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Abstract: This study evaluated whether the straw burial and alternative wetting and drying (AWD)
irrigation could improve the root activity, yield, and water utilization efficiency (WUE) of rice. Ac-
cordingly, we conducted a field experiment with three straw burial levels, i.e., with no straw burial
(NSB), low straw burial 300 kg.ha−1 (LSB), and dense straw burial 800 kg.ha−1 (DSB), and three
irrigation regimes, i.e., alternate wetting/moderate drying (AWMD), alternate wetting/severe drying
(AWSD), and alternate wetting/critical drying (AWCD). Results showed that straw burial improved
the root activity, rice yield, and WUE under AWD regimes. The combination AWMD×DSB resulted
in the greatest values of total dry mass (1764.7 g/m2) and water use (853.1 mm). Conversely, the
treatment AWCD × NSB led to the lowest values of total biomass (583.3 g/m2) and water use
(321.8 mm). Root dry weight density (1.11 g cm−3) and root active absorption area (31.6 m2 plant−1)
were higher in the treatment AWMD × DSB than root dry weight density (0.41 g cm−3) and root
active absorption area (21.2 m2 plant−1) were in the treatment AWCD×NSB. The former combined
treatment increased root oxidation ability (55.5 mg g−1 FWh−1), the root surface phosphatase ac-
tivity (1.67 mg g−1 FWh−1) and nitrate reductase activity of root (14.4 µg g−1 h−1) while the latter
considerably reduced the values of root oxidation ability (21.4 mg g−1 FWh−1), the root surface
phosphatase activity (0.87 mg g−1 FWh−1) and nitrate reductase activity of root (5.8 µg g−1 h−1). The
following conclusions can be drawn with regard to water use and biomass yield. (i) The reduction
in water consumption was greater than the reduction in yield in the case of AWSD. (ii) The decline
in water consumption was less than the decline in biomass yield in the case of AWCD. (iii) The
increase in in water consumption was greater than the increase in biomass yield in the case of AWMD.
Therefore, the indicators of WUE were recorded in the following order: AWSD > AWMD > AWCD.
This study recommends AWD irrigation to improve the root growth traits that contribute to the
greater biomass yield of rice. It also suggests that farmers should implement AWD irrigation after
leaving wheat straw residues in the field, and followed by deep tillage, to mitigate the negative effect
of drought stress caused by AWD irrigation, preserving plant growth without large biomass losses,
and thus, addressing the constrains of straw residues and sustaining rice production under limited
freshwater resources.

Keywords: Oryza sativa L.; root physiological activity; straw burial; water productivity; rice yield

1. Introduction

Freshwater resources have become limited in many countries worldwide due to cli-
mate changes and environmental contamination [1,2]. Rice is the world’s leading staple

Sustainability 2022, 14, 16394. https://doi.org/10.3390/su142416394 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142416394
https://doi.org/10.3390/su142416394
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0945-9224
https://orcid.org/0000-0002-9513-1729
https://orcid.org/0000-0002-8402-467X
https://doi.org/10.3390/su142416394
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142416394?type=check_update&version=2


Sustainability 2022, 14, 16394 2 of 18

food source, accounting for 11% of globally cultivated area and using 70% of global agricul-
tural water resources [3]. About 92% of rice yield is produced within Asia [4], and paddy
fields use 50% of freshwater resources [5]. However, the yield level is below consumer
demand [6]. Thus, a rise of 8–10 million tons per year in rice yield is currently needed to
meet the upcoming global food requirements [7].

In China, rice farms use 65% of freshwater resources [3]. Moreover, approximately
23% of Chinese agricultural area is dedicated for rice production, accounting for 20% of the
world’s entire cultivated area [8]. Furthermore, nearly 90% of the Chinese rice production
area is cultivated under continuous flooding (CF) irrigation [9]. Therefore, many practices,
such as non-ponded mulch farming and alternative wetting/drying (AWD) irrigation
regimes, have been designed to adapt with the scarcity of freshwater resources [10–12].
Hence, improving water use efficiency (WUE) in cultivating rice and decreasing the gap
between water resources and usage are central issues in ensuring food safety during water
shortage [13,14]. However, the worsening freshwater shortage can increase competition
for freshwater resources over the next decades. Thus, rice production systems with water-
efficient strategies should be introduced [14,15].

Recent studies have stated that AWD irrigation has reduced the use of water [16], in-
creasing the WUE of rice compared with flooding irrigation [17]. However, AWD irrigation
increases water leakage and declines yield and, consequently, the WUE of rice grown in clay
soil [18] as the topsoil layer is dried out during drying cycles, and desiccation cracks are
dominant on the soil surface [19]. Cracks in soil increase water penetration rates, allowing
deeper leakage of water [20] into the deeper subsoil [21] and leaching nutrients down
to the rhizosphere [22]. AWD cycles also adversely trigger soil properties that regulate
plant–nutrient availability [23–25]. Moreover, plant–nutrient uptake in rice under AWD
regime is less than that under CF regime due to the reduction in plant–nutrient accessi-
bility [26,27]. The magnitudes of all these changes indicate that AWD irrigation needs to
reduce the water loss associated with deep percolation and water evaporation from the
topsoil surface, thus enhancing nutrient availability and preserving soil properties [14,28],
and consequently, improving the yield and WUE of rice [29].

Agricultural cellulosic residues have been the subject of considerable research re-
cently [30,31], and the return of agricultural crop straw residues is higher than 9 × 108 tons
per year in China. Only 15% of these agricultural residues are used for construction mate-
rials and feedstuff for livestock. The remaining amount of stubble residues is cleaned to
prepare the land for the next crop season [32]. Mulching the soil surface with straw residues
is an effective technique to increase the grain yield of rice and soil quality [33,34]. For ex-
ample, compared with the conventional rice system, straw mulching treatments improved
root growth [35], biomass [36], and rice WUE [37]. It also conserved nearly 61–94% of water
applied in irrigation [37]. In addition, the straw mulching strategy increases soil organic
matter content [38] and reduces evapotranspiration, improving plant growth and yield [39].
Furthermore, returning straw residues to the soil surface affects water content [40] by
increasing the soil’s capability to preserve water and enhancing the drainage property of
soil (Ranjan et al., 2017), improving crop productivity and soil quality [41]. However, crop
control and management are not easy under straw mulching cultivation; moreover, straw
can attract pathogens and insects and disturb the impact of rainfall on the soil surface [42].

Embedding straw layers into subsoil can clearly influence water and soil management
approaches [43–45]. The buried straw layers enhance soil water content by delaying water
infiltration after irrigation [46] and reducing water percolation [47]. Moreover, straw
burial is considered a viable option to improve soil biological and microbial activity and
fertility, reducing weed development, and thus enhancing the quality, productivity, and
sustainability of agricultural production systems [48]. Hence, subsoil straw burial can alter
soil quality. However, plant growth adaptation under AWD irrigation and straw burial is
not well understood.

Rice root activity is changed by changes in the growth environment [18,49]. Root
activity is also regulated by the moisture content availability. In addition, vigorous plant
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roots result in large rice production [50]. However, knowledge is limited with regard to root
physiological characters and their relationships to the rice yield and WUE with straw burial
under the AWD system. Thus, knowledge of plant responses to a varying soil environment
is required to decide the appropriate straw burial amount for rice production under AWD
irrigation. Accordingly, our study hypothesized that embedding the wheat layer at a depth
of 40 cm below the topsoil can prolong soil water residence period in the layer above,
which maximize the quantity of water and nutrients of the topsoil, because water slowly
infiltrates the soil profile. Thus, subsoil straw burial can reduce water loss without affecting
or disturbing root penetration, and consequently improve the root physiological traits,
biomass, and WUE of rice. Moreover, the current study assumes that straw burial can
improve the soil moisture storage in the irrigated paddy field, contributing to increasing
the yield and WUE of rice.

2. Materials and Methods
2.1. Experimental Location Characterization

A field experiment was conducted from June to November 2020 in the agricultural
farm of Hohai University (35.31◦ N, 113.87◦ E), Nanjing, China. The area is characterized
by a humid subtropical weather. The rainfall season is in summer from July to September.
The annual mean temperature is 16 ◦C, the absolute maximum temperature reaches 43 ◦C
in July, and the absolute minimum temperature drops to −16.9 ◦C in winter in January. The
average yearly rainfall is approximately 1062 mm, which is condensed in summer. Weather
data used during the trial are shown in Table 1.

Table 1. Monthly mean humidity (%), minimum temperature (T min), maximum temperature (Tmax),
and related weather data throughout the season.

Average Data May Jun Jul Aug Sep Oct

TMax (◦C) 30.7 31.8 32.1 39.3 29.8 27.4
TMin (◦C) 18.4 20.9 22.5 28.5 16.7 12.9

Max. Relative humidity % 95 84.5 100 84.5 88.8 73.8
Min. Relative humidity % 68.3 61.9 68.3 61.9 67.5 66.5

Sunshine (h) 8 9 11 11 9 7
Solar Rad. MJ m−2 day−1 96.3 113.6 96.5 113.2 78 72.8

Rainfall (mm) 104.6 188.5 172.1 135.4 85.3 65.9
Note: the climate data were obtained from the Metrological Bureau of Nanjing.

The soil properties are as follows: silt (53.7%), clay (27.8%), sand (18.5%), pH (7.0),
soil total porosity (41%), bulk density of soil (1.25 g/cm3), soil total nitrogen (N) (1.3 %),
soil available N (47.5 mg.kg−1), soil total phosphorus (P) (307.5 mg.kg−1), soil available P
(13.2 mg.kg−1), soil available potassium (K) (92.6 mg.kg−1), and total organic matter of soil
(1.18%).

2.2. Experimental Scheme, Treatments, and Cultural Practices

In this trail, we performed a split plot design that included three repetitions. The main
plot was the AWD irrigation regime, with three watering managing options achieved as
follows: (1) submerging soil surface with 5 cm standing water depth once water content
arrived 100–90% saturation, AWMD; (2) submerging soil surface with 5 cm standing water
depth once soil water content arrived 80–70% saturation, AWSD; and (3) submerging soil
surface with 5 cm standing water depth once soil water content arrived 70–60% saturation,
AWCD. Wetting/drying cycles were applied during the entire development period, except
for the yellow ripening and maturation stages, in which soil was naturally dried.

Buried wheat straw layers of different densities, i.e., 0, 300, and 800 kg/ha, which
correspond to no straw burial (NSB), low or light straw burial (LSB), and dense straw burial
(DSB), respectively, were applied to the subplot. The straw was collected from nearby
wheat fields. To evaluate the chemical composition of straw, the water content of 100 g of
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straw sample was adjusted to nearly 8%. Then, the sample was minced using a sharp knife
with a 2 mm sieved and separated through 850 mm and 180 mm stackable screens to define
the structure of the straw by applying the analytical process suggested by the National
Renewable Energy Laboratory (NERL) [51]. The organic matter of wheat straw was 95.35%
of the total dry matter; it basically included acid-soluble lignin (2.2%), cellulose (36.0%),
hemicellulose (20.3%), and acid-insoluble lignin (18.7%); this composition is consistent
with the recent literature [31,52]. Without using any treatment, straw was chopped into
10–15 cm pieces with a chopper. Soil was plowed, and then followed by laddering, and
thus experimental plots were prepared. Each plot measured 1 m (length) × 1 m (width)
and was well separated by ridges as artificial barriers covered by a film of plastic to prevent
lateral water flow between plots. Burial chambers were prepared by plowing soil at 20 cm
intervals. Then, straw layers with a thickness of about 5–7 cm were buried in the subsoil
to a depth of 40 cm, and plowed soil was repacked and flattened to a bulk density that
corresponded to the original value. The layers of wheat straw were embedded into the
subsoil 10 days before transplanting of the seedling (Figure 1).
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Figure 1. A layout shows the experimental design and placement of subsoil straw layers.

The rice (Oryza sativa L.) cultivar Nanjing 44, which is described by high resistance to
pests and viruses and high yield was used in this experiment. Seedlings grown for 30 days
were relocated at an intensity of 20 hills.m−2, with three plants per hill. The fertilizers
applied were superphosphate (12%, P2O5) as P fertilizer, urea (46% N) as N fertilizer and
potassium chloride (60% K2O) as K fertilizer. The N, P, and K nutrients were supplied in the
amounts of 250, 90, and 80 kg/ha, respectively. As a local growers’ fertilizer method, 40%
N and entire K and P were applied as a basal dosage combined with the soil. The residual
N amount was applied as 20% at tillering–booting, 20% at panicle initiation–full heading,
and 20% at full heading–milk ripening. Experimental plots were frequently weeded until
canopy leaves were fully crowded. To avoid yield loss, insects and diseases were controlled.
The final harvest was conducted in the 5th of November 2020.

2.3. Determination of Root Physiological Characteristics

Three plant saplings were selected at tillering, full heading, and milk ripening. The
soil–root columns were collected for each plot, and the roots were isolated from the soil.
Fresh rice roots were air-dried, and the mass of the roots was recorded. The root dry weight
(RDW, g m−2) of rice was calculated from the fresh mass and the root’s water content,
which was calculated by taking a 0.5 g sample and then oven-drying it for 72 h at 75 ◦C
for 72 h. The (%) water content was calculated through weighing the obtained sample to
estimate the amount water was lost. Root weight density (RWD, g cm−3) was estimated
from the root dry mass and the soil column volume (cm3) [53]. Suppose that fresh roots
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had a density of 1.0 g cm−3 and were cylindrical (Barber, 1984). The average root radius
(r0) was calculated as follows:

r0 = [(RFW)/RL × π]0.5 (1)

where RFW is the root fresh weight (g) of rice, and RL is the root total length (cm) of rice.
The latter was measured using the grid method, with the help of an optical microscope [54].
Thus, root surface area (RSA, m2 plant−1) was determined as follows:

TSA = 2 × r0 × π× RL (2)

The nitrate reductase activity of roots (RNR, µg g−1 h−1) was measured using the assay
blend that comprised K3PO4 buffer, M KNO3, NADH, and NaHCO3. Tests were conducted
for 15 min at 30 ◦C, and the reaction was postponed by adding Zn(CH3COO)2. The surplus
NADH was oxidized through the addition of phenazine methosulfate. The produced
blend was centrifuged at 10,000× g for 5 min. The NO2− level was measured through the
integration of the supernatant with sulfanilamide prepared from HCl and N-(1-naphthyl)
ethylene-diamine di-hydrochloride. Absorbance was read through a spectrophotometric
method at a wavelength of 540 nm. The activity of rice root surface phosphatase (RSP) was
measured through the hydrolysis of p-nitrophenyl phosphate [55]. Roots were pounded
with deionized water. Then, root tips were sited into substrates of p-nitrophenyl phos-
phate and sodium citrate buffer and incubated at 30 ◦C for 30 min. Absorbance was
read using a microplate reader (MR-T00BS, Tryte Technology (H.K.) Limited, Hongkong,
China) at the wavelength of 405 nm. Rice root phosphatase ability was detailed as mg
p-nitrophenol g−1 h−1. Rice root oxidative aptitude (ROA) was determined by oxidating
alpha-naphthylamine (α-NA) [56]. Fresh roots were positioned in a flask with α-NA, and
then the flask was incubated in an end-over-end shaker for 120 min. The aliquots were
filtered after incubation, and then 2 mL of the aliquot was combined with sodium nitrate
and sulfanilic acid. The resulting color was read by the spectrophotometric method.

2.4. Determination of Dry Biomass Accumulation

The rice plants were harvested during the maturity stage, and samples were catego-
rized and weighed to determine the fresh weights of leaves, stems, and spikelets. The
samples were also located in an oven at 75 ◦C for 72 h and reweighed to determine the
biomass of panicles, leaves, and stems. The dry mass of each portioning of the plant was
quantified as g m−2. Then, total dry mass production (g m−2) was estimated via the shoot
dry mass and the plant’s root dry mass under all treatments. The root to shoot ratio (RSR,
%) was assessed as the dry mass of root divided by the dry mass of shoot and multiplied
by 100. Furthermore, the harvest index (HI, %) was evaluated as dry spikelet mass divided
by the dry mass of the shoot at harvest.

2.5. Determination of Water Consumptive Use

The water content of the soil was regularly checked using a time-domain reflectometer
(Mini Trace System-Soil Moisture Equipment Corp., Santa Barbara, CA, USA), and freshwa-
ter was pumped from the pond nearby and introduced through pipelines to the plots. The
number of irrigation events (IF) was logged during the season, and the amount of water
used for irrigation was measured as follows:

I = Q + ∆S (3)

∆S =
(φ1 −φ2)× DSMplot

Aplot × 1000
(4)

DSMplot = Aplot × DS × BD ×φ0 (5)
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where I is the water input for irrigation at every irrigation event (mm), Q is the amount of
flooding water (mm), ∆S is the soil water kept in the soil of root zone (mm), φ1 is the soil
saturated water content (%), φ2 is the actual moisture content of the soil when watering
(%), DSMplot is the dry soil mass (kg) of the net area of the experimental plot, Aplot is the
net area of the experimental plot (m2), DS is the soil depth (m), BD is the bulk density
of soil (kg/m3), and φ0 is the initial moisture content (%). Evapotranspiration from the
evaporation pan was calculated as follows:

ETc = Epan × Kpan (6)

where ETc is the crop evapotranspiration (mm/day), Kpan is the pan coefficient changing
from 0.7 to 0.9, and Epan is the pan evaporation (mm/day).

Water percolation during the season was measured using the following equation:

DP = I − ETc + Roff + ∆S (7)

where DP is the deep drainage (mm); ETc is the evapotranspiration (mm); Roff is the surface
runoff (mm), which was omitted; and ∆S is the moisture stored in the root zone (mm).

The total irrigation input (TI, mm) was determined via the irrigation number (IN) and
irrigation input at each event (I, mm) and calculated as follows:

TI = IN × I (8)

2.6. Determination of WUE

As an assessor of the water-saving properties of an agricultural crop production system,
WUE was introduced at different scales for varied water-related factors in accordance with
the following formulas [5,57,58]:

CWUEY =
GY
ETc

(9)

IWUEY =
GY
TI

(10)

CWUEB =
BY
ETc

(11)

IWUEB =
BY
TI

(12)

where CWUEY is the crop yield water utilization efficiency (kg/m3), GY is the grain yield
of rice (kg/ha), ETc is total evapotranspiration (m3), IWUEY is the yield irrigation water
utilization efficiency (kg/m3), TI is the total water input for irrigation (m3), CWUEB is the
crop biomass water utilization efficiency (kg/m3), BY is the total biomass yield (kg/ha),
and IWUEB is the biomass irrigation water use efficiency (kg/m3).

2.7. Statistical Examination

Statistically, the collected data were evaluated using the IBM-SPSS package (IBM-SPSS,
19, Armonk, NY, USA). The two-way ANOVA was perform using a general linear model
method was used to perform two-way ANOVA. When p values were significant, the mean
values were compared by performing Duncan’s multiple range test at the 0.05 signifi-
cance level.

3. Results
3.1. Consumption of Irrigation Water

The water treatments exerted a substantial (p ≤ 0.05) impact on ETc and Dp (Table 2).
The largest values of ETc and Dp were recorded with AWMD, while their lowest values were
detected with the AWCD regime during the season (Table 2). The straw burial treatments
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considerably influenced ETc and Dp (p ≤ 0.05). LSB and DSB treatments significantly
reduced ETc values compared with NSB treatment. Statistically, the highest values of
ETc (579.5 mm) and Dp (273.6 mm) were obtained from the NSB × AWMD combined
treatments, while the lowest mean values of ETc (207.4 mm) and Dp (114.4 mm) were
observed from the DSB × AWCD combined treatments (Table 2). In a similar context,
the obtained results demonstrated that LSB and DSB considerably reduced TI values
compared with the NSB treatment. Moreover, the results showed that IN and TI were
affected by irrigation frequency, and the effect was enhanced with increasing soil moisture
content under the same straw burial density. Statistically, the highest IN (17 events) and TI
(853.1 mm) were recorded in the combination of NSB × AWMD. However, the lowest IN
(7 events) and TI (321.8 mm) were recorded in the combination of DSB × AWCD (Table 2).

Table 2. Mean values of water consumptive use indicators in rice with different AWD regimes and
straw layers, and a summary of the two-way ANOVA analysis on the impacts of the AWD system
and straw burial on water use parameters.

Treatment Water Use Indicator Irrigations
Number

AWD
Regime

Straw
Burial ETc (mm) Dp (mm) TI (mm) IN (Events)

AWMD
NSB 579.5 ± 19.51 Aa 273.6 ± 10.7 Aa 853.1 ± 9.07 Aa 17 ± 0.47 Aa

LSB 523.2 ± 13.79 Aa 277.0 ± 3.7 Aa 800.2 ± 10.28 Aa 16 ± 0.47 Aa

DSB 501.1 ± 4.13 Aa 240.8 ± 7.6 Ab 751.9 ± 11.73 Ab 14 ± 0.24 Ab

AWSD
NSB 418.3 ± 14.54 Bb 160.7 ± 6.3 Ba 579.0 ± 8.60 Ba 13 ± 0.48 Ba

LSB 361.7 ± 9.73 Bc 153.1 ± 2.7 Ba 514.8 ± 7.54 Ba 11 ± 0.32 Ba

DSB 352.3 ± 13.79 Bc 135.9 ± 3.8 Bb 478.3 ± 10.28 Bb 11 ± 0.77 Ba

AWCD
NSB 231.8 ± 6.57 Cd 128.5 ± 1.25 Ca 365.4 ± 7.21 Ca 11 ± 0.41 Ca

LSB 214.6 ± 6.73 Cd 118.6 ± 4.2 Ca 333.2 ± 3.6 Ca 9 ± 0.35 Ca

DSB 207.4 ± 3.61 Cd 104.4 ± 4.3 Cb 307.8 ± 7.90 Cb 7 ± 0.68 Cb

ANOVA
AWD regime * * ** *
Straw burial ** *** *** ***

AWD × straw ** ** * ns
Note: ETc, Dp, TI, and IN denote evapotranspiration, deep percolation, total irrigation, and irrigation events,
respectively. Means are not significantly different (p ≤ 0.05) among the AWD regimes (uppercase) or straw burial
(lowercase) treatments when followed by the different letter in accordance with Duncan’s multiple range tests;
ANOVA, analysis of variance tests; ns, not significant; ***, **, and *, refers significant differences at p ≤ 0.001, 0.01,
and 0.05, respectively, among different treatments.

3.2. Root Development and Physiological Activity Parameters

RDW, RWD, and RSA significantly differed (p ≤ 0.05) during different growth stages
due to the AWD water regimes and straw burial levels. Under similar straw burial level,
the RDW, RWD, and RSA improved increasingly in a significant manner (p ≤ 0.05), with
improving the water supply during AWCD, AWSD, and AWMD, respectively. For the
same AWD method, increasing wheat straw burial level decreased the RDW, RWD, and
RSA of rice. The highest values were realized in NSB, followed by those in LSB, while the
lowest mean values were detected in DSB. The AWMD × DSB combination offered the
maximum values of RDW (14.0 g plant−1), RWD (1.11 g cm−3), and RSA (31.6 m2 plant−1)
due to integration. By contrast, the treatment AWCD × NSB presented the lowest values
of RDW (5.1 g plant−1), RWD (0.41 g cm−3), and RSA (21.2 m2 plant−1). Moreover, the
highest RDW, RWD, and RSA values were recorded during the milky stage (Figure 2).
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root oxidation ability (ROA) (IV), root nitrate reductase RNR (IIV) and root surface phosphatase
(RSP) (IIIV) mean values as influenced by straw layer application and irrigation regimes. NSB,
LSB, and DSB represent straw densities of 0, 300, and 800 kg/ha, respectively. AWMD, AWSD, and
AWCD denote the water management options of alternate wetting/mild drying irrigation, alternate
wetting/severe drying irrigation, and alternate wetting/critical drying irrigation, respectively. The
letters above the bars that are different indicate significant differences between AWD methods
(uppercase) or wheat straw burial (lowercase) levels (p ≤ 0.05) via Duncan’s multiple range tests.

The ROA, RSP, and RNR of rice roots were considerably affected by the diverse AWD
techniques, and the wheat straw burial levels at different development phases (Figure 2).
ROA, RSP, and RNR increased with increasing soil moisture content and level of wheat
straw burial. Higher ROA and RSP were observed with DSB compared with all irrigation
treatments (AWMD, AWSD, and AWCD) until the heading phase and then gradually
decreased during the milky phase (Figure 2). In a different trend, RNR increased gradually
during the tillering and heading stages and reached its maximum values during the milky
stage (Figure 2IV). The highest ROA (55.5 mg g−1 FWh−1), RSP (1.67 mg g−1 FWh−1), and
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RNR (14.4 µg g−1 h−1) were observed at the AWMD × DSB treatment, while lower ROA
(21.4 mg g−1 FWh−1), RSP (0.87 mg g−1 FWh−1), and RNR (5.8 µg g−1 h−1) were observed
with the AWCD × NSB treatment (Figure 2).

3.3. Dry Mass of Plant Parts Partitionings and Overall Plant Dry Mass

The dry mass of grain, stems, leaves, and roots, and consequently of overall plan
biomass yield, were determined to differ according to the AWD regime, wheat straw
burial rate, and their combined effects. Shoot biomass and total biomass increased with
increments in soil water supplementation under the same straw burial level, where the dry
matter of leaves, stems, grain, and roots improved increasingly during the AWCD, AWSD,
and AWMD regimes. Moreover, with the same AWD technique, the lowest mean values of
the dry mass of stems, seeds, roots, and leaves, and consequently of total dry matter, were
observed in the NSB treatment, followed by LSB treatment, while the highest mean values
were found in DSB treatment. The dry biomass of leaves, grain, stems, and roots, and
consequently of shoot biomass and total biomass, increased considerably (p ≤ 0.05) with
increasing soil water supplementation and straw burial rate. They peaked at maximum
values of 1764.7 g m−2 and 1538.9 g m−2, respectively, at the combination AWMD × DSB.
Meanwhile, the minimum values (583.3 g m−2 and 535.4 g m−2) were obtained by the
combination AWCD × NSB (Figure 3).

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 18 
 

ROA, RSP, and RNR increased with increasing soil moisture content and level of wheat 
straw burial. Higher ROA and RSP were observed with DSB compared with all irrigation 
treatments (AWMD, AWSD, and AWCD) until the heading phase and then gradually de-
creased during the milky phase (Figure 2). In a different trend, RNR increased gradually 
during the tillering and heading stages and reached its maximum values during the milky 
stage (Figure 2IV). The highest ROA (55.5 mg g−1 FWh−1), RSP (1.67 mg g−1 FWh−1), and 
RNR (14.4 μg g−1 h−1) were observed at the AWMD × DSB treatment, while lower ROA 
(21.4 mg g−1 FWh−1), RSP (0.87 mg g−1 FWh−1), and RNR (5.8 μg g−1 h−1) were observed with 
the AWCD × NSB treatment (Figure 2). 

3.3. Dry Mass of Plant Parts Partitionings and Overall Plant Dry Mass 
The dry mass of grain, stems, leaves, and roots, and consequently of overall plan 

biomass yield, were determined to differ according to the AWD regime, wheat straw bur-
ial rate, and their combined effects. Shoot biomass and total biomass increased with incre-
ments in soil water supplementation under the same straw burial level, where the dry 
matter of leaves, stems, grain, and roots improved increasingly during the AWCD, 
AWSD, and AWMD regimes. Moreover, with the same AWD technique, the lowest mean 
values of the dry mass of stems, seeds, roots, and leaves, and consequently of total dry 
matter, were observed in the NSB treatment, followed by LSB treatment, while the highest 
mean values were found in DSB treatment. The dry biomass of leaves, grain, stems, and 
roots, and consequently of shoot biomass and total biomass, increased considerably (p ≤ 
0.05) with increasing soil water supplementation and straw burial rate. They peaked at 
maximum values of 1764.7 g m−2 and 1538.9 g m−2, respectively, at the combination AWMD 
× DSB. Meanwhile, the minimum values (583.3 g m−2 and 535.4 g m−2) were obtained by 
the combination AWCD × NSB (Figure 3). 

ANOVA Panicle Leaf Stem Root Total biomass 
AWD regime *** *** *** *** *** 
Straw burial  *** *** *** *** *** 
AWD × straw  * ** ** *** *** 

 
Figure 3. Dry matter production for different irrigation regimes and subsoil straw burial levels. NSB, 
LSB, and DSB represent straw densities of 0, 300, and 800 t.ha−1, respectively. AWMD, AWSD, and 
Figure 3. Dry matter production for different irrigation regimes and subsoil straw burial levels.
NSB, LSB, and DSB represent straw densities of 0, 300, and 800 t.ha−1, respectively. AWMD, AWSD,
and AWCD denote alternate wetting/mild drying, alternate wetting/severe drying, and alternate
wetting/critical drying, respectively; ANOVA, analysis of variance tests; ns, not significant; and ***,
**, and * represent significant differences at p ≤ 0.001, 0.01, and 0.05, respectively, among treatments.
The full-length bar denotes the total dry biomass.
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3.4. Indicators of the Grain and Dry Matter Production of Rice

The total dry matter production improved with increases in irrigation water sub-
mission under similar straw application level. Meanwhile, the panicles number, length
of panicle, HI, and RSR improved increasingly during the AWCD, AWSD, and AWMD
irrigation regimes. Furthermore, in the same AWD regime, the lowest length of panicle,
number of panicles, RSR, and HI were observed in NSB, followed by LSB. Meanwhile, the
highest value was in DSB. The number of panicles, length of panicle, HI, and RSR increased
with an increase in water amount and straw burial level. They peaked at maximum values
of 425 panicle plant−1 m−2, 19.2 cm, 14.3%, and 50.8, respectively, at the combination
AWMD × DSB. By contrast, the minimum values of 127 panicle plant−1 m−2, 7.6 cm, 8.9%,
and 41.2, respectively, were obtained by the combination AWCD × NSB (Figure 4I–IV).
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Figure 4. Number of panicles (I), length of panicle (II), root-to-shoot ratio (RSR) (III), and harvest
index (HI) (IV) mean values as affected by straw burial rate and AWD regimes. NSB, LSB, and
DSB represent straw rates of 0, 300, and 800 t/ha, respectively. AWMD, AWSD, and AWCD denote
alternate wetting/mild drying irrigation, alternate wetting/sharp drying irrigation, alternate wet-
ting/critical drying irrigation, respectively. The letters above bars that are different refers significant
differences among the water regimes (uppercase) or straw burial (lowercase) treatments (p ≤ 0.05)
based on the Duncan’s multiple range tests.

3.5. WUE Indicators

As shown by the ANOVA analysis results, wheat straw burial resulted in substantial
improvement of CWUEY and CWUEB under all AWD regimes. This effect increased with a
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larger level of straw burial. LSB and DSB significantly improved CWUEY values by 26.72%
and 33.7%, respectively, while CWUEB was improved by 24.4% and 31.0%, respectively,
compared with NSB treatment. Under a similar level of straw burial, the AWD regime
presented different effects on CWUEY and CWUEB, wherein their values declined by
reducing the ETc values (Table 3). Moreover, the AWSD × DSB treatment presented the
highest values of CWUEY (1.87 kg m−3) and CWUEB (4.31 kg m−3). By contrast, the lowest
mean values of CWUEY and CWUEB, which corresponded to 0.81 kg m−3 and 2.13 kg m−3,
respectively, were obtained by the AWMD × NSB treatment.

Table 3. Mean values of the indicators of WUE of rice with varied AWD regimes and straw layer
levels, and a summary of Duncan’s multiple range test on the main impacts of the AWD irrigation
regimes and straw burial rates on the rice WUE indicators for the varied treatments.

Treatment Water Use Efficiency Indicator

AWD
Regime

Straw
Burial

CWUEY
(kg/m3)

IWUEY (kg
/m3)

CWUEB
(kg/m3)

IWUEB
(kg/m3)

AWMD
NSB 0.81 ± 0.02 Cb 0.52 ± 0.01 Cc 2.13 ± 0.09 Cb 1.40 ± 0.05 Cb

LSB 1.15 ± 0.02 Ca 0.82 ± 0.03 Cb 2.80 ± 0.10 Ca 1.83 ± 0.04 Cb

DSB 1.46 ± 0.04 Ca 1.02 ± 0.02 Ca 3.05 ± 0.07 Ca 2.51 ± 0.06 Ca

AWSD
NSB 0.96 ± 0.01 Ab 0.70 ± 0.01 Ab 2.54 ± 0.11 Ac 1.69 ± 0.07 Ab

LSB 1.39 ± 0.08 Aa 0.98 ± 0.05 Ab 3.53 ± 0.12 Ab 2.44 ± 0.10 Aa

DSB 1.87 ± 0.05 Aa 1.47 ± 0.07 Aa 4.31 ± 0.09 Aa 3.05 ± 0.06 Aa

AWCD
NSB 0.87 ± 0.04 Bb 0.61 ± 0.03 Bb 2.22 ± 0.10 Bb 1.51 ± 0.02 Bb

LSB 1.25 ± 0.07 Ba 0.87 ± 0.02 Bb 3.33 ± 0.09 Ba 2.13 ± 0.04 Ba

DSB 1.62 ± 0.09 Ba 1.11 ± 0.06 Ba 3.49 ± 0.11 Ba 2.62 ± 0.08 Ba

ANOVA
AWD regime * * ** *
Straw burial *** ** ** ***

AWD × Straw *** *** * *
Note: Means are not significantly different (p ≤ 0.05) among the AWD regimes (uppercase) or straw burial
(lowercase) treatments when followed by different letter in accordance with Duncan’s multiple range tests;
ANOVA, analysis of variance tests; ns, not significant; ***, **, and * signify significant differences at p ≤ 0.001, 0.01,
and 0.05, respectively, among different treatments.

Significant variances among different treatments were observed for IWUEY and
IWUEB at a probability level of 0.05. In response to irrigation regimes, IWUEY and
IWUEB tended to increase with a decrease in TI and an increase in grain yield. The greatest
mean values were obtained by AWSD irrigation, followed by AWCD irrigation, and then
AWMD irrigation. The straw burial treatments presented alike trends, wherein enlarge-
ment was toward the greatest straw burial level. LSB and DSB treatments had considerably
increased the IWUEY values by 28.9% and 31.7%. Meanwhile, IWUEB was enhanced by
30.9% and 33.2%, respectively, compared with the treatment of NSB. The results showed
that the treatment AWSD × DSB exhibited the maximum IWUEY and IWUEB (1.47 and
3.05 kg m−3, respectively). Furthermore, no significant difference (p ≤ 0.05) was observed
when AWSD was compared with other regimes under the same straw burial rate of DSB.
However, the minimum values of 0.52 and 1.40 kg m−3 were achieved by the combined
treatment AWSD × NSB, as shown in Table 3.

4. Discussion

The existence of buried straw layers can prolong the water residence period in soil,
reducing water percolation, compared with the nonexistence of buried straw layers [59].
Moreover, AWD irrigation is controlled by the rate and number of water applications to
crops, depending on the climate and soil hydrological conditions. Thus, soil with NSB
under the AWMD regime reached the low limit of irrigation considerably faster than that
of soil with DSB under the AWSD and AWCD regimes due to the higher ETc and Dp
under the AWMD regime. Consequently, the highest value of IN was observed in AWMD,
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followed by in the AWSD regime. Meanwhile, the lowest IN value of IN occurred in the
AWCD irrigation regime. The results of TI were decreased under the AWCD and AWSD
regimes compared with the AWMD irrigation regime according to the major reduction in
IN, reducing TI. Moreover, under the same AWD regime, TI was decreased under DSB,
compared with NSB for straw burial rates, reflecting the soil’s ability to increase its moisture
holding capacity as a result of the presence of subsoil buried straw. Moreover, the increase
in DP under NSB compared with that under DSB under all AWD regimes was ascribed to
the enlargement in DP after each irrigation event that accelerated total DP, because NSB
has no barrier that prevents deep discharge of water, causing the reduction in TI (mm)
(Table 2). Similarly, the TI required for the unit area in the flooding system of rice was
3–5 times greater than those used in AWD irrigation [60]. Moreover, about 43% of the TI
was used through ETc in flooding irrigation, while the remainder is lost through Dp (about
57%) [29,57].

RDW and RWD improved under AWMD × DSB by creating large and heavier roots
joining the soil via high RSA above the straw layers. Similarly, the RWD, RSA, and RDW
of rice depended on the differences in soil with soil moisture regime and plant–nutrient
obtainability with soil moisture contents [14]. Moreover, large roots are essential for nutrient
plant uptake [61,62]. Furthermore, a clear relation between the plant root development
and total dry matter of rice was discovered [63,64]. Water stress under the treatment
AWCD × NSB can limit the creation of large root growth. In such cases, the RWD, RWD,
and RSA of the root were reduced, affecting the physiology of the root [65]. Under AWD
conditions, a decreased growth of rice roots was realized under water stress conditions,
reducing the exploitation of the deeper layers of the soil and decreasing root growth [66,67].
Increasing straw burial strengthens the soil’s capability to allow rice plants to produce
larger roots that are in contact with the soil above the straw layer; thus, higher RDW, RWD,
and RSA signified better plant growth, enhancing rice biomass production. Similarly, the
RDW, RSA, and RWD of rice cultivated under ponded conditions were better than those
under non-ponded conditions [14]. Moreover, the burial of the straw increased the root
development traits of various plants [43–45].

Under flooded conditions, rice roots create aerenchyma, i.e., air-space tissue [68],
allowing the passage of oxygen to the roots from the shoots [69,70]. Moreover, air-space
tissue in rice is enlarged at soil waterlogging [71]. Therefore, under the conditions of
AWMD × DSB treatment, rice was capable of conveying a huge amount of oxygen to
the roots from the shoots via aerenchyma. By contrast, under the combined treatment
AWCD × NSB, rice capably conveyed a minor quantity of oxygen through gas tissues.
Thus, ROA was possibly relative to the RDW, RWD, and RSA of the rice rooting system.
Consistently, a strong relation was recognized between ROA and root growth morphology
of rice, which could affect oxygen delivery in the root zone [14,72,73]. Root and ROA
morphological traits in rice were affected by the accessibility of nutrients under varied AWD
regimes [13,74]. Hence, to achieve greater rice yield, a greater ROA is necessary [14,65,75].
The ROA variance of roots under varied straw burial densities referred that roots grown
with DSB treatment gained further oxygen from the shoot than the rice roots grown with
LSB and NSB treatments. Hence, a large ROA in rice roots was apparently due to large
roots with high RDW, RSA, and RWD created in soil with DSB transferring a large amount
of oxygen from the shoots. Rice root morphological traits were highly influenced by the
accessibility of soil nutrients under varied AWD methods [14,74].

Higher RNR and RSP indicate adequate N and P root contents compared with lower
RSP and RNR (Chen et al., 2020). Large P and N root contents are also explained by high P
and N accessibility in soil linked to high plant N and P absorption under low acidity of the
root zone soil [14]. Therefore, high RNR and RSP under the AWMD × DSB combination
demonstrated increasing N and P accessibility to rice roots and high N and P sources to
the shoots from the roots in rice. By contrast, the low values of RSP and RNR indicated
a decline in N and P obtainability and decreased shoots and roots under AWCD × NSB.
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Similarly, the physiological traits of rice roots were highly influenced by the accessibility of
nutrients under varied AWD regimes [13,74].

The improvement in the dry mass accumulation of rice was attributed to the accessi-
bility of soil moisture and nutrients to rice roots under AWMD × DSB treatment, providing
regular demands of water and nutrients for rice. Such conditions promote overall plant
growth, and more effective panicles and tillers of rice were produced in flooding than in
the AWD method [29,76,77], because anaerobic conditions increased the accessibility of
plant nutrients, whereas aerobic conditions decreased it [78]. Moreover, DSB treatment can
provide encouraging conditions to the roots growing above the straw layer, enhancing the
development of plant effective panicles and tillers. Thus, total dry matter was increased
compared with NSB treatment. Similarly, variances in the moisture content of soil affected
plant nutrient supply and further influenced the development of rice [77]. The decrease
in vegetative development and total biomass of rice under the AWCD × NSB combined
treatment was ascribed to insufficient supplementation of soil water and nutrients in the
soil above the straw buried-layer because an undesirable nutrient system for plant nutrients
was generated under these conditions of water stress [25], while the dry matter production
of rice greatly relies on the numbers of effective tillers and panicles [79]; therefore, the yield
of rice declined in the following order: flooding, saturating, and the AWD method [27,80].
Moreover, prolonged irrigation intervals interrupted soil water conditions, leading to the
low biomass yield of rice [27,81]. Our present study proposes that the large vegetative plant
development in AWMD practice plays a fundamental role in the high grain and biomass
yields of rice through the effective transportation of moisture and plant nutrients from the
superior rice roots system to the larger rice shoots system.

In AWD approaches, enhancements in the number of panicles, RSR, and HI were
linked to the high total biomass yield of rice [53,75]. Moreover, the number of effective
panicles, length of panicle, RSR, and HI were greater in saturated soil than in moist soil
because the accessibility of nutrients was reduced severely when waterlogged soil dried
up [82]. In the current work, RSR demonstrated that the increment in root biomass was
proportional to the enhancement of rice shoot dry weight, wherein the maximum dry
weights of the shoots and roots of rice were linked to the highest RSR under AWMD × DSB
treatment. By contrast, the minimum dry masses of the rice shoots and roots were connected
to the minimum RSR under AWCD × NSB treatment. In a similar trend, HI indicated that
an improvement in rice yield was comparable to the improvement in rice total biomass
production, wherein the highest dry mass of grain and total biomass were associated
with the highest HI under AWMD. By contrast, the minimum dry biomass of grain and
total biomass were associated with the lowest HI under AWCD. The effective uptake
of plant nutrients increased the production of rice total biomass [83–85]. Conversely,
changing from ponded soil to non-ponded soil can extensively trigger the nutrient supply
to crops, root development, and total biomass production in rice [4]. The presented results
support the fact that a large root biomass is desirable for supporting large total biomass
accumulation [61,65]. Moreover, in rice, plant development ratio can be regulated by soil
water source, which indicates the magnitude of the increase in biomass production rate.
Furthermore, the variance in rice plant growth levels was ascribed to changes in water and
plant nutrient acquisition [61]. Thus, the higher the root and shoot development level, the
greater the dry matter accumulation of rice.

WUE (kg/m3) is the primary index to assess the relations between water consumption
(m3) and crop productivity. However, the general index of WUE (kg.m−3) is not a suffi-
ciently accurate indicator for the optimum water management options [29,58], particularly
to improve biomass yield and the WUE of rice grown under AWD irrigation coupled
with subsoil straw burial in the subsoil. In addition, AWD method combined with the
subsoil straw burial technique may reduce water use and guarantee morpho-physiological
improvements in roots, contributing to higher dry matter production and, consequently to
a better WUE of rice. Thus, to help farmers plan irrigation and decide which water and soil
management options to practice when cultivating rice under limited freshwater resources,
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all potential forms of WUE should be evaluated separately, underlying the interactive role
of the AWD irrigation and subsoil straw burial in regulating the WUE of rice. Accordingly,
CWUEY, CWUEB, IWUEY, and IWUEB increased during wheat straw burial levels in
NSB > LSB > DSB and declined during the water regimes in AWSD > AWMD > AWCD
(Table 3). On the one hand, due to the increase in dry matter and grain yields under DSB,
which has the highest capacity to hold water in the soil of root zone, it could increase rice
growth and reduce the ETc and TI under the same irrigation regime. On the other hand,
although biomass and grain yields in AWSD decreased from that in AWMD, increases in
CWUEY, CWUEB, IWUEY, and IWUEB were achieved in AWSD due to the lower amounts
of ETc and TI compared with that in the AWMD regime during the season. Moreover,
the higher yields of biomass and grain and the lower AWSD increased CWUEY, CWUEB,
IWUEY, and IWUEB compared with those in AWCD. The lowest yields of biomass and
grain were observed in AWCD, because rice was subjected to water stress, resulting in
the lowest CWUEY, CWUEB, IWUEY, and IWUEB of rice, along with the lowest values
of ETc and TI compared with those in the other AWD techniques (Table 3). Consistently,
the greatest WUE of rice was obtained when the decline in water use was larger than the
reduction in the dry matter yield under different moisture levels [29,58]. In addition, the
maximum WUE in paddy rice was achieved via AWD irrigation, reducing TI compared
with that in flooding irrigation [58]. In addition, the combination AWSD × DSB improved
total dry mass production by improving moisture storage, favoring the environment of
the root zone. By contrast, the absence of straw burial, such as in NSB, supported by pro-
longed drought cycles, such as in the AWCD regime, considerably reduced total biomass
production, decreasing soil moisture storage and disturbing the environment of the root
zone. Therefore, DSB treatment should be applied with the AWSD irrigation regime to
substantially enhance the WUE of rice under limited freshwater resources.

5. Conclusions

Subsoil straw burial demonstrated significant improvements in the root physiology
and yield of rice under AWD irrigation. AWMD irrigation could increase rice yield while
increasing water application intervals, increasing TI, and decreasing the WUE. Moreover,
superior growth roots could match the higher yield of rice under AWMD irrigation. AWSD
irrigation could enhance WUE because the reduction in TI was larger than the decrease in
the dry matter of rice. Moreover, the AWSD regime exhibited a slight decrease in the root
activity and productivity of rice, mainly at DSB. AWCD irrigation decreased the intervals
of water application, decreasing TI. However, AWCD irrigation was an inadequate water
management decision for rice because it could decrease root physiological traits. Therefore,
it caused a large reduction in the overall rice plant growth, dry matter yield, and WUE.
We suggest that rice growers perform AWSD irrigation after leaving straw residues in the
field following deep tillage to embed straw residues below the soil surface, improving the
yield and WUE of rice. We also propose that AWSD irrigation coupled with DSB should be
adopted to overcome drought stress and maintain plant growth to address the problem of
agricultural crop residues and freshwater scarcity for the sustainable rice production.
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