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Abstract: The research on the effect of water-saving irrigation technology on the loss of nutrients
and chemical substances in farmland has become a hot issue in the field of agricultural water and
soil. Based on comparative experiments and combined with the isotope N'° tracer technique, the
mechanism of nitrogen migration and transformation and the trend of fertilizer nitrogen use under
different irrigation modes were studied. The results showed that water-saving irrigation modes
(thin and wet irrigation W1 and intermittent irrigation W2) could reduce the NO3; ™-N leaching loss
by reducing the water leakage amount and the NO3™-N concentration, and effectively inhibit the
leaching loss of fertilizer nitrogen. Compared with conventional irrigation (W0), the leaching loss
amount of fertilizer nitrogen in W1 and W2 decreased by 62% and 64%, respectively. Under the
same amount of fertilizer, water-saving irrigation mode can significantly reduce the total amount
of ammonia (NHj3) volatilization and the proportion of NHj volatilization of fertilizer nitrogen in
total NHj volatilization, and significantly increase the nitrogen uptake of rice plants. Meanwhile,
water-saving irrigation mode can increase the total nitrogen content of paddy soil by 14.0% but
reduce the residual rate of fertilizer nitrogen in soil by 14.6%. Moreover, crop nitrogen uptake can
be significantly increased under water-saving irrigation. Compared with W0, the nitrogen fertilizer
use rate of W1 and W2 increased by 5.0% and 9.7%, respectively. The research results can provide an
important basis for controlling agricultural non-point source pollution, curbing the decline of soil
fertility and deterioration of soil quality in paddy fields.

Keywords: thin and wet irrigation; intermittent irrigation; nitrogen transport and transformation;
the fate of nitrogen fertilizer; N'° tracer technology

1. Introduction

China is the world’s largest rice producer, with total rice production ranking first in the world [1].
The rice area and production in Zhejiang Province accounts for 30% and 40% of the total grain
production in China. Therefore, water conservation and high yield of rice has important practical
significance [2].
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The research results at home and abroad show that some high-efficiency water-saving irrigation
techniques causing drought in paddy fields may lead to the decline in soil fertility after several years,
and the fertility characteristics of paddy soils were attenuated or even lost, which was not conducive
to sustaining high yield [3-5]. Many studies have shown that water and fertilizer are two factors that
influence and restrict each other during crop growth and development. Appropriate irrigation can
promote the conversion and absorption of fertilizer nutrients and improve the use rate of fertilizers.
Also, suitable fertilization could regulate the water use process and improve water use efficiency [6,7].
To improve the use of water and fertilizer in paddy fields, many scholars have done research on the
regulation of water and fertilizer of rice. For example, in the regulation of paddy field moisture,
water-saving irrigation techniques such as “thin-shallow-wet-drying”, “intermittent irrigation”,
“controlled humidification” and “semi-drought cultivation” were proposed [8-10]. Previous study of
rice field fertility has mainly been on the transformation of nitrogen in paddy soil, the migration of
fertilizer nitrogen in roots and the use rate of nitrogen fertilizer under the condition of sufficient
water supply. Mao [11] and Yang et al. [12] proposed a specific combination of irrigation and
drainage modes and fertilization application for high-efficiency water-saving and sustainable high
yield through systematic field experiments, and revealed the mechanism of fertilization system
on yield under water-saving irrigation conditions. Li [13] systematically studied the spatial and
temporal distribution and migration of nitrogen in rice fields, the volatilization and leaching law,
and the distribution characteristics of nitrogen in rice plants under different water and fertilizer
conditions through N tracer method. Wang [14] showed that the water-saving irrigation mode
can significantly reduce the CH; and N,O emissions and ammonia volatilization loss in paddy
fields through changing the water status of rice fields. Kreyea [15] and Okubo [16] found that the
total nitrogen runoff load can be effectively reduced by reducing the amount of irrigation water in
paddy fields, and the nutrient runoff loss can be reduced by controlling surface drainage. Zhu [17]
conducted research on the transformation of soil nitrogen and the migration of fertilizer nitrogen in
roots, mainly focusing on nitrogen transformation, the nitrogen cycle, and nitrogen balance in rice
fields, and absorption and distribution of the nitrogen, as well as the kinetics of nitrogen uptake
and the dynamics of rhizosphere nutrition in rice. However, these studies were based on sufficient
water supply of rice, without considering the water factor, and rarely involved the nitrogen transport
law in the soil-plant system and the coupling effect of water and nitrogen and the comprehensive
transport characteristics. At the same time, systematic achievements have been made in the high-yield
irrigation mode and mechanism of water-saving in rice. Xiao [18-20] studied the water-saving
and emission reduction benefits and nitrogen transport mechanism of paddy fields under the joint
regulation of water-saving irrigation-controlled drainage. The results showed that the joint regulation
of water-saving irrigation-controlled drainage had a positive effect on water, fertilizer, gas, and heat in
the paddy field, but the fertilizer factor was not considered in the study.

In general, the research on rice water-saving irrigation and drainage technology at home and
abroad was mainly focused on the sustainable use of water resources, the physical and chemical
properties of farmland and the physiological and ecological effects of rice [21,22]. There were few
studies on resource and environmental effects under water-saving irrigation condition, especially on
reducing the emission of non-point source pollutants, the impact on soil environmental quality, the
coupling effect and mechanisms of water and fertilizer, and the combination of regional water-saving
irrigation technology and agricultural measures [23,24]. Based on the above studies, this paper
presents research on nitrogen’s fate including quantitative analysis of crop absorption, soil residue,
leaching loss, and gas loss after the application of nitrogen fertilizer, in particular reporting innovative
research on the transfer of fertilizer nitrogen in the soil-plant-atmosphere continuum (SPAC) using
N5 tracer technology. The results are of great significance for improving rice water-saving cultivation
technology systems, further improving the level of rice water-saving irrigation technology, and
promoting sustainable agricultural development.
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2. Methods

2.1. Experimental Site

This study was conducted at Zhejiang Irrigation Test Center Station in 2015. Nitrogen migration
and transformation in the paddy field under different irrigation modes of single cropping rice was
systematically studied by using stable isotope N''® tracer technology in the large-scale barrel evaporator
test area. The test base is in the high-tech agricultural park of water conservancy reclamation in
Zhejiang Province, located at 120°39” E, 30°18” N. The average annual precipitation is 1320.5 mm, the
average temperature is 16.1 °C, the frost-free period is 224 days, the annual relative humidity is 82%, the
annual sunshine is 2116.6 h, and the annual radiation is 109.6 kcal/m?. The tested soils are paddy soils
with pH value of 8.06, total nitrogen of 0.5 g/kg, organic matter of 8.0 g/kg, alkali-hydrolyzed nitrogen
of 56.6 mg/kg, available phosphorus of 15.2 mg/kg, and exchangeable potassium of 60.2 kg /kg. A total
of 40 barrels with a single diameter of 0.618 m were installed in the test area of large-barrel evaporator,
and a filter layer and a lateral drainage device were installed at the bottom. A mass comparator with
large tonnage and high precision was used to observe the change of water requirement by weighing
method, and an automatic rain shelter was installed in the test area to eliminate the influence of
external rainfall on the test.

2.2. Experimental Design

Three irrigation modes, including conventional irrigation (W0), the thin and wet irrigation
(W1) and intermittent irrigation (W2), were set up in the experiment. Two kinds of fertilizer
application—non-application of nitrogen fertilizer NO and normal application of nitrogen fertilizer
F—were adopted, and other potassium and phosphorus fertilizers were treated in the same way.
Conventional irrigation referred to the flooding irrigation mode that farmers were used to. Except
for the dew-drying and drying fields in the late tilling stage of rice, the other growth stages generally
maintained the water depth of 20-50 mm in the field. Thin and wet irrigation required that the open
field should be dried up naturally, and each irrigation amount should be below 20 mm. In case of
continuous rainfall during plum rain season and typhoon season, the field should be flooded for more
than 5 days and then drained to dry the open field. Compared with thin and wet irrigation, intermittent
irrigation should increase the water depth of irrigation (less than 40 mm), and then make it dry and
wet intermittently. The field water control standards for different irrigation modes are shown in Table 1.
Nitrogen fertilizer was uniformly applied with urea at 240 kg/hm? including 50% of base fertilizer,
30% of tiller fertilizer and 20% of jointing-booting fertilizer. The application time of base fertilizer, tiller
fertilizer, and jointing-booting fertilizer was 9 July, 25 July and 20 August, respectively. The application
amount of phosphate and potassium fertilizer was the same in all treatments. Phosphate fertilizer
was superphosphate, the application amount was 390 kg/hm?; potassium fertilizer was potassium
chloride, the application amount was 90 kg/hm?; and it was a one-time application as base fertilizer.
Ten repeats were arranged for each treatment, of which 10% N'° urea was arranged for three repeats
and ordinary urea for seven repeats.
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Table 1. Field water control standards for different irrigation modes (mm).

Irrigation Upper and Return Early Late Jointing- s . L Yellow
Mode Lower Limit Green Tilling Pillaring Booting Heading-Flowering  Milking Maturity
Irrigation 20 20 30 30 10 10 0
lower limit
Irrigation
wo upper limit 30 50 60 60 50 50 0
Rainfall storage 50 70 90 100 100 60 20
upper limit
Irrigation 5 0.8 05 07 05 0.9 05 0 0.8 05
lower limit
Irrigation Natural
w1 upper limit 30 20 0 30 3 0 drying
Rainfall storage 10 50 0 60 60 30
upper limit
L . Exposing Exposing . Exposing
Irrigation 0 Exposing field field Exposing field
lower limit field3-5 days 1 e field2—4 days ©
7-12 days 2-4 days 3-5 days
w2 Irrigation 30 20 Exposing 10 0 0 ﬂatgral
upper limit field rymg
Rainfall storage 40 50 ExPosmg 60 60 60
upper limit field

Notes: 0s was the field water holding capacity.

2.3. Method

Using large tonnage and a high-precision quality comparator to weigh the barrel evaporator,
the water consumption of rice can be obtained by the difference between the front and back periods.
The bottom of the barrel evaporator was equipped with a drainage device. The tap was regularly
opened to drain water. The water samples were collected at intervals of the 1st, 3rd, 6th, and 10th
days after each fertilization and one day before the next fertilization or harvest, and the amount
of water leakage during the two sampling periods was weighed. The NO3;~-N concentration was
measured by ultraviolet spectrophotometry method. N'° isotope with 10% abundance was used in
this study, and the labeling and content of N'° isotope were analyzed by mass spectrometry method.
NHj; volatilization was collected by PVC tube ventilation method. NHj3 volatilization collection device
was placed in the middle of barrel evaporator. Samples were taken on the 1st day and 5th day after
the application of base fertilizer, tiller fertilizer, and jointing-booting fertilizer. The samples were sent
to the laboratory for elution and nitrogen content detection. NHj volatilization was determined by
distillation titration. Plants were sampled once per growth period, which required representativeness.
Soil samples were collected before soaking fields and after the off-test. Nitrogen content in plant and
soil was determined by Kjeldahl method.

3. Results and Discussion

3.1. Effects of Nitrogen Leaching Loss in Paddy Field under Different Irrigation Modes

The variation of leakage water, leaching loss, and concentration of NO3 ™ -N during rice growth
period under different water-saving irrigation modes were shown in Figure 1. It can be seen that
the leakage change trend of W0 was similar in the whole growing season of rice, and it kept a high
leakage volume, with the cumulative leakage volume reaching 140.4 mm. The leakage of W1 and
W2 had similar trend, i.e., both had a certain amount of leakage in the early growth stage. After the
tilling stage, the leakage decreased gradually. The leakage amount of W1 and W2 were 63.6 mm and
49.2 mm, and they decreased by 54.7% and 65.0% respectively compared with W0 in the whole growth
season. The order of leakage amount in paddy field was W0 > W1 > W2. It showed that water-saving
irrigation mode (W1, W2) can significantly reduce the amount of water leakage in paddy fields. The
average NO3 ~-N concentrations of WO, W1, and W2 were 1.25 mg L !, 1.11 mg L ! and 1.03 mg L !
at base fertilizer stage, 1.50 mg L~!, 1.33 mg L1, and 1.21 mg L~! at tilling fertilizer stage, respectively,



Water 2019, 11, 218 50f 13

the average NO; ~-N concentration of W0 was 1.69 mg L~!, and there was no leakage in W1 and W2
at jointing-booting fertilizer. It can be seen that the NO3;™-N concentration of W0 was significantly
higher than that of water-saving irrigation in all growth stages. There was no significant difference
between the two kinds of water-saving irrigation modes, and the NO3;~-N concentration of W2 was
slightly lower. Reasonable fertilization and irrigation methods had a certain effect on reducing the
NO3z™-N concentration in leachate, but the effect was not as obvious as reducing the leakage. After
fertilizer application, the leaching amount of NO3; ~-N in all treatments reached the maximum, and
then decreased gradually. The NO3;™-N leaching amount of W0 was the highest and tended to be
stable. The NO3™-N leaching amount of W1 and W2 was significantly lower than that of WO0. Due to
the decrease of water leakage in the later period, the NO3™-N leaching amount was close to zero.
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Figure 1. Changes of leakage amount, concentration, and leaching loss of NO3™-N during rice
growth under different irrigation patterns, Figure a described the changes of leakage amount, Figure b
described the changes of NO3 ~-N concentration and Figure ¢ described changes of NO3 ~-N leaching
loss. (BF-1, BE-3, BF-6, BF-10 represented the 1th, 3rd, 6th, and 10th days after the application of base
fertilizer, a, b and c in the figure represented differences between groups for significance analysis).



Water 2019, 11, 218 60f 13

Research by scholars at home and abroad showed that, in farmland ecosystem, NO3; ~-N leaching
depends on precipitation (or irrigation) and NO3 -N concentration. When the NO3; ™-N concentration
is high and the amount of water infiltrated below the root zone is large, the NO3;~-N leaching is
serious, and a factor is limited, and the NO3~-N leaching will be significantly reduced. In humid and
semi-humid areas, NO3; ™ -N usually accumulates in the core soil layer, and then gradually leaches into
groundwater. In arid and semi-arid areas, NO3 ~-N in soil migrates downward with water due to the
infiltration of natural precipitation or irrigation water. This study showed that water-saving irrigation
mode can reduce NO3 ™ -N leaching loss by reduced leakage and NO3; ™ -N concentration. The results
of this study were consistent with studies of Hay [25] and Parfitt [26].

3.2. Effects of Total Nitrogen Leaching Loss in Paddy Field under Different Irrigation Modes

The variation of total NO3 ™ -N leaching loss under different irrigation modes is shown in Figure 2.
It is shown in Figure 2a that the NO3; ~-N leaching amount in all treatments reached the maximum at
the base fertilizer stage, among which the NO3 ~-N leaching amount in W0 was the largest, followed
by W2, the lowest was in W1, and the NO3; ™ -N leaching amount in W0 was more than twice as much
as that in W1 treatment. In tilling fertilizer stage, the NO3~™-N leaching amount in W0 was the highest,
followed by W1, and W2 was the lowest. In jointing-booting fertilizer stage, the leakage amount in
W1 and W2 was 0 mm, so the NO; ~-N leaching amount of W1 and W2 was also 0 g hm~2, but the
NO;~-N leaching amount of W1 treatment was 98.7 g hm 2. Figure 2b shows that the total NO; ~-N
leaching amount in W0 mode was the largest, 2.64 times and 2.36 times than that of W1 and W2,
respectively. After deducting the amount of nitrogen leaching without applying nitrogen fertilizer, the
NO;3;™-N leaching amount in fertilizer nitrogen was still the largest in W0 mode, which was 2.66 times
and 2.79 times higher than that in W1 and W2 respectively, but the difference between W1 and W2 was
not significant. Meanwhile, the NO3; ~-N leaching loss of fertilizer nitrogen accounted for 94% of total
leaching nitrogen loss, 1.1% of total nitrogen application in W0 mode, 93% of total leaching nitrogen
loss, 0.41% of total nitrogen application in W1 mode, 79% of total leaching nitrogen loss, 0.40% of total
nitrogen application in W2 mode. The NO3~-N leaching loss of fertilizer nitrogen was 62% and 64% in
W1 and W2 less than that of WO, respectively. It can be seen that different irrigation modes had certain
inhibitory effects on nitrogen leaching loss. The inhibitory effect was W1 > W2 > W0. The change
trend of fertilizer nitrogen leaching was very similar to that of total nitrogen leaching. The inhibition
effect of different irrigation modes on fertilizer nitrogen leaching was W1 ~ W2 > WO.

150.00 350.00
- awo e owo
‘12000 2 aw1 L0000 = 3 a awi
5 T a % 20000 |
z 60.00 + b . z 150,00 r b b b 1
o nE 'w100.00 -
= 3000 | [ =
= i 2 Z 5000 F
BF TE IBF TL TLF
(a) NO;-N loss afer each fertilizer (b) NO;™-N total loss and NO;™-N loss in fertilizer

Figure 2. Changes of total NO3 ~-N leaching loss after fertilization under different irrigation modes,
Figure a described the NO3; ~-N leaching loss after each fertilizer, and Figure b described NO3~-N total
leaching loss and NO3 ™ -N leaching loss in fertilizer. (BF, TF, ]BF represented the base fertilizer, tilling
fertilizer, and jointing-booting fertilizer, TL and TLF represented the NO3 ™ -N total leaching loss and
NO3™-N leaching loss in fertilizer, a, b and c in the figure represented differences between groups for
significance analysis).
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The research studied by Zhang [27] showed that the leaching loss of nitrogen in soil was mainly
NO;3;7-N leaching, and the proportion of ammonium nitrogen leaching was small, which could be
neglected. Therefore, the leaching loss of nitrogen in this paper mainly considered NO3;~-N leaching.

3.3. Effects of NH3 Volatilization Loss in Paddy Field under Different Irrigation Modes

NH3 volatilization accounts for a large proportion of nitrogen loss in paddy field, which is one of
the main mechanisms of nitrogen loss in paddy field. The variation of NHj3 volatilization loss in paddy
tields under different irrigation modes is shown in Figure 3. Figure 3a shows that NHj volatilization of
rice reached the maximum in different irrigation modes at tilling stage, mainly because tilling fertilizer
was applied in late July, when the temperature was significantly higher than that at transplanting and
booting stages, and NHj volatilization was positively correlated with temperature. The difference of
NHj; volatilization between tilling fertilizer and jointing-booting fertilizer may be attributed to the
large nutrient demand at booting stage resulting in the rapid absorption of nitrogen, reduction of
ammonia nitrogen concentration in soil and NHj volatilization loss. On the other hand, the higher
plants at booting stage blocked the sunshine, inhibited algae growth, and the increase of pH in surface
paddy water and temperature, resulting in the reduction of NHj3 volatilization. After applying base
fertilizer and tilling fertilizer, NHj3 volatilization in water-saving irrigation mode was significantly
less than that in conventional irrigation mode, but NHj3 volatilization in conventional irrigation mode
was less than that in water-saving irrigation mode after applying jointing-booting fertilizer. However,
because of the small proportion of NHj volatilization after jointing-booting fertilization, the total NH;
volatilization of “water-saving irrigation + three times fertilization” mode was significantly less than
that of conventional irrigation under the same fertilization amount.

3000.0 3000.0
& awo a awo
= 25000 | aw! = 25000 |
= a - 5 a
oD ab aw?2 =] a
= 20000 | < 20000 |FYg 2
5 15000 | ? T 15000 |
E 10000 | é = 10000 [+
g = i
= 5000 | % £ 5000 F [
z / Z
0.0 ' ' 0.0
BF TF BF
(a) NHj; volatilization in soil (b) NH; volatilization i fertilizer

Figure 3. Changes of NHj volatilization loss in paddy fields under different irrigation modes, Figure a
described NHj3 volatilization loss in soil, and Figure b described NHj3 volatilization loss in fertilizer.
(BE, TF, JBF represented the base fertilizer, tilling fertilizer, and jointing-booting fertilizer, a, b and c in
the figure represented differences between groups for significance analysis).

The D-value method was used to estimate the loss of NHj3 volatilization from fertilizer nitrogen.
As shown in Figure 3b, the basic law of NHj3 volatilization from fertilizer nitrogen was consistent
with that of NHj3 volatilization from soil after three times of fertilization. Computing the contribution
rate of fertilizer to NHj3 volatilization, it was found that the contribution rate of NH3 volatilization of
fertilizer in different periods was significantly different. The contribution rate of NHj volatilization of
fertilizer of base fertilizer stage was higher than 98% (98.51% in W0, 98.34% in W1 and 98.46% in W2).
The contribution rate of NHj volatilization of fertilizer was 87.01% in W0, 84.24% in W1 and 78.80%
in W2 respectively in tilling fertilizer stage, 34.12% in W0, W1 in 69.41% and 70.12% respectively in
jointing-booting fertilizer stage. In conclusion, water-saving irrigation mode can effectively reduce the
loss of NHj volatilization in paddy fields, while reducing the proportion of NH; volatilization from
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fertilizer nitrogen in total NHj volatilization. The inhibiting effect of different irrigation modes on
NH; volatilization in paddy fields was W2 > W1 > W0.

Zhao [28] found that NHj volatilization mainly came from crop amino nitrogen fertilizer acid
and nitrogen-containing organic fertilizer. In wheat-rice rotation system, NHj volatilization accounted
for 74.8%—-98.6% of fertilizer nitrogen and 1.16%-11.26% of total nitrogen application. In this paper,
according to the variation of ammonia volatilization under different irrigation modes of rice crops, the
research conclusions were basically the same.

3.4. Differences between Soil Nitrogen Absorption and Fertilizer Nitrogen Absorption by Rice Plant under
Different Irrigation Modes

The nitrogen uptake of plant under different irrigation modes is shown in Figure 4. As shown in
Figure 4a, the nitrogen uptake of rice plant in W1 and W2 was significantly higher than that of W0 at
the peak tilling stage, and there was no significant difference between W1 and W2. At the full heading
stage, the nitrogen uptake of W0 and W2 increased significantly, while that of W2 did not change
significantly compared with tilling stage, and the nitrogen uptake of W1 and W2 was 1.83 times and
1.11 times higher than that of W0. At the maturation stage, the nitrogen uptake decreased by 24.3%,
43.4%, and 16.14% respectively in W0, W1, and W2 compared with full heading stage, that mainly
due to the large amount of nitrogen transported from rice plants to grains. Nitrogen uptake of rice
plant under different irrigation modes showed a trend of W1 > W2 > WO0. As shown in Figure 4b,
the variation of nitrogen uptake from fertilizer nitrogen was similar to that of total nitrogen uptake
by rice plant. At the peak tilling stage, the uptake of fertilizer nitrogen in W1 and W2 by rice plant
was significantly higher than that of W0, which was 4.29 times and 2.45 times higher than that of WO,
respectively. At the full heading stage, the uptake of fertilizer nitrogen of W0 increased significantly
than that at the peak tilling stage, which was 1.57 times higher than that at the peak tilling stage. The
nitrogen uptake of W1 and W2 did not change significantly, but was still significantly higher, which
was 2.56 times and 1.43 times higher than that of W0. At maturation stage, fertilizer nitrogen uptake
by rice plant decreased significantly. From full heading to maturation stage, W1 decreased the most,
with a decrease of 63.9%, followed by W2 and W0, with a decrease of 28.0% and 14.3%, respectively.
After maturation stage, there was no significant difference in fertilizer nitrogen uptake by rice plant
among different irrigation modes.

1500 100.0
- &
£1200 £ 800
< =
E 90.0 _g 600 F
3 =
%_ =5
= 60.0 5 400
% %
o "
= 300 Z 200
= 30 g

00 00 .
Tillering stage  Full Heading stage Maturation stage Tillering stage  Full Heading stage Maturation stage
(a) Nitrogen uptake in plant from soil (b) Nitrogen uptake in plant from fertilizer

Figure 4. Nitrogen uptake by rice plant under different irrigation modes, Figure a described nitrogen
uptake loss from soil, and Figure b described nitrogen uptake loss from fertilizer (a, b and c in the
figure represented differences between groups for significance analysis).

In addition, the ratio of fertilizer nitrogen uptake to total nitrogen uptake of rice plants also
showed a downward trend with the development of growth stages. The uptake of fertilizer nitrogen
of W0 accounted for 58.0% of the total nitrogen uptake in tilling stage, and decreased to 51.0% in
maturation stage. The uptake of fertilizer nitrogen of W1 and W2 accounted for 69.7% and 55.0% of
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the total nitrogen uptake in tilling stage, decreased by 62.8% and 58.7% in full heading stage, and
by 40.0% and 55.0% in maturation stage. The total nitrogen absorbed and the amount of fertilizer
nitrogen by rice plant decreased at maturation stage, which was due to the large amount of fertilizer
nitrogen in rice plant transferred to the grain at this time that was basically consistent with the research
conclusions of Qiao [29] and Hashim [30]. Nitrogen uptake by rice grains and plants at maturation
stage is shown in Table 2. It can be seen that the total nitrogen and fertilizer nitrogen uptake of rice
grain was significantly higher than that of plant. The total nitrogen content in grain and plant of W1
was the highest, followed by W2 and WO. Fertilizer nitrogen content in rice grain and plant of W2 was
the highest, followed by W1 andWO.

Table 2. Nitrogen uptake by rice grain and plant under at maturation stage kg/hm? (a, b and c in the
figure represented differences between groups for significance analysis).

Irrigation Mode Grain Plant Total Amount
Total-N Fertilizer-N Total-N Fertilizer-N Total-N Fertilizer-N
Wwo 116 + 3.46¢ ** 60 + 4.04bns 51 + 1.73¢ ** 26 + 0.58ans 167 + 4.04c¢ ** 86 + 3.40bns
w1 171 + 6.35a * 70 + 2.89bns 70 £2.31a* 28 + 1.15ans 241 £ 5.77a** 98 + 4.62bns
w2 152 + 1.15b * 78 £1.73a* 63 +1.71b* 32 + 2.83ans 215 + 2.81b ** 110 £ 3.90a **

Notes: ns—represented not significant; *—significant at p < 0.05; **—significant at p < 0.01.

3.5. Differences between Leaching Amounts of Soil Nitrogen and Fertilizer Nitrogen under Different
Irrigation Modes

The differences between leaching amounts of soil nitrogen and fertilizer nitrogen under different
irrigation modes were shown in Figure 5a. It can be seen that the NO3;™-N leaching amount in W0
mode was significantly higher than that in W1 and W2, and the total NO3; ~-N leaching amount in W1
and W2 decreased by 52% and 43% compared with W0, respectively. The total amount of NO3~-N
leaching in W0, W1, and W2 was 25.0 g/ hm?, 12.0 g/ hm?, and 14.3 g/ hm?, accounting for 92.6%, 92.3%
and 95.6% of the total amount of NO3™-N leaching, 1.04%, 0.50% and 0.60% of the total amount of
nitrogen fertilizer applied, respectively. The variation of soil residual nitrogen content under different
irrigation modes is shown in Figure 5b. It shows that the total nitrogen content of paddy field in W1
and W2 increased by 14.0% compared with that of original soil, while the total nitrogen content of
paddy field in WO did not change. The reason was that the water-saving irrigation modes reduced the
leaching and volatilization losses of soil nitrogen and improved the use rate of fertilizer nitrogen. At
the same time, the residue rates of fertilizer nitrogen in W1 and W2 was less than that in the W0, with
a decrease of 14.6%. The main reason was that the uptake of fertilizer nitrogen by rice in W1 and W2
was higher than that in W0. The uptake of fertilizer nitrogen in WO was 33.1%, while that in W1 and
W2 was 42.3% and 47.3%, respectively. Jie [31] found that additional water in irrigation may reduce
soil oxygen content and increase the possibility of soil nutrient leaching, but in this paper, it found that
water-saving irrigation mode can effectively improve soil aeration and increase soil fertility.
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Figure 5. Differences between leaching amounts of soil nitrogen and fertilizer nitrogen under different
irrigation modes, Figure a described nitrogen leaching loss and Figure b described nitrogen residue
(a, b and c in the figure represented differences between groups for significance analysis).

3.6. Nitrogen Transfer and Conversion of Fertilizers under Different Irrigation Modes

After nitrogen fertilizer was applied to paddy field, the direction of nitrogen includes crop
absorption, soil residue, leaching loss, gas loss, and so on. In this paper, N'° tracer technology was
used to analyze the fate of fertilizer nitrogen under different irrigation modes, and the results of
previous analysis were synthesized in Table 3. It shows that different irrigation modes had important
effects on the transport and transformation of fertilizer nitrogen in SPAC. Under the same amount of
nitrogen application, leaching loss, soil residue and NHj3 volatilization loss of fertilizer nitrogen in
water-saving irrigation mode (W1, W2) were less than that in conventional irrigation mode (W0), while
the corresponding crop nitrogen uptake was significantly higher than that in W0. The apparent use rate
of urea nitrogen fertilizer under general conditions was about 30.0%, while under this experimental
condition, the use rate of nitrogen fertilizer in W1 and W2 modes increased by 5.0% and 9.7% compared
with W0, and increased by 10.9% and 15.6% higher than the general level of 30.0%. NHj3 volatilization
and other losses of nitrogen were not significant between W0 and W1. It shows that the water-saving
mode had obvious effect on improving the nitrogen absorption of paddy rice and reducing the
pollution of fertilizer to the environment. Compared with Rahman’s research, we not only considered
the amount of fertilizer absorbed by crops, but also studied the direction of fertilizer nitrogen from
three aspects: crop-soil-atmosphere, which was more comprehensive [32].

Table 3. Directions of fertilizer nitrogen under different irrigation modes % (a, b and c in the figure
represented differences between groups for significance analysis).

NO;-N Nitrogen Crop Uptake of Nitrogen NH3

Irrigation Mod
rrigation Yode Leaching Residual Grain Plant Volatilization Other Losses
WO 1.04 £0.029a** 321 +£0.34a** 25.1 4 0.24¢ ** 10.8 £ 0.17¢ ** 18.7 £ 0.40ans 12.3 £ 0.40ans
W1 0.50 £ 0.017¢ * 28.0 = 0.17bns 29.2 £ 0.17b ** 11.7 £ 0.11b ** 17.5 £ 0.29ans 13.1 + 0.33ans
W2 0.60 4 0.032b * 28.0 & 0.15bns 32.4 £ 0.15a ** 13.2 £0.14a ** 15.1 £ 0.35b ** 10.7 £ 0.35b *

Notes: ns—represented not significant; *—significant at p < 0.05; **—significant at p < 0.01.

4. Conclusions

This paper systematically studied the spatial and temporal distribution and transport,
volatilization, and leaching of nitrogen in paddy fields under different irrigation modes, and the
distribution characteristics of nitrogen in rice plant. The main conclusions were as follows:

1.  Water-saving irrigation mode reduced the amount of NO3; ~-N leaching loss by reducing leakage
and NO3;~-N concentration. There is no significant difference between the leakage amount and
NO;3;~-N concentration in W1 and W2. In addition, the inhibition effect on fertilizer nitrogen
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leaching was W1 ~ W2 > WO0. The fertilizer nitrogen leaching loss in W1 and W2 decreased by
62% and 64% compared with W0, respectively.

2. Under the same amount of fertilizer, the total amount of NHj volatilization in “water-saving
irrigation + three times of fertilization” mode was significantly less than that in conventional
irrigation, and the proportion of NHj volatilization of fertilizer in total NH3 volatilization was
reduced. The contribution rate of NHj3 volatilization in W0 was 34.12% at jointing-booting stage,
and the same in W1 and W2 was 69.41% and 70.12%, respectively.

3. Nitrogen uptake of rice plant in different irrigation modes showed a trend of W1 > W2 > W0. With
the development of growth stage, the ratio of fertilizer nitrogen uptake to total nitrogen uptake
of rice plant showed a downward trend. The amount of fertilizer nitrogen uptake of rice plant in
W0, W1, and W2 ranged from 51.0% to 58.0%, 40.0% to 69.7%, and 50.5% to 58.7%, respectively.

4. Compared with the original soil, the total nitrogen content of paddy field under water-saving
irrigation increased by 14.0%. The total nitrogen content of paddy field under conventional
irrigation basically remained unchanged. At the same time, the residue rates of fertilizer nitrogen
in W1 and W2 were less than those in the W0, with a decrease of 14.6%. The uptake rate of
fertilizer nitrogen in W0, W1, and W2 was 33.1%, 42.3%, and 47.3%, respectively.

5. Leaching loss, soil residue, and NHj3 volatilization of fertilizer nitrogen in water-saving irrigation
mode (W1, W2) were all less than that in conventional irrigation mode (WO0), while the
corresponding nitrogen uptake by crops was significantly higher than that in W0. Nitrogen
use efficiency of W1 and W2 increased by 5.0% and 9.7%, respectively, compared with WO,
indicating that the two water-saving irrigation modes improved nitrogen uptake by paddy rice,
and reduced environmental pollution caused by fertilizer.
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