm thickness. The resultant large-volume image stacks at
(x =25um, y = 25 um, z = 10-25 um) contained one or two whole mesophyll cells.

2.4.6. Determination of the NUE

The NUE was estimated in rice growth as the relation of the crop N uptake to the
total applied or available soil N fertilizer. Accordingly, the amount of N accumulation in
plant tissues, nitrogen agronomic efficiency (NAE), nitrogen apparent recovery efficiency
(NARE), nitrogen partial factor productivity (NPFP), and nitrogen harvest index (NHI)
were calculated using the following equations recommended by [19,43].

NAE = (Yn — Y0)/Fn (13)
NARE = (Un — U0)/Fn (14)
NPFP = Yn/Fn (15)
NHI = Ng/Un (16)

where Fn is the amount of nitrogen fertilizer applied (kg ha™1), Yn is the crop yield with
applied N (kg ha~'), YO is the crop yield (kg ha—!) in a control treatment with no N, Un
is the total plant N uptake in aboveground biomass at maturity (kg ha~!) in a plot that
received N, U0 is the total N uptake in aboveground biomass at maturity (kg ha~!) in the
treatment that received no N, and Ng is the uptake in grain.

2.5. Statistical Analysis

The statistical program SPSS (IBM-SPSS,19, USA) was adopted to statistically analyze
experimental data. To conduct a variance analysis, a general linear model approach was
utilized with two-way ANOVA (p < 0.05). Duncan’s multiple range test at the 0.05 level
was applied to compare the mean values. The results from this analysis are represented in
the tables.

3. Results
3.1. Effects of SRNF on the Environmental Chemical Parameters of Soil in the Root Zone under
Different AWD Regimes

Under each fertilizer treatment, increasing the soil water content (WSD to WMD to WSS)
resulted in substantial decreases in the soil Eh and soil pH, while the soil-available N in the root
zone was significantly increased. For the control treatment, increasing the soil water content
decreased the soil Eh (286, 129, and 28 mV) and soil pH (7, 6.5, and 5.6), while increasing the
soil-available N (22, 24, and 26 mg kg~!) in the 2019 season. Similarly, in the 2020 cropping
season, increasing the soil water content decreased the soil Eh (282, 110, and 32 mV) and
soil pH (7.1, 6.5, and 5.4), while the soil-available N content in the rhizosphere gradually
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increased (18.6, 22.4, and 24.5 mg kg~ !). Under the same irrigation treatment, increasing the
SNER application (NO, NL, NM, and NH) enhanced the soil-available N concentration in the
root zone in the 2019 (26, 57, 120, and 205 mg kg_l) and 2020 (24, 49, 105, and 195 mg kg_l)
cropping seasons. In 2019 and 2020, the WSS x NH combination produced the lowest soil
Eh values (34 and 38 mV) and the greatest available N contents in the root zone (205 and
195 mg kg~ 1), whereas the WSD x NO combination produced the highest soil Eh values
(286 and 282 mV) and the lowest soil-available N contents (26 and 24 mg kg~!) (Figure 3).

2019 2020
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Figure 3. Effects of SRNFg rates and water regimes on soil fertility in the root zone. (A,B) repre-
sent the soil redox potential in 2019 and 2020 respectively. (C,D) represent the soil pH in 2019
and 2020 respectively. (E,F) represent the soil N concentration in 2019 and 2020 respectively.
WSS, WMD, and WSD donate wetting and saturation, wetting and moderate drying, and wet-
ting and severe drying, respectively. NO, NL, NM, and NH donate without adding SRNFg, light
SRNFs, moderate SRNFg, and heavy SRNFg, respectively. Means are not significantly different
between different water regimes (p < 0.05) when followed by the same uppercase letter. During the
same irrigation treatment, the means are not significantly different between different SRNFS rates
(p < 0.05), according to Duncan’s multiple range test, when followed by the same lowercase letter.
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3.2. Effects of SRNF Application on Rice Root Morphology under Different AWD Regimes

The morphological characteristics of rice roots varied significantly according to watering
mode, SRNF application rate, and their interactions (Table 2). For each SRNF application
rate, the RWD, RLD, TSA, and RDW were enhanced significantly (p < 0.001) as the soil
water content increased (WSD to WMD to WSS). For each watering method, increasing the
N fertilizer rate generally enhanced the RWD, RLD, TSA, and RDW of rice roots; the NH
group had the highest values, followed by the NM and ML groups, while the NO group
had the lowest values. Due to the integration of treatments, the WSS x NH treatment
produced the largest values of RWD (0.78 g cm 3 and 0.83 g cm2), RLD (12.98 mm cm ! and
13.38 mm cm™1), TSA (95.86 m? hill"! and 98.78 m? hill~!), and RDW (9.81 g hill"! and
10.37 g hill 1) for the 2019 and 2020 cropping seasons. However, the WSD x NO treatment
produced the lowest values of RWD (0.48 g cm 2 and 0.51 g cm~3), RLD (5.32 mm cm ™!
and 7.25 mm cm™1), TSA (58.39 m? hill ! and 56.44 m? hill~!), and RDW (6.00 g hill ! and
6.4 g hill 1) for the 2019 and 2020 cropping seasons (Table 2).

3.3. Effects of SRNF Application on Rice Biomass and Yield Indicators under Different
AWD Regimes

Rice biomass and grain production were affected by N and water stress. The irrigation
methods, N fertilizer rates, and their interactions significantly affected rice biomass and
grain production, as presented in Table 3. Rice biomass and yield were improved when the
soil water content was increased (WSD to WMD to WSS), while the fertilizer application
rate was unchanged. Moreover, for each irrigation method, the NO group produced the
least rice biomass, followed by the NL and NM groups, while the NH group produced the
greatest rice biomass. Similarly, the number of panicles, panicle length, grain filling rate,
grain yield, and total biomass increased significantly (p < 0.05) as the soil water content
and N fertilizer rate increased, and the WSS x NH combination produced the maximum
observed values in 2019 and 2020 (38 and 41 panicle hill=1, 24.16 and 25.7 cm, 90.6% and
91.35%, 90.7 and 112.1 g hill !, and 185.4 and 242.23 g hill !, respectively). In 2019 and
2020, the WSD x NO combination produced the minimum respective values in terms of
number of panicles (21 and 23.7 panicles hill '), panicle length (14.05 and 16 cm), grain
filling rate (63.2% and 65.05%), grain yield (34.7 and 40.47 g hill 1), and total biomass (65.5
and 65.71g hill 1) (Table 3).

3.4. Effects of SRNF Application on Leaf Mesophyll Cell Ultrastructure under Different
AWD Regimes

As shown in Figure 4, the high and medium N fertilizer rates with the WSS regime
improved the leaf mesophyll structure; the TEM images showed normal starch grains,
clear cell walls, and well-developed chloroplasts with tidy and well-arranged thylakoids.
However, the leaf mesophyll structures of plants grown under the WMD and WSD regimes,
as well as those subjected to the NO and NL fertilizer rates, were undeveloped. The plants
subjected to low N fertilizer rates and water stress had fewer starch grains, weaker cell
walls, large numbers of vacuoles, and decreased mesophyll lipid contents.

3.5. Effects of SRNF Application on N Tissue Concentration and N Uptake under Different
AWD Regimes

The N tissue contents of rice plants grown using different irrigation methods increased
as the SRNF application rate was increased (Table 4). The NL, NM, and NH groups
showed increased N concentrations in different parts of the plant in comparison with the
NO group under each irrigation method. The WSS group had the highest N concentrations
in grain and straw, followed by the WMD group, while the WSD group had the lowest
concentrations (Table 4). In 2019 and 2020, the WSS x NH combination produced the
highest respective mean N concentrations in grain (2.32% and 2.43%) and straw (0.79%
and 1.07%), whereas the WSD x N0 combination produced the lowest respective mean N
concentrations in grain (0.40% and 0.66%) and straw (0.22% and 0.46%) (Table 4).
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WSS WMD WSD

Figure 4. Transmission electron microscopy (TEM) images of the leaf mesophyll rates of rice under
different SRNGg fertilizer rates and different water regimes: (1) cell walls; (2) chloroplasts; (3) thylakoid;
(4) starch grains; (5) plastoglobuli; (6) vacuoles; (7) lipid drop; (8) mitochondria; (9) loop of DNA.

3.6. Effects of SRNF Application on NUE under Different AWD Regimes

Changes in N uptake associated with different irrigation methods, SRNF application
rates, and their interactions had a great impact on rice growth and development. The irrigation
method affected N accumulation in the straw and grain, as well as plant uptake of N. The
N accumulation and N plant uptake in grain and straw were highest in the WSS group,
followed by the WMD group, while the WSD group showed the lowest values; similarly,
the N accumulation and N plant uptake rates in grain and straw for the SRNF application
groups were ranked as follows: NH > NM > NL > NO. In the analysis of the interactions
between irrigation regimes and N fertilizer rates, the highest N accumulation rates in grain
were in the WSS xNH treatment at 1919.7 mg hill ! in 2019 and 1953.27 mg hill ! in 2020,
whereas in straw the rates were 714.7 mg hill ™! in 2019 and 953.95 mg hill ! in 2020. The
WSS x NH treatment produced the highest N plant uptake rates in 2019 (2634.2 mg hill ')
and 2020 (2907.22 mg hill!). In 2019 and 2020, the WSD x NO treatment produced the
lowest values of N accumulation in grain (147.9 mg hill ! and 244.27 mg hill!) and straw
(115.3 mg hill ! and 172.1 mg hill 1), as well as low N plant uptake values (263.1 mg hill !
and 416.38 mg hill !, respectively) (Table 4).

The irrigation regimes and SRNF treatments significantly affected the NUE values of
rice. In 2019 and 2020, the WSS and WMD treatments increased the NAE (maximum values
of 37.3% and 39.5%), NARE (maximum values of 63.1% and 67.61%), NPFP (maximum
values of 39.8 g g~ ! and 41.13 g g~ 1), NHI (maximum values of 76.6% and 77.43%), total
biomass, and grain yield values. In 2019 and 2020, the WSD treatment produced reductions
in NAE (14.7% and 14.87%), NARE (26.7% and 28.65%), NPFP (16.4 g ¢! and 17.13 g g~ 1),
and NHI (61.3% and 63.13%) (Table 5).
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Table 2. Mean values of root morphology indicators for different irrigation methods and N fertilizer rates, and a summary of the ANOVA analysis of the main

effects of different irrigation methods and N fertilizer rates on the rice root morphology.

Root Growth Morphology Indicator

Treatment RWD (g cm—3) RLD (mm cm—3) TSA (m? hill-1) RDW (g hill-1)
2019 2020 2019 2020 2019 2020 2019 2020
WSS x NO 0.52 4 0.02 A¢ 0.54 + 0.03 Ac 10.37 4+ 1.23 Ac 10.72 + 1.8 A¢ 62.82 + 7.89 Ac 64.96 + 5.5 Ac 6.57 4 0.25 AP 6.77 4+ 0.32 A¢
WSS x NL 0.60 + 0.03 AP 0.61 + 0.02 AP 11.75 + 1.07 AP 12.1 + 0.61 AP 72.20 + 4.68 AP 74.36 + 8.1 AP 7.57 + 0.35 AP 7.63 + 0.28 AP
WSS x NM 0.64 £ 0.07 AP 0.68 & 0.11 AP 11.51 + 2.35 Ab 11.85 + 0.58 A2 75.93 + 11.25 Ab 78.16 + 10.38 AP 8.10 + 0.83 A2 8.57 &+ 1.32 Ab
WSS x NH 0.78 + 0.03 Aa 0.83 + 0.03 A2 12.98 +2.92 Aa 1338 + 1 4a 95.86 4 15.63 A2 98.78 + 1.1 Aa 9.81 + 0.33 Aa 10.37 + 0.40 Aa
WMD x NO 0.49 + 0.01 Bv 0.54 + 0.04 Be 7.89 + 1.85 Bb 8.25 4 (.34 Be 56.25 + 7.59 Bb 58.68 + 2.6 Be 6.19 £ 0.19 Be 6.8 + 0.46 Bc
WMD x NL 0.57 + 0.06 Bb 0.63 + 0.08 BP 8.92 + 1.46 Bb 9.37 + 0.42 BP 64.30 4 9.55 Be 67.57 + 2.98 BP 6.91 +0.75BP 7.87 +0.94 Bb
WMD x NM 0.55 + 0.08 Bb 0.59 + 0.07 BP 10.58 + 2.2 Ba 11.03 + 0.49 Ba 7344 +10.21 B2 76.58 + 4.21 Bb 7.10 £ 0.97 BP 7.4 +0.878b
WMD x NH 0.73 + 0.02 Ba 0.71 + 0.05 Ba 11.79 + 1.41 B2 12.19 4+ 0.03 B2 90.94 + 7.83 Ba 93.97 +2.81 B2 9.17 +£ 0.20 Ba 8.97 + 0.65 Ba
WSD x NO 0.48 4 0.02 ¢ 0.51 4 0.03 €¢ 5.32 + 3.57 C¢ 7.25 + 1.32 Cc 58.39 +£9.17 Cb 56.44 + 8.68 C¢ 6.00 & 0.26 <P 6.4 +0.35Cc
WSD x NL 0.49 + 0.02 Ca 0.56 + 0.02 <0 7.09 +1.87 b 8.59 + 0.57 <0 65.26 + 4.57 €0 74.79 + 8.61 <P 6.13 + 0.23 Ca 7+02¢
WSD x NM 0.53 4 0.02 €0 0.59 + 0.05 P 8.19 +2.02 €2 9.2540.19 ¢ 80.76 + 5.43 Ca 68.38 +£3.13 P 6.71 4+ 0.29 €2 7.37 + 0.65 P
WSD x NH 0.54 + 0.06 <P 0.52 + 0.03 €@ 8.82+1.15C 743 +1.14Ca 88.17 +£11.72C 61.24 £ 65 6.98 +0.72 €2 6.53 4+ 0.42 €2
ANOVA
Water regime 2L ok Hk k% Hkk 2 Hkk 2L
N rate R R EXE EE *3% R *% LR
Water x N rate * ns ns ns ns ns ns i
Water regime x Year ns ns ns ns ns ns ns ns
N rate x Year ns ns ns ns ns ns ns ns
Water regime x N ns ns ns ns ns ns ns ns

rate X Year

Notes: Means of the same uppercase and lowercase letters indicate no significant differences among different irrigation techniques and N fertilizer rates. Means are significantly different
between different irrigation treatments (p < 0.05) when tailed by a different uppercase letter. Under the same irrigation technique, the means are significantly different between different
N fertilizer rates (p < 0.05) when tailed by a different lowercase letter, according to the ANOVA analysis; ns, not significant; *, **, *** signify significant differences among treatments at
p <0.05,0.01, and 0.001, respectively.
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Table 3. Mean values of rice yield indicators for different irrigation techniques and N fertilizer rates, and a summary of the ANOVA analysis of the main effects of

different irrigation techniques and N fertilizer rates on yield indicators of rice.

Number of Panicles

Treatment (Panicle hill-1) Panicle Length (cm) Grain Filling Rate (%) Grain Yield (g hill-1) Total Biomass (g hill 1)
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
WSS x NO 28.00 + 1 4¢ 29.7 +1.54Ad 17.3 + 1.4 40 20.3 £ 0.6 A¢ 70.5 £ 3.2 A¢ 74.92 4 2.8 Ac 50.1 & 2.7 A¢ 56.67 + 5.3 Ad 99.4 4 5.2 Ac 100.37 + 9.5 Ad
WSS x NL 33.08 + 1 4b 343 +1.14¢ 21.17 + 1.8 A2 20.7 £ 1.24b 76.1 +£2.24b 77.84 4 2.0 AP 70.6 + 3.4 AP 94.83 4+ 3.5 A¢ 139.6 + 1.8 AP 164.87 + 7.2 Ac
WSS x NM 34.67 + 1.5 42 36.7 + 1.5 Ab 22.05 4+ 1.5 A2 23.7 + 0.6 42 84.5 +4.142 84.95 + 5.9 Aa 79.9 + 2.2 Aa 104.2 + 3.5 4Ab 159.0 + 3.2 A2 191.97 + 4.8 Ab
WSS x NH 38.00 + 24 41.00 + 1.5 42 24.16 + 0.8 A2 25.7 +1.54a 90.6 + 1.3 42 91.35 + 5.3 Aa 90.7 + 1.54a 112.1 £ 4.3 A2 185.4 £ 2.4 4Aa 24223 +394a
WMD x NO 23.67 + 2.1 Be 257 +1.58d 15.67 4+ 0.4 BP 17.3 +2.5Bc 65.9 + 3.3 B0 68.12 4+ 1.3 Be 4194 2.7Bb 4837 +1.9Bd 8324+ 238Bb 84 4+ 2.3 Bd
WMD x NL 29.10 +1Bb 32 +368c 19.59 + 0.7 Ba 20.3 4218 72.8 + 1.4 580 75.55 + 1.7 Bb 66.0 + 2.2 Bb 65.57 + 3.7 Be 131.1 £ 2.1 B0 125.1 4 7.4 B¢
WMD x NM 31.34 + 2.1 Ba 334 358b 21.10 + 1.3 Ba 23.7 4+ 0.6 B2 751 + 1.5 82 77.22 4+ 0.6 B2 711 +2.182 83.87 + 3.5 Bb 139.3 + 2.9 Ba 146.43 + 9.7 Bb
WMD x NH 35.31 +1.5Ba 36.7 +2.1 B2 22.83 4+ 1.0Ba 242 4208 82.3+2.28B 79.49 + 8.3 Ba 86.8 + 1.4 Ba 92.71 + 2.1 Ba 164.2+1.4 Ba 200.3 + 6.4 Ba
WSD x NO 21.00 + 2.5 €¢ 23.7 +45Cd 14.05 + 0.8 Cb 16 £ 2 Ce 63.2 +£3.5Cc 65.05 + 3.8 €© 34.7 +1.8C¢ 4047 +£3.1¢d 65.5+ 1.8 ¢ 65.17 + 1.6 <4
WSD x NL 26.56 + 3.1 27 4+ 4C¢ 15.63 + 0.8 €@ 19+1CP 729 +1.1¢b 73.01 + 1.5 63.8 +3.2Cb 52.53 + 1.1 €¢ 1254 + 32 108.63 + 4.6 €©
WSD x NM 2843 +25C 313+ 4.1 1827 +15Ca 20.5 4+ 0.5 2 719+ 1.0C 7462 +£24C 67.9 +23Ca 63.73 + 3.2 P 136.9 + 2.3 Ca 127.1 £ 6.2
WSD x NH 2829 +25Ca 30+ 3C 19.75 + 1.7 €2 185+ 0.9 2 79.1 +2.8Ca 75.89 + 2.1 €2 781 +1.8Ca 7833 +2.1C 146.6 + 2.7 €2 141.27 + 6.0 €@
ANOVA
Water regime K L2 23 EEEd KN L2 E2 i3 KN L2 K L2
N rate L L3 EE K% X3k et K% L *% L3
Water x N rate ns ns ** el ns ns ns ns ns ns
Water regime x Year ns ns ns ns ns ns ns ns ns ns
N rate x Year ns ns ns ns ns ns ns ns ns ns
Wafrirt;eéerl‘leij N ns ns ns ns ns ns ns ns ns ns

Notes: Means of the same uppercase and lowercase letters indicate no significant difference among different irrigation techniques and N fertilizer rates. Means are significantly different
between different irrigation treatments (p < 0.05) when tailed by a different uppercase letter. Under the same irrigation technique, the means are significantly different between different
N fertilizer rates (p < 0.05) when tailed by a different lowercase letter, according to the ANOVA analysis; ns, not significant; **, *** signify significant differences among treatments at
p <0.05,0.01, and 0.001, respectively.
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Table 4. Mean values of NCG, NCS, NAG, and NAS of rice plants for different irrigation methods and N fertilizer rates, and a summary of the ANOVA analysis of
the effects of the irrigation method and N fertilizer rate on nutrient uptake in rice.

N Concentration (%) N Accumulation (mg hill-1) NTU (mg hill-1)

Treatment NCG NCS NAG NAS (NAG+NAS)
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
WSS x NO 1.02 4 0.05 A¢ 1.28 + 0.1 44 0.57 4 0.04 2P 0.63 £ 0.03 A 534.6 + 36.3 Ad 682.79 + 42.0 Ad 363.0 + 40.2 Ac 459.97 4 52.5 Ad 897.6 + 73.5 Ad 1142.75 4 88.5 Ad
WSS x NL 1.68 & 0.06 AP 1.81 4+ 0.2 AC 0.71 £ 0.05 42 0.75 =4 0.04 A¢ 1112 + 81.8 Ac 1206.77 4 178 Ac 507.6 4 23.8 AP 666.69 + 30.7 A 1619.3 4 99.6 A¢ 1873.46 + 205.8 Ac
WSS x NM 1.97 +0.10 Ab 2040140 0.74 £ 0.09 A2 0.82 + 0.03 AP 1421 + 53.3 AP 1454.86 4 41.4 AP 559.2 + 53.7 Ab 751.75 & 66.8 AP 1980.0 & 58.9 AP 2206.61 + 25.8 AP
WSS x NH 23240.134 243 40242 0.79 £ 0.11 4a 1.07 4 0.07 A2 1919.7 + 10 A2 195327 4 94.9 Aa 714.5 + 70.7 Aa 953.95 4 69.8 A2 2634.2 4+ 141 A2 2907.22 + 133.5 A2
WMD x NO 0.70 + 0.05 B> 0.97 + 0.1 Bd 0.52 + 0.04 B° 0.81 +0.13 Be 310.6 + 41.1 Bd 431.66 + 48.7 Bd 322.1 + 49.6 B¢ 391.00 + 40.3 Bd 632.7 + 76.4 B¢ 822.66 + 74.6 Bd
WMD x NL 1.48 4 0.08 B2 1.53 4 0.1 B¢ 0.57 + 0.06 B° 0.72 +0.07 Be 857.8 + 26.5 B¢ 895.42 4- 23.7 B¢ 387.3+45.2 B° 541.954-52.5 Be 1245.1+79.9 B¢ 1437.37 4 74.5 B¢
WMD x NM 1.65 + 0.03 Ba 1.7 +£0.1 50 0.63 == 0.03 Ba 0.77 £ 0.00 B> 1044 + 42,550 1081.18 = 48.4 B> 445.8 + 39.7 Bb 606.88 + 60.0 BP 1490.1 4 93.5 Bb 1688.06 + 106.5 BP
WMD x NH 1.87 4 0.05 Ba 1.93 4+ 0.1 Ba 0.72 +0.03 B2 1.00 £ 0.04 Ba 1479.2 + 47 Ba 1534.45 + 47.9 Ba 565.0 + 46.5 Ba 750.31 + 63.1 Ba 2044.2 4 32.2 Ba 2284.76 + 109.9 Ba
WSD x NO 0.40 + 0.03 €< 0.66 + 0.1 <4 0.22 £0.02¢ 0.46 + 0.01 €< 147.9 +17.9 <4 244.27 4227 ¢4 115.3 + 14.5 €< 172.10 4 24.0 €4 263.1 + 54.8 ¢d 416.38 + 46.7 Ad
WSD x NL 0.85 = 0.05 <P 0.98 & 0.1 ¢ 0.33 4 0.05 <0 0.66 == 0.06 < 476.7 4 58.1 € 550.24 + 60.7 < 213.0 4 30.7 b 371.03 + 36.5 < 689.8 4 43.4 ¢ 921.279 = 76.3 Ac
WSD x NM 0.96 + 0.06 <® 1.08 £ 0.0 <P 0.51 4 0.04 € 0.84 4 0.04 <° 5782 +133 P 653.61 = 12.8 P 365.1 + 36.4 C2 535.82 + 45.3 P 943.3 +21.2 1189.44 4 41.0 Ad
WSD x NH 1.08 & 0.06 <@ 1204+ 0.1 0.53 #+0.05 €2 0.86 4 0.04 €2 756.2 + 61.1 846.58 4+ 62.1 <@ 374.7 £7.1C 542.88 4+ 21.0 € 1130.9 £ 67.7 @ 1389.46 4 74.1 A2
ANOVA
Water regime HRH Lt HAH LR L i3 HXH L3 4K A Ll
N fertilizer rate HFXH 4K *AF Lt 4K FXH Lt 4K X% A%
Water X N rate %k L2 23 *% L2 L2 23 %k *3% kK %k k%
Water regime x Year ns ns ns ns ns ns ns ns ns ns
N rate x Year ns ns ns ns ns ns ns ns ns ns
Water regime x N rate x Year ns ns ns ns ns ns ns ns ns ns

Notes: Means of the same uppercase and lowercase letters indicate no significant difference among different irrigation techniques and N fertilizer rates. Means are significantly different
between different irrigation treatments (p < 0.05) when tailed by a different uppercase letter. Under the same irrigation technique, the means are significantly different between different
N fertilizer rates (p < 0.05) when tailed by a different lowercase letter, according to the ANOVA analysis; ns, not significant; **, *** signify significant differences among treatments at
p <0.05,0.01, and 0.001, respectively.
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Table 5. Mean values of the NUE indicators of rice for different irrigation techniques and N fertilizer rates, and a summary of the ANOVA analysis of the impacts of
irrigation regimes and N fertilizer rates on the NUE indicators of rice.

NUE Indicators
Treatment NAE (%) NARE (%) NPFP (g g~1) NHI (%)
2019 2020 2019 2020 2019 2020 2019 2020
WSS x NL 37341314 39.5 + 1.50 A2 63.1 +4.33 4 67.61 + 4.95 A2 39.9 4+ 1.50 A2 4113 +£1.9442 76.6 + 1.39 A2 7743 +1.72 Aa
WSS x NM 22.0 + 0.55 AP 22.8 + 0.53 AP 544 +1.91 Ab 56.25 4 2.70 AP 245 + 0.55 AP 25.2 + 0.80 AP 71.8 +2.20Aa 73.2 4 2.62 AP
WSS x NH 174 + 0.2 Ac 18.07 + 0.31 Ac 52.8 4 3.00 AP 54.99 + 3.49 Ac 19.0 £ 0.20 Ac 21.03 £ 0.86 Ac 68.6 & 0.94 AP 69.97 + 0.67 Ac
WMD x NL 329+128 32.4+1.838Ba 59.1 + 230 Ba 61.28 +3.18 B2 37.3 +0.98 Ba 38.1 + 1.01 Ba 72.4 +0.81Ba 735+ 1.1042
WMD x NM 19.3 £ 0.9Bb 20.37 + 1.06 BP 449 4+ 242 Bb 46.52 +2.73 Bb 21.8 4+ 0.73 Bb 22.87 +0.12 BP 70.0 4+ 0.73 Ba 71.23 + 0.75 Ab
WMD x NH 16.5 + 0.3 BP 17.4 4+ 0.35 Be 414+ 1.0158p 44.45 +0.73 Be 18.2 +0.25Bb 19.33 + 0.61 Be 69.6 & 0.34 BP 70.13 4 0.70 A¢
WSD x NL 315+ 1.7Ca 3254 0.98 ¢ 38.6+1.78 C2 4153 + 3.05 Ca 36.0 + 1.46 €2 3744212 69.0 + 3.91 €2 70.44 + 4.80 Ba
WSD x NM 184 +0.7 P 19.07 +1.21 P 31.6 +1.10<F 33.84 +1.50 P 20.8 &+ 0.57 P 21.67 £ 0.61 P 66.8 +1.19 ¢ 68.07 + 1.79 BP
WSD x NH 14.7 £ 0.6 <P 14.87 + 1.42 Ce 26.7 +1.04 €< 28.65 + 1.61 €¢ 16.4 + 0.46 C¢ 17.13 4+ 0.70 €¢ 61.3 + 2.46 P 63.13 + 1.90 Be
ANOVA

Water regime B2 L2 %% R EXE R L2 *%%

N rate L2 ok Hk k3% Hkk 2t 3% *3%

Water x N rate ns ns ns ns ns ns ns ns

Water regime x Year ns ns ns ns ns ns ns ns

N rate x Year ns ns ns ns ns ns ns ns

Water regime X N ns ns ns ns ns ns ns ns

rate X Year

Notes: Means of the same uppercase and lowercase letters indicate no significant difference among different irrigation techniques and N fertilizer rates. Means are significantly different
between different irrigation treatments (p < 0.05) when tailed by a different uppercase letter. Under the same irrigation technique, the means are significantly different between different
N fertilizer rates (p < 0.05) when tailed by a different lowercase letter, according to the ANOVA analysis; ns, not significant; **, *** signify significant differences among treatments at
p <0.05,0.01, and 0.001, respectively.



Agriculture 2022, 12, 86

15 0of 19

4. Discussion

Eh and pH substantially impact nutrient availability and mobility in the root zone [44],
while the soil water content and soil constituents with large amplitude redox numbers,
such as N, P, or S, affect Eh and pH [45]. In the present study, the results showed significant
differences in soil pH, Eh, and available soil N contents between the treatments. WSS
improved soil Eh and enhanced N absorption by the roots, which was in accordance with
the results of previous studies [46]. The results also showed that the average soil pH
following WWS was 5.6 (Figure 3C,D), which was within the range of optimal soil pH for
rice cultivation [47,48]. A previous study reported that decreasing the rhizosphere pH and
boosting the availability of N to the plant enhanced root development [14]. Therefore, roots
under the WSS conditions may reduce the rhizosphere pH by creating H* via oxidation of
Fe*™" to balance the excess cations for plant uptake [49]. Consequently, soil Eh and pH have
the potential to optimize rice productivity because pH regulates the activities of macro-
and micronutrients, poisons, and reducing agents in soil solution. The highest amounts of
N observed in the WSS x NH treatment during the growing season can be attributed to
the acidification of the rhizosphere and the high soil moisture content, which stimulated
the release of available nutrients, causing SRNFs to discharge large amounts of N into the
soil [29,44].

A previous study found that CF enhanced the acidification of the rice root zone and
stimulated N solubilization [50]. In contrast, the WSD treatment in this study reduced
the soil nutrient availability, in agreement with previous studies [51,52], showing that
increasing the soil pH affects the SRNF solubility, resulting in a significant decline in the soil
N concentration. Fluctuations in soil conditions due to the transition between aeration and
immersion alter the biogeochemical processes of the soil and influence nutrient availability
to crops [53]. In this study, changes in biogeochemical processes in the soil due to the
watering regime affected N uptake by rice roots.

This study also revealed that the root morphology was affected significantly by the
water regime and SRNF application rate. However, the root morphology was enhanced
under WSS and the combination of WSS x NH, which generated massive TSA, revealing an
abundance of accessible available N to support strong root development. These findings are
in accordance with previous studies [54,55]. As shown in Table 2, the greatest RWD, RLD,
TSA and, RDW were produced by the WSS x NH combination as a result of the regular
release of a large amount of N ions during rice growth, thereby improving root N uptake
and producing large root systems and huge shoot biomass. These results corroborated
previous reports [56,57] that SRNFs release N slowly according to the available soil moisture
and the rhizosphere pH, thereby increasing the availability of soil nutrients and improving
the morphological characteristics of rice roots. The scarcity of N under WSD with different
rates of SRNF application (due to the low level of soil moisture) reduced the growth and
TSA of rice roots. Water stress can affect the morphology and physiology of roots, causing
a reduction in plant growth and hindering development due to nutrient pathways being
altered [58,59]. In addition, water stress affects root penetration, which may inhibit rice root
formation [60]. Additionally, the rice root morphology was significantly different under
AWD conditions compared to CF conditions [61]. This study revealed that the root total
surface area was increased significantly under the WSS x NH treatment compared to the
WSS xNO, WSS x NL, and WSS x NM treatments, because the WSS x NH treatment
increased the available N during rice growth. Furthermore, increasing the contact between
rice roots and soil enhances water and nutrient absorption and improves root morphological
traits. CF conditions cause the rice aerenchyma to form root extensions that ensure effective
root-soil contact and allow oxygen delivery from the shoots to the roots [61,62]. According
to a previous study [63], oxygen enhances root cell growth and development, and this
effect explains the increased dry mass of the roots in the WSS plants. This finding is
in agreement with previous studies showing that rice plants develop strong roots and
transport large quantities of O, from shoots to roots via the aerenchyma [64,65]. Our results
indicated that the WSS and WSS x NH treatments increased nutrient absorption, resulting
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in high rice shoot biomass formation. The findings of the present study also revealed that
morphological characteristics of rice roots, such as RWD, RLD, TSA, and RDW, affect N
absorption from the lower layers of the soil and alter the amount of soil accessed by the
plant roots. However, rice growth under WSD treatment conditions produced minimal
root growth due to excessive aeration in the soil. According to a previous study [64], soil
fractures may cause root damage due to water stress, even when roots are adequately
ventilated. These outcomes were in agreement with previous studies [55,66] reporting that
water stress in rice paddy lands stimulated oxygen flow from the shoots to the roots, which
resulted in a decrease in the dry mass of roots and generally lower root parameters (RWD,
RLD, TSA, and RDW). As shown in Table 3, the total rice biomass and yield increased with
the available soil water content (AWC) under the WSS treatment, and SRNF application
released an adequate amount of soluble N for rice growth under the WSS x NH treatment.
These results confirm that the effects of N release on rice growth and yield optimization are
usually affected by the volume of water available in the soil. In addition, these findings
confirm the results of previous reports on the effects of controlled-release fertilizer on the
growth and yield of rice [55,67].

As shown in Table 3, rice cultivated under the WSS x NH conditions showed increases
in the diameter of the stem, number of panicles, panicle length, grain filling rate, grain
yield, and total biomass, as well as the number of effective panicles, secondary branches,
and spikelets. These results are in accordance with previous findings [6,66]. However, in
2019 and 2020, the rice yield of the WSS x NH group was significantly higher than that
of the NO (by 44.8% and 49.47%), NL (by 22.16% and 15.48%), and NM (by 11.91% and
7.14%) groups. The high SRNF dose altered the soil fertility and boosted N availability in
the rhizosphere for the 2020 cropping season, which increased the rice yield. Therefore,
although N is highly volatile, SRNFs have the potential to reduce N volatility, making N
readily available for plant growth. These findings suggest that the WSS xNH interaction
can enhance rice yield. Similarly, a previous study reported that SRNFs increased rice grain
yield because N leached into the soil, increasing the concentrations of NO3" and NH,4* in
soil layers, while another study found that SRNFs also boosted the amounts of total N and
organic matter in the soil [12,52]. Previous results also revealed that SRNFs can remain
inactive during the off-season and can be subsequently reactivated to release ionized N
for plant growth without polluting soil or soil water resources, saving money and time.
N loss through denitrification, NHj volatilization, leaching, and surface runoff decreases
the efficiency of N recovery [67]. Using the AWD regime and SRNFs as basal fertilizers
to increase rice productivity minimizes N loss to achieve higher NAE, NARE, NPFP, and
NHI values.

5. Conclusions

Among different water regimes, WSS was proven to be the optimal irrigation system
for rice cultivation, as the rice possessed greater yield potential and better yield performance
under AWD-based water-saving irrigation conditions. On the other hand, increasing the
SRNFs application rate enhanced the rice plants” morpho-physiological characteristics
significantly. The combination of WSS and HN enhanced rice growth, yield, and NUE,
which was mainly attributed to the larger root biomass, deeper root distribution, improved
leaf structure, stronger ability for aboveground biomass production, and improved canopy
quality. The present study suggests that the combination of AWD with SRNFs enhances
plant morpho-physiology to ensure vigorous plant growth with optimal biomass yield
by providing a sufficient N nutrient supply while inducing efficient N acquisition. Crop
management policies utilizing the combination of AWD and SRNFs should be investigated
in larger fields, where different conditions and limitations may exist.
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