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Abstract: With the growing problem of agricultural nonpoint source pollution, it is an urgent issue
to explore irrigation and drainage modes suitable for rice-growing areas in southern China. Barrel
experiments were conducted to study the variation of NH4*-N, NO3; ~-N and TN concentrations
in surface drainage and deep percolation water, as well as the rules of nitrogen runoff losses and
leaching losses. Treatments included frequent and shallow irrigation (FSI), drought planting with
straw mulching (DPS) and water catching and controlled irrigation (WC-CI). The results showed
that the trends of NH4"-N, NO3;~-N and TN concentrations in surface drainage were similar, and
the N concentration gradually decreased with increasing drainage frequency. The trends of NH;*-N,
NO3;7-N and TN concentrations in deep percolation water were similar, rising to a peak within
5~7 days after fertilization and then gradually decreasing. NH4*-N loss load was the main form of N
loss load in surface drainage and deep percolation water, which accounted for 42.06~89.16%. Com-
pared with FSI, DPS significantly increased surface drainage and N runoff loss loads by 98.67% and
125.86%, respectively, while WC-CI significantly reduced them by 59.21% and 66.38%, respectively.
Deep percolation water was reduced by 68.59% and 37.99% for DPS and WC-CI, respectively, and N
leaching loss loads were reduced by 74.69% and 43.23%, respectively. Compared with FSI, the total
TN loss load was significantly reduced by 76.69% and 43.34% for DPS and WC-CI, respectively, and
the pollution control was better for DPS. WC-CI significantly increased rice yield by 7.31%, while
DPS decreased by 0.95 % due to long-term water stress. Comprehensively considered, WC-CI has
obvious advantages, which can reduce nitrogen loss and maintaining a high yield.

Keywords: rice; irrigation mode; drainage mode; nitrogen; loss rule

1. Introduction

Rice is one of the essential food crops, and more than half of the world’s population
depends on rice as a staple food [1]. China is the world’s largest rice country and has
the most significant total rice production. Rice uses a lot of irrigation water, accounting
for more than one-third of the total agricultural water used in China [2]. Precipitation is
abundant in southern China, but spatial and temporal distribution is uneven, and seasonal
droughts occur from time to time [3]. Nitrogen is an essential nutrient for rice growth and
development. The fertilization systems, rainfall, irrigation and drainage systems are the
influencing factors for the loss of nitrogen and other nutrients [4].

On the one hand, nitrogen loss leads to low fertilizer utilization and crop growth
inhibition; on the other hand, nitrogen loss with drainage is a significant source of agricul-
tural nonpoint-source pollution [5]. In addition, the amount of fertilizer applied to paddy
fields in China is relatively high, while rainfall during rice growth in southern China is
mainly in the form of heavy rainfall with a significant splash erosion of raindrops. The
high frequency of fertilizer application and rainfall superimposed intensifies the nitrogen
loss [6]. Therefore, it is of great practical significance to explore the variation law of paddy
water quality under different irrigation and drainage modes and to promote suitable high-
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yielding rice abatement techniques to scientifically reduce nitrogen loss and protect the
farmland ecological environment.

China produces nearly 1.04 billion tons of crop straw, but the utilization rate is only
33% [7]. Therefore, Chinese governments at all levels have strongly advocated and reg-
ulated the requirement of a straw return to the field, which is vital for cultivating soil
fertility [8], improving crop quality and yield [9,10] and promoting straw utilization. Under
traditional flooding irrigation, the straw decomposes rapidly in the flooded environment,
decomposing and releasing agricultural nonpoint source pollutants, such as nitrogen and
phosphorus. Ammonium nitrogen (NH4*-N) from straw decomposition volatilizes the
ammonia, producing malodorous gases such as ammonia gas (NH3) [11]. At the same time,
the decomposition activity of straw that is buried and submerged in an anaerobic envi-
ronment can interfere with the nitrification and denitrification reactions in the paddy soil
itself, which in turn affects the production and transformation of nitrogen [12]. Considering
that straw mulching increases ground cover, effectively reduces inter-tree evaporation and
creates conditions for dry cropping [13], scholars have proposed drought planting with
straw mulching (DPS). After straw mulching, water, fertilizer, air and heat in the soil are
affected. The fields change from continuously flooded to long-term anhydrous layers, and
soil permeability and redox properties are changed [14,15].

The growth stages of rice in southern China highly overlap with the rainy season.
Climate change has led to uneven spatial and temporal distribution of water resources,
frequent heavy rainfall and increased frequency and intensity of droughts and the alter-
nation of floods [16]. Research into water-saving irrigation has focused on the lower limit
indicators for soil-moisture control. At the same time, rice is a semi-aquatic plant with
some adaptability to drought and flood stresses. Therefore, scholars have proposed water
catching and controlled irrigation (WC-CI) to reduce the lower limit of irrigation while
increasing the upper limit of rainwater storage to intercept more rainwater resources and
reduce irrigation and drainage quotas [17]. The gradual change of water management
from the traditional continuous irrigation mode to alternating wet and dry modes has
improved the soil reduction environment caused by excessive irrigation, which further
affects nitrogen migration and loss [18-20].

Can the high yield and environmental effects of rice be synergized? This has been
a hot topic at home and abroad. In this experiment, super rice Nanjing 9108 was used
as the experimental material. We integrated and compared drought planting with straw
mulching and water catching and controlled irrigation, with frequent and shallow irrigation
as controls. Rice yield, drainage and nitrogen concentration were measured for different
irrigation and drainage modes. Further, the amount of nitrogen loss and loss rules were
analyzed, and the environmental effects of different irrigation and drainage modes were
discussed to determine the suitable irrigation and drainage mode in southern China.

2. Materials and Methods
2.1. Description of Study Area and Climate Conditions

The experiments were conducted from June to October 2020 at the water-saving park
of Hohai University (latitude 31°86' N, longitude 118°60’ E), Nanjing, China. The study
area has a humid subtropical monsoon climate, influenced by the East Asia Monsoon,
with an average annual temperature of 15.7 °C and average annual water evaporation of
900 mm. The average annual rainfall is 1021.30 mm, and the flood season from June to
September accounts for about 60% of the annual rainfall. The studied soil was taken from
the clay soil in the cultivation layer of the water-saving park, with a soil bulk weight of
1.31 g/cm3, a saturation capacity of 38.70%, a pH value of 7.2 and an organic matter
of 2.40%. The contents of total nitrogen, total phosphorus, available nitrogen, available
phosphorus and available potassium were 0.91 g/kg, 0.32 g/kg, 47.40 mg/kg, 10.37 mg/kg
and 90.00 mg/kg, respectively. The layout of the test site and the structure of the barrel are
shown in Figure 1.
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Figure 1. The experimental cell arrangement and test barrel structure.

2.2. Experimental Design

The rice variety tested was Nanjing 9108. Seedlings were raised on 25 May 2020,
transplanted on 29 June and harvested on 26 October. At the three leaf-one heart stage,
seedlings with the same growth were selected for transplanting at four hills per bucket
with three seedlings per hill.

The experiment was designed in a Randomized Complete Block Design, consisting
of three treatments with five replications, including frequent and shallow irrigation (FSI),
drought planting with straw mulching (DPS) and water catching and controlled irrigation
(WC-CI). The DPS treatment was covered with semi-decomposed straw mulch about
20 mm thick on the soil surface, and the covered straw converted into dry matter weight
was 6000 kg/ha.

A local high-yield fertilization method was adopted in the experiment (Table 1).
The amount, timing and method of fertilizer application were consistent under different
irrigation and drainage modes. The water management for different irrigation and drainage
patterns is shown in Table 2. The irrigation water was obtained from the tap water system
of the lab and the irrigation method was sprinkler irrigation. In addition to irrigation and
drainage measures, the other agronomic techniques were the same.

Table 1. Fertilizer Application.

Fertilizer
Application Type Amount (kg/ha) Date
CO(NH3), 212.17
Base fertilizer P,05 100.80 6.25
K,0O 117.00
Tillering fertilizer CO(NH3), 106.09 7.6
. . CO(NH3), 212.17
Panicle fertilizer K,0 78.00 8.17




Water 2022, 14, 3071

4 of 14

Table 2. The water management table of different irrigation and drainage patterns.

g . [ Late- Jointing and  Heading and Milk Yellow
Items Re-Greening  Pre-Tillering Tillering Booting Flowering Maturity Maturity
Growth Stage Division 6-29~7-6 7-7~8-3 8-4~8-10 8-11~8-28 8-29~9-23 9-24~10-16 10-17~10-26
Img?“‘?n lower 30 mm 30 mm 0 40 mm 40 mm 40 mm 0
limited
FSI Irrigation upper 10 mm 10 mm 60%0s 10 mm 10 mm 10 mm Naturally
limited drying
Rainfall storage 40 mm 100 mm 0 150 mm 150 mm 150 mm 0
upper limited
Irrigation lower o
limited 0 0 0 0 0 0 80%05
Irrigation upper o o o o o o Naturally
DPS limited 80%0g 60%0s 50%0s 60%0s 60%0g 50%0s drying
Rainfall storage 40 mm 60 mm 0 80 mm 80 mm 80 mm 0
upper limited
frrigation lower 30 mm 0 0 0 0 0 80%0s
limited
Irrigation upper o o o o o Naturally
WC-CI limited 10 mm 70%0g 60%0g 70%80g 80%0g 70%0g drying
Rainfall storage 80 mm 150 mm 0 200 mm 200 mm 200 mm 0
upper limited

Note: The number unit in the table is mm. “mm” indicates the depth of water on the surface of the paddy field;
“%0s” represents the percentage of soil moisture content in 0~30 cm soil layer in saturated moisture content.

The surface drainage samples were collected after the surface water depth had reached
higher than the upper limit of the precipitation storage. The percolation water samples
were collected one day before and 1, 3, 5 and 7 days after the application of tillering
and panicle fertilizers, and every 3~6 days for the rest of the time. TN, NH;*-N and
NO3™-N concentrations were determined by Alkaline potassium persulfate digestion UV
spectrophotometry, Nessler’s reagent colorimetric method and phenol disulfonic acid
spectrophotometry, respectively.

Data were analyzed by one-way analysis of variance (ANOVA) and least significant
difference (Duncan) test at the 0.05 probability level (SPSS 22.0; Chicago, IL, USA). Data for
each treatment were the means of five replicates. All statistical analyses were performed
using standard procedures for randomized plot designs.

3. Results and Analysis
3.1. Water Condition and Paddy Yield

The precipitation, temperature and relative humidity of the rice growing season are
shown in Figure 2. The total precipitation during the rice growing season was 474.80 mm,
and the precipitation was mainly concentrated in the tillering stage, accounting for 62.89%.
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Figure 2. The relative humidity, temperature and precipitation during the rice growing season.
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The surface drainage under different irrigation and drainage modes is shown in Table 3.
Precipitation and water management are the main factors determining the surface drainage
and frequency. Compared with FSI, the surface drainage of DPS increased significantly by
98.67%, and that of WC-CI decreased significantly by 59.21%.

Table 3. The surface runoff under different irrigation and drainage modes (mm).

Date Growth Stage FSI DPS WC-CI
7-15 Pre-tillering 331+024Db 8.24 +0.56 a 0.00
7-17 Pre-tillering 10.48 £ 0.33 b 21.30 £0.42b 0.00
7-19 Pre-tillering 1540 +2.04 b 2279 £1.67 a 10.09 £ 1.28 ¢
7-20 Pre-tillering 2.39+£0.18c¢ 1038 £1.29a 2.79 £0.33b
Surface drainage outflow 31.58 £0.76 b 62.74 = 1.03 a 12.88 £ 0.67 ¢

Note: The lowercase letters after the data of the same column in the table represent significant difference among
treatments at p < 0.05.

The amount of deep percolation water under different irrigation and drainage modes
is shown in Table 4. Compared with FSI, DPS and WC-CI significantly reduced the amount
of deep percolation water by 68.59% and 37.99%. Precipitation was concentrated in the
tillering stage, when the surface water depth was considerable, and deep percolation water
accounted for 38.56~41.39%. The amount of deep percolation water was the lowest in the
yellow maturity stage, and only accounted for 1.99~6.02%.

Table 4. The deep percolation under different irrigation and drainage modes (mm).

Treatments Tillerin Jointing and Heading and Milk Yellow Whole Growth
8 Booting Flowering Maturity Maturity Period
FSI 12212 £579a 7272 £4.05a 62.82 £4.28 a 3154 +219a 586 £0.29 a 295.06 = 4.07 a
DPS 3578 £2.78 ¢ 32.76 £3.05¢ 1237 £ 1.66 c 6.19 £0.78 c 558 £1.27b 92.68 =1.89 ¢
WC-CI 70.55 +4.97b 4714 +£4.01Db 37.58 £2.99b 2489 +1.62Db 577 £ 098 a 182.98 £3.04b
Note: The lowercase letters after the data of the same column in the table represent significant difference among
treatments at p < 0.05.
The rice yields under different irrigation and drainage modes are shown in Table 5.
Due to water stress, the theoretical and measured yields for DPS decreased by 3.65% and
0.31% compared with FSI, but the difference was insignificant. WC-CI has an obvious yield
increase effect, through which theoretical and measured yields were 12.44% and 7.59%
higher than FSI.
Table 5. The rice yields of different irrigation and drainage modes.
. o Thousand-Grain Theoretical Single Measured Single Hole
Treatments Seed-Setting Rate (%) Weight (g) Hole Yield (g) Yield (g)
FSI 9322 4+0.90a 2597 034 a 4741 +2.07b 4138+ 0.70b
DPS 9293 £0.77 a 25.85£0.28 a 45.68 +=1.92b 4125+ 1.76b
WC-CI 94.03 £0.93 a 26.05 £0.17 a 5331+ 184a 4452 +£170a

Note: The lowercase letters after the data of the same column in the table represent significant difference among
treatments at p < 0.05.

3.2. The Variation of NHs*-N, NO3~-N and TN Concentration in Surface Drainage

The concentrations of N in surface drainage under different irrigation and drainage
modes are shown in Figure 3. The N concentration of each treatment was the highest at the
first time. The main form of N in surface drainage was NH;*-N, and the concentrations
of NH4*-N accounted for 69.75~85.27% of the TN concentrations, and that of NO3;~-N
accounted for 7.08~10.49%.
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Figure 3. Variation of NH4*-N, NO3; ~-N and TN concentrations of surface drainage under different
irrigation and drainage modes. (Note: The lowercase letters on the tops of columns in the figure
represent significant difference among treatments at p < 0.05).

N concentrations in surface drainage varied greatly between different modes. Com-
pared with FSI, DPS significantly reduced the average concentrations of NH4*-N, NO; "-N
and TN by 68.59% and 37.99%, and WC-CI by 25.10%, 30.64% and 20.99%.

3.3. The Variation of NHs*-N, NO3~-N and TN Concentration in Deep Percolation Water

The concentrations of N in deep percolation water under different irrigation and
drainage modes are shown in Figure 4. N concentrations appeared as two peaks with
the application of tillering fertilizer and panicle fertilizer. The peak of tillering fertilizer
was higher than that of panicle fertilizer, and NO3;™-N reached its peak slightly later than
NH,;*-N and TN. The main N form in the deep percolation water was NH4"-N, and the
concentration of NH;*-N accounted for 42.06~89.16% of TN concentration, and that of
NO37-N accounted for 6.02~30.61%.
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Figure 4. Variation of NH4"-N, NO3; ~-N and TN concentrations in deep percolation water under
different irrigation and drainage modes. The two green lines in the Figure 4 represent the time of
tillering fertilizer and panicle fertilizer.

N concentrations in deep percolation water differed significantly between irrigation and
drainage modes. Compared with FSI, the first peak concentrations of NH4*-N, NO3; ~-N
and TN for DPS changed significantly by —10.67%, 10.71% and —10.59%, and the WC-CI
increased significantly, by 18.97%, 14.29% and 16.54%, respectively. Compared to FSI, the
second peak concentrations of NH4"-N, NO3;~-N and TN for DPS significantly changed
by —19.72%, 17.50% and —5.12%, and the WC-ClI significantly increased to 16.20%, 37.50%
and 13.95%.

3.4. The Amount of Nitrogen Losses under Different Irrigation and Drainage Modes

The nitrogen losses under different irrigation and drainage modes are shown in Table 6.
This experiment focused on nitrogen losses from surface drainage and deep percolation
water, and did not consider nitrogen losses due to ammonia volatilization. Therefore,
the sum of the runoff loss load and percolation loss load was considered as the total loss
load. Compared with FS], the total loss loads of NH4*-N, NO3 ~-N and TN were reduced
by 47.04% and 42.86%, 58.08% and 49.07%, and 52.58% and 45.82% for DPS and WC-CI,
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respectively. It can be seen that DPS and WC-CI can effectively reduce the nitrogen losses
with sound environmental effects.

Table 6. The amount of nitrogen losses under different irrigation and drainage modes (kg/ha).

N Forms N Loss Way FSI DPS WC-CI
Runoff loss 0.38 £ 0.07 b 091+011a 0.124+0.03 ¢
NH4*-N Leaching loss 249 £0.15a 0.61 £ 0.06 c 1.52+0.09b
Total loss 2.87+0.13a 1.52 +£0.05¢ 164 £0.11Db
Runoff loss 0.04 £0.01b 0.114+0.02a 0.01+0.01c¢
NO3z™-N Leaching loss 0.74 £0.08 a 0.39 £0.03b 0.22 £0.05c¢
Total loss 0.78+0.04a 0.50 £+ 0.07 b 0.23+0.02 ¢
Runoff loss 0.51 +0.06 b 115+0.13a 0.174+0.04 c
TN Leaching loss 411£024a 1.04 £0.09 ¢ 233+£0.11b
Total loss 462+0.18a 219+0.17c 2.50 +0.09 b

Note: The lowercase letters after the data of the same column in the table represent significant difference among
treatments at p < 0.05.

The main form of N loss load in surface drainage and deep percolation water was
NH,*-N. The loss load of NH4*-N in surface drainage accounted for 69.75~85.28%, and that
of NO3 ™ -N accounted for 7.08~10.49%. The loss of NH4*-N in deep percolation accounted
for 42.06~89.16%, and that of NO3 ™ -N accounted for 6.02~30.61%.

4. Discussions
4.1. Effects of Different Irrigation and Drainage Modes on Surface Drainage and Deep
Percolation Water

Precipitation was concentrated in the initial tillering stage, accompanied by shorter
rice plants and lower rainfall-storage upper limits, so surface drainage was performed in
all treatments. In other growth stages, with little precipitation, no surface drainage was
performed. Surface runoff from DPS increased significantly (Table 3), mainly because DPS
had the lowest rainfall-storage upper limits. Under heavy rainfall conditions, the surface
water depth quickly reached the upper rainfall-storage limit, and surface drainage occurred.
In response to the characteristics of frequent flooding in southern China, WC-CI gives full
play to the storage capacity and water retention capacity of paddy fields by increasing the
upper limit of precipitation storage, which effectively reduces the frequency and amount
of surface drainage, which is especially important in Southern China where labor costs
are high [21]. The deep percolation of WC-CI was significantly higher than that of DPS
and significantly lower than that of FSI, mainly due to the higher water storage depth and
higher percolation rate after rain. Meanwhile, WC-CI maintained a low irrigation upper
limit, and the field had no water layer on the surface for a long time, so its total seepage
was still lower than that of FSI, which is consistent with the findings of Peng et al. [22] and
Guo et al. [23].

4.2. Effects of Different Irrigation and Drainage Modes on the Concentration of Nitrogen in
Surface Drainage

The N concentration in surface drainage was highest at the beginning, and then
gradually decreased with the increase in drainage (Figure 3), mainly related to fertilizer
application and rainfall. During rice growth in southern China, rainfall was mainly heavy
with evident splash erosion. Especially at the early stage, when rice plants are shorter,
with fewer tillers and more surface exposed, heavy rainfall can easily lead to the loss of
soluble nutrients from the surface soil and the loss of nutrients adsorbed on the surface
of sediment particles in the surface water [24,25]. When the soil is exposed, or the depth
of surface water is shallow, the impact of storm raindrops is more intense, and surface
runoff in a short period will bring a large amount of nitrogen into the surrounding water
bodies, resulting in severe eutrophication of water bodies [26,27]. Ye et al. [28] showed
that urea rapidly hydrolyzed after applying nitrogen fertilizer to paddy fields, and the N
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concentration in surface water increased rapidly and peaked on the first day. Then, the
concentration decreased with time. In this experiment, the interval of surface drainage
was very short, and no fertilizer was applied during these four periods. In addition, the
treatments maintained a certain depth of water layer due to continuous rainfall, which
diluted the nitrogen concentration.

When continuous rainfall was encountered, WC-CI took advantage of the highest
rainfall-storage upper limit to store the runoff formed by the initial rainfall, reducing the
splash erosion of raindrops and water turbulence and cutting the risk of nitrogen loss from
surface runoff with sound ecological effects. Similar conclusions were reached by Guo
et al. [29]. In addition, the upper limit of rainfall storage in WC-CI was up to 150 mm,
which diluted the N concentration to some extent. DPS significantly increased the N
concentration in surface drainage, probably because the semi-decayed straw mulched on
the surface of DPS increased the N content in surface soil. Liu et al. [11] showed that the
straw mulch imported fresh organic matter into paddy field-soil enhanced microbial activity
and promoted the soil decomposition of organic matter. In addition, semi-decomposed
straw undergoes decomposition and fermentation by soil microorganisms, producing some
N and increasing the mineral N residue in the soil layer. Wang et al. [30] found that straw
enhances microbial N fixation due to its high C/N ratio.

4.3. Effects of Different Irrigation and Drainage Modes on the Concentration of Nitrogen in Deep
Percolation Water

After applying tillering fertilizer and panicle fertilizer, the N concentration in the
deep percolation water increased and then decreased (Figure 4). This is because tillering
and panicle fertilizers mainly applied urea, which was gradually hydrolyzed to inorganic
N after application to the paddy field. Inorganic N migrated vertically with the soil
solution, increasing the N concentration in the deep percolation water. Subsequently,
the N concentration gradually decreased due to crop uptake and utilization, ammonia
volatilization and other factors [31]. In addition, it was found that the peak nitrogen
concentration after panicle fertilizer was significantly lower than that after tillering fertilizer,
which was related to the difference in soil nitrogen levels before the fertilizer and the growth
stage of rice [32]. During the re-greening and pre-tillering stage, rice plants are short, and
the root system is not well developed, which results in a slow and small uptake of nitrogen,
leading to more residual base fertilizer nitrogen in the soil. When tillering fertilizer was
applied, the NH,;*-N content in the soil remained at a high level. However, there was a
42-day interval between the application of panicle fertilizer and tillering fertilizer, during
which the plants had already grown and developed, and the rate of N uptake was faster,
and the amount of nitrogen uptake was larger.

The TN concentration in deep percolation water in WC-CI reached the maximum
value because the irrigation amount and surface water depth decreased, resulting in a
decrease in deep percolation water and an increase in N concentration, which is similar to
the findings of Wang et al. [31] and Zhao et al. [33]. As a result of the largest deep leakage
and long-term leaching of soil, deep percolation water in FSI had the maximum amount
and the lowest N concentration. After transplanting, there was no water layer in DPS
except for the water layer not higher than the upper limit of water storage reserved for
a short period after rainfall, so N was enriched in the upper part of the soil and lacked
downward mobility. As a result, the peak TN concentration in the deep percolated water
was the lowest. It was also found that the peak concentration of NO3;~-N in the deep
percolation water of DPS was significantly higher than that of FSI, which may be due to the
limit on the upper water storage during the lowest rainfall and the dry-wet cycle creating
a more aerobic environment, increasing the oxygen flux from the atmosphere to the soil
and accelerating the nitrification process [34].
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4.4. Effects of Different Irrigation and Drainage Modes on the Amount of Nitrogen Losses

Earlier studies have shown that water management can significantly affect water
transport and thus affect N losses. Therefore, N losses under different irrigation and
drainage modes have shown different characteristics [35,36]. Liang et al. [37] and Yu
et al. [25] reported that, although N concentrations in surface drainage were higher in the
water-saving irrigation mode than in the diffuse irrigation mode, nitrogen runoff losses
were still lower in the water-saving irrigation mode with a reduced surface water depth and
surface drainage. Katsura et al. [38] and Yang et al. [36] reported that the N concentration
in deep percolation water was significantly higher in the water-saving irrigation mode
than in the diffuse irrigation mode. However, the amount of deep percolation water was
significantly reduced, which was the main reason for the reduction in N leaching losses.
In this study, the surface drainage and deep percolation of WC-CI were small, effectively
reducing the risk of nitrogen runoff loss and leaching loss. The surface drainage of DPS
was the largest, which greatly increased the risk of nitrogen runoff loss. However, DPS had
the lowest irrigation upper and lower limits with a significant reduction in TN leaching
loss load. Yang et al. [39] found that straw application can increase soil organic matter and
total nitrogen in 30 cm depth soil layer, and reduce the leaching of soil nitrogen, which
may be related to the competition between straw and crop plants for nitrogen sources and
slowing down the migration of inorganic nitrogen in soil solution.

The tillering stage is critical for N runoff loss. During this period, the frequency of
heavy rainfall is high in southern China, and fertilizer application overlaps with the high-
frequency period of rainfall, exacerbating N loss. It is vital to adjust fertilizer application
timing appropriately according to weather forecasts, increase the upper storage limit of
rainfall and delay surface drainage to reduce N loss with runoff [40,41]. TN leaching losses
at the tillering and jointing and booting stage accounted for 49.89% to 52.32% and 26.03%
to 39.36% of the total leaching, respectively. This is due to the high N concentration in
these two growth stages and the limited ability of plants to absorb nitrogen [42]. Therefore,
effective measures should be taken to reduce N leaching at the tillering and jointing and
booting stages. Ren’s research results show that after long-term precipitation increases,
nitrogen supply limits the promotion of water on plant productivity. Denitrification is likely
to be an important means of nitrogen loss, thus exacerbating the limitation of nitrogen
supply on plant growth. Long-term precipitation increases will lead to a shift from early
co-limitation by water and nitrogen to perhaps limitation by nitrogen only later [43].

In addition, it was found that the ratio of NH4"-N loss load to TN loss load for surface
drainage was higher than that of NH4"-N loss load to TN loss load for deep seepage, which
was mainly related to the degree of sorption saturation of NH4*-N by soil colloids and the
difference in soil water movement. In general, NH4*-N is less likely to leach than NO3;~-N
because of the strong sorption capacity of soil to NH;*-N and the short migration distance
of NH4*-N [44]. However, when soil saturation of NH4*-N sorption is reached, a large
amount of NH,*-N will rapidly move down [22,34].

4.5. Effects of Different Irrigation and Drainage Modes on Rice Yields

Due to the lowest irrigation lower limits and rainfall storage upper limits, the field
surface for DPS was in the state of anhydrous layer for most of the time, and the growth
period was severely affected by drought, which significantly affected the rice yield. Early
water stress significantly delayed the growth and development of rice, and the photosyn-
thetic production capacity at heading stage was greatly reduced, resulting in short panicles,
few grains and small storage capacity. Although re-watering after drought had a certain
compensatory effect, the compensation had an obvious lag effect. The photosynthetic rate
of leaves at milk maturity stage was higher, and the 1000-grain weight was increased, but
it could not compensate for the restriction of heading stage on storage capacity [45-47].
Through field water regulation, WC-CI not only has larger effective panicles, grain numbers
per panicle and 1000-grain weight, but also has stronger storage capacity and grain-filling
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capacity, which makes the accumulation and distribution of photosynthetic products in a
direction conducive to yield formation, and lays a good foundation for high yield [48].

Previous studies have shown that the availability of water and nitrogen are key
constraints to primary productivity in arid and semiarid ecosystems [49,50], and it is of
great significance to study how these factors, independently or in combination, affect crop
growth and productivity [51]. N-use efficiency (NUE) and water-use efficiency (WUE) in
small grain cereals increases with the degree of co-limitation. Meanwhile, reduction in the
difference between maximum attainable yield and actual yield with increased degree of
co-limitation was mainly due to a positive effect of this variable on WUE [49,52].Sadras
found that productivity gains associated with intensification of cropping practices are
interpreted in terms of a trade-off, whereby water-use efficiency is improved at the expense
of nitrogen-use efficiency, thus leading to a higher degree of resource co-limitation [53]. At
the same time, nitrogen-use efficiency is more affected by nitrogen recovery and uptake
efficiency, which reflects the importance of soil water availability and crop utilization of soil
water and nitrogen storage, and so a better utilization of subsoil moisture may be an avenue
for a further increase in yield [54]. Based on this, it is necessary to set a combination of
different nitrogen gradients and irrigation modes in future studies to better understand the
rules of plant growth and nitrogen loss in paddy fields under the co-limitation of nitrogen
and water.

5. Conclusions

1.  The tillering stage is a critical period for N runoff loss. During this period, fertilizer
application overlaps with the high-frequency period of rainfall, intensifying the
nitrogen loss. It is necessary to adjust the fertilizer application time appropriately
according to the weather forecast and increase the upper storage limit of rainfall.
WC-CI improved paddy fields” water storage capacity, significantly reducing the
surface drainage and N runoff loss load. DPS’s surface drainage and TN runoff loss
load significantly increased. In the future, the rainfall storage depth of DPS can be
increased appropriately to reduce N runoff losses;

2. After applying N fertilizer, the N concentrations in deep percolation rapidly increased
to the peak within 5~7 d and then gradually decreased. The deep percolation water
during the tillering stage and jointing and booting stage accounted for 38.56~41.39%
and 24.65~35.35%. At the same time, the higher concentrations of N caused an
enormous loss of N leaching. Therefore, effective measures should be taken to reduce
the N leaching load and groundwater pollution during the tillering stage, jointing
and booting stage and after fertilizer application;

3.  The main form of nitrogen loss load in surface drainage and deep percolation wa-
ter is NH4*-N. The loss load of NH4"-N in surface drainage water accounts for
69.75~85.28%, and the loss load of NH,;"-N in deep percolation water accounts for
42.06~89.16%;

4. DPS and WC-CI can significantly reduce the total TN loss load by 52.58% and 45.82%,
which can reduce the total N loss load, and DPS has a better reduction effect;

5. Onbalance, WC-CI can make full use of natural precipitation, reduce nitrogen emis-
sion to a greater extent and maintain high yields, which is suitable for promotion in
humid areas with high rainfall. Because of the high surface drainage and nitrogen-
runoff loss load, DPS is more suitable for promotion in areas with low rainfall.
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