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High N fertilizer and flooding irrigation applied to rice on anthropogenic-alluvial soil often result in N leaching and low recovery
of applied fertilizer N from the rice fields in Ningxia irrigation region in the upper reaches of the Yellow River, which threatens
ecological environment, food security, and sustainable agricultural development. This paper reported the regulating N application
for rice yield and sustainable Eco-Agro development in the upper reaches ofYellowRiver basin.The results showed that reducing and
postponingN application couldmaintain crop yields while substantially reducingN leaching losses to the environment and improv-
ing the nitrogen use efficiency. Considering the high food production, theminimum environmental threat, and the low labor input,
we suggested that regulating N application is an important measure to help sustainable agricultural development in this region.

1. Introduction

The large world population creates a huge demand for food.
To meet the challenge, more grains must be produced which
requires more chemical fertilizer nitrogen. From 1960 to
2000, the use of nitrogen fertilizers increased by 800%, with
wheat, rice, and maize accounting for almost half of current
fertilizer use [1]. At 81.7 million tons (Mt), chemical fertilizer
nitrogen (N) accounts for approximately half of all N reaching
global croplands today and supplies basic food needs for at
least 40% of the population [2]. As the largest consumer
of chemical N in the world, China accounts for 32% of
the world’s total consumption, and approximately 18% of
the chemical N is applied to rice paddies [3]. However, the
nitrogen use efficiency is typically below 40% with these
crops, indicating that most applied fertilizer is either washed
out of root zone, which will result in increased N losses as
leachate to freshwater and marine systems [4–7].

Located in the upper reaches of the Yellow River, Ningxia
Irrigation Region with an irrigation area of 9697 km2 is one
of the oldest and largest irrigation areas in northwest China

and sustains over 60% of the Ningxia population. From 1980
to 2011, total annual grain production increased from 1.20
to 3.59 billion kg (an increase of 2.99 times), and chemical
fertilizer application increased from 171,000 tons to 1033,000
tons (an increase of 6.04 times), of which chemicalN fertilizer
application was 533,000 tons [8] (Ningxia Statistical Year-
book, 2012). Ningxia Irrigation Region is located in the arid
and semiarid zones, with the average annual precipitation
of 180–220mm, which is extremely lower compared to the
1000–1550mm evaporation.The fertile alluvial soil is formed
by accumulated sediments transferred by the Yellow River
with abundant transboundary water about 32.5 billionm3
in Ningxia segment annually. In this region, agriculture
essentially relies on irrigation water. About 7 billionm3 water
from the Yellow River is drawn and 2.5 billionm3 is returned
annually [9] (Ningxia Water Source Bulletin, 2008). Over
93–95% of the water is used for agriculture. Rice is a major
crop grown in the anthropogenic-alluvial soil and is often
perceived as the largest water and fertilizer consumer in the
basin. In the rice fields, the application rate of fertilizer is as
high as 300 kg ha−1 due to flooding irrigation. Large amounts
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of N fertilizer into the land will inevitably leach N into the
water bodies, and thus becoming one of the nonpoint source
pollution to the Yellow River.

Cui et al. [10] surveyed the water quality between the
upstream station where the Yellow River flows in Ningxia
boundary and the downstream station where Yellow River
flows out Ningxia boundary during the 2005-2006. He esti-
mated that Nwashed out from farmland into the YellowRiver
was 41.1 thousand tons, which is 1.52 times higher than those
from the point source pollution during the same time period.
de Data and Buresh [11] analyzed the correlation between N
fertilizer application rates and total N contents of the river
water and found that N contents in outboundary station in
the downstream reaches coincidently increased with the N
application rates in the Irrigation Region. Fixen and West
[12] found that both total N and ammonium N contents
were increasing significantly with the increase of fertilizer
application rates, especially since 1990s inNingxia segment of
the Yellow River. Total N and ammoniumN contents in water
samples taken from the outboundary station were obviously
higher than those from the upstream station. This clearly
indicates the influence of fertilizer application in the Irriga-
tion Region on the water quality of the Yellow River. Zhang
et al. [13] also demonstrated that fertilizer and pesticide were
the main nonpoint source pollutants of underground water.

Nitrogen leaching from agricultural soils can represent a
substantial loss of fertilizer N and put pressure on the sur-
rounding environment. Studies have already showed that N
discharged into the Yellow River in Ningxia Irrigation Region
was estimated to be 20–65% of the total N lost from the fer-
tilizer [11], and the annual N loss from the rice field in Region
was 28,865 tons [14].The challenge is to continue to helpmeet
food needwhileminimizing the risk of negative environmen-
tal impacts through improved N use efficiency [15–19].

In Ningxia, the pattern applying N fertilizer to a single-
seasonal rice consists mostly of 50∼70% base fertilization and
50∼30% green-turning and tillering fertilization. Tradition-
ally, farmers hold that topdressing additional N fertilizer in
the booting stage would make for the fact that the paddy
remains green when it is due to become yellow and ripe. The
truth is that application of excessive base N fertilizer would
not only make it hard to meet the demand of the currently
prevailing high-yield breed of rice on nitrogen but also lead
to more nitrogen loss from leaching because rice needs less
N-nutrition for its growth before the jointing stage [20–23].

Therefore, there is a need for looking for optimizing N
application amount and time that will improve N efficiency
and reduce N leaching loss while maintaining rice yield. The
objectives of this study were (1) to quantify the leaching
amount of inorganic N during different rice growth stages
as affected by RPN and (2) to estimate the effects of RPN
on N use efficiency and rice yields (Table 3). We hope to
recommend alternative N application techniques that will
reduce N losses while maintaining crop yields.

2. Materials and Methods

2.1. Study Area. Our field experiment was conducted at
Lingwu Farm (106∘1743 E, 38∘0714 N), in the upper reaches

of the Yellow River basin during 2010 and 2011. In spite of
the effort to promote water saving, farmers are following
the old traditional way by blindly increasing the amount of
chemical fertilizers, especially fertilizers N. The application
rate of fertilizer N is as high as 300 kg ha−1, which was found
after a survey of 200 farmers on over 113 ha rice field. High
input of N fertilizer causes out-of-proportion soil N, P, and K.
The residual N can be stored in the soil as nitrate, which flows
into the Yellow River or leaches into the groundwater with
the irrigation water. The soil is classified as anthropogenic-
alluvial soil, which is the main soil type of Ningxia Irrigation
Region, with a soil texture of 18.25% clay, 53.76% silt, and
27.99% sand (Table 1). The soil fertility is at the mid to high
yield levels with a high fertilizer application rate. Soil organic
matter and total N concentrations in the tillage layer (0–
30 cm) of soil profile are 13.97 g kg−1 and 0.98 g kg−1 irrigation
drawn from the Yellow River. The soil bulk density of the
tillage layer is 1.39 g cm−3. Three main crop rotations occur
in Ningxia Irrigation Region, namely, rice-wheat, summer
maize-wheat, and rice-rice. Of these, large amount of N
fertilizer has been applied into rice-rice system leach into the
water bodies [16] and is therefore the focus of this study.

Beginning on June 11, the rice field remained submerged
with flooding irrigation and irrigation was on August 28,
putting in 1365m3 water per ha in 2010 and the precipitation
is 130.9mm (Figure 1). In 2011, beginning on May 20 and
stopping irrigation on August 12 and thereafter the same as
that of 2010, water per ha were put in the rice field and
the precipitation is 171.1mm during the rice-growing stage.
Irrigation was mainly done during the early reproductive
season from returning green to tillering and jointing-booting
stages. About 80% of total irrigation water was applied before
the rice heading stage. Less than 20% was used at flowering,
booting, and mature stages.

2.2. The Field Experiment. The experiments were arranged
in a randomized complete block design. The five fertilizer
N treatments included (1) CK (No N fertilizer application
treatment: 0 kgNha−1), (2)N300 (300 kgN⋅ha−1, 50%used as
base fertilizer, 25% as tillering fertilizer, and 25% as booting
fertilizer), (3) N240 (240 kgN⋅ha−1, 50% used as base fertil-
izer, 25% as tillering fertilizer, and 25% as booting fertilizer),
(4) RPN I (240 kgN⋅ha−1, divide the fertilizer into 3 equal
amounts, each about 80 kg, used as base fertilizer, tillering fer-
tilizer, and booting fertilizer), and (5) RPN II (240 kgN⋅ha−1,
divide the fertilizer into 4 equal amounts, each about 60 kg,
used as base fertilizer, tillering fertilizer, booting fertilizer,
and panicle fertilizer). The nitrogen fertilizer is urea which
contains 46% N. In all of the treatments, phosphorus (90 kg
P
2
O
5
ha−1) and potassium (90 kg K

2
Oha−1) fertilizers were

ploughed into the soil tillage layer in one time before flooding
the field as a basal fertilizer. The experiment design is shown
in Table 2.

The rice cultivar for the 2-year experiment was 96D10. In
2010, rice seedlings were transplanted on June 14th, and the
rice harvesting was on October 10th. In 2011, rice seedlings
were transplanted on May 21th, and the rice harvesting was
on September 21th. Each treatment had three replicates. Each
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Table 1: Properties of the anthropogenic-alluvial soil in the study site.

Soil depths (cm) Bulk density (g⋅kg−1) Organic matter (g⋅kg−1) Total N (g⋅kg−1) Porosity (%) Soil particle size (%)
Clay Silt Sand

0–15 1.35 15.21 0.98 44.25 18.25 53.76 27.99
15–30 1.43 13.07 0.99 42.04 17.33 51.07 26.59
30–45 1.55 10.12 0.86 40.71 17.70 52.15 25.74
45–60 1.59 8.30 0.73 42.07 28.04 67.71 4.26
60–90 1.50 5.56 0.34 44.82 12.11 31.96 55.93
90–100 1.52 4.48 0.31 43.72 15.96 42.05 42.00
100–120 1.48 3.55 0.25 45.28 6.41 26.93 66.67

Table 2: Reducing and postponing N application experiment design.

Treatments Total N input (kg/hm2) N input/(kg/hm2)
Base fertilizer Tillering fertilizer Booting fertilizer Panicle fertilizer

CK 0 0 0 0 0
N300 300 150 75 75 0
N240 240 120 60 60 0
RPN I 240 80 80 80 0
RPN II 240 60 60 60 60
Note: basic fertilizer buried in soil preparation, top dressing application in surface water.

plot area was 60m2 and there were 15 plots in total. Trenches
of 130 cm in depth were dug between the experimental plots.
The field was mulched with plastic film, and double layers
were installed to the inner side to prevent water interchange.
Ditches and ridges were also dug. The whole experimental
was separated by 2m wide protection rows. Each treatment
plot was irrigated separately, but equal amount of water was
applied for all plots.

2.3. Sample Collection and Laboratory Analysis. During 2010
and 2011 seasons, soil water samples used for the leaching
calculations were collected from lysimeters [24, 25]. Four
PPR (polypropylene random) equilibrium-tension lysimeters
(ETLs) (0.19m2) were installed at 1.2m below the soil surface
in each treatment.The regulated vacuum systemwas adjusted
manually several times a week to provide suction that was
slightly more negative than the matric potential recorded in
the surrounding bulk soil with the heat dissipation sensors.
The purpose was to avoid ponding above and bypass flow
around the porous plate of the lysimeters to recreate as natural
a drainage pattern as possible [25].

Leaching samples were collected 1, 3, 5, 7, and 9 days after
transplanting and topdressing. The subsequent sampling was
conducted at 7-day intervals. We collected water sample for
21 times in 2010 and 22 times in 2011.The water samples were
transferred to a plastic tube and stored at 4∘C until analysis
in the laboratory. At maturity, plants were removed from the
field to calculate theN use efficiency (NUE) and partial factor
productivity (PFP).

The NUE is defined as the ratio of the crop N uptake to
the total input of N fertilizer [26].The PFP is the ratio of grain

yield to the appliedN rate [27].Theywere calculated as below,
respectively:

NUE =
Nuptake with N application −Nuptake without N application

Napplied

× 100%,
(1)

PFP = 𝑌
Napplied
, (2)

where 𝑌 is grain yield, kg⋅ha−1, and Napplied is the amount of
N applied, kg ha−1.

The N leaching loss during the rice grow stage was
calculated using the following formula [25]:

𝑄

𝑛
= 𝐶

𝑛
𝑄

𝑤
. (3)

Here,𝐶
𝑛
is the N concentration (TN, NH

4

+, and NO
3

−) from
leaching water collected from lysimeter in the different rice
growing stage, kgNm−3;𝑄

𝑤
is the quantity of leaching water

in the corresponding stage collected from lysimeter, m3⋅ha−1;
and 𝑄

𝑛
is the quantity of N leaching loss, kg ha−1.

Total N content of soil and rice plants was calculated
by using the Kjeldahl N method, total P content using Mo-
Sb colorimetric method, and total K content using flame
photometry. The total N concentration of soil water sample
was determined by Persulfate-UV spectrophotometry [28],
and the concentrations of NH

4

+ and NO
3

− were measured
by flow injection analysis (FIA) made in France. One-way
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Table 3: Effect of RPN on rice yield and its components.

YearTreatment Panicle length
(cm) Panicle number

Grain number per
panicle

(×104⋅ha−1)

1000 grain weight
(g)

Average yield
(kg/hm2)

Increased yield
(kg/hm2) Ratio (%)

2010

CK 16.2 b 112 c 76.7 c 25.7 a 3990 b — —
N300 16.5 b 169 a 109.3 a 21.9 b 9634 a 5644 141.5
N240 19.0 a 141 b 98.6 b 22.0 b 9631 a 5641 141.4
RPN I 19.5 a 152 ab 105.7 a 22.8 ab 10326 a 6336 158.8
RPN II 19.0 a 148 b 92.5 b 23.4 a 10727 a 6737 168.8

2011

CK 12.1 b 105 b 71.8 c 26.1 a 3366 b — —
N300 15.4 a 147 a 111.8 a 23.7 b 8676 a 5310 157.8
N240 15.0 a 138 a 106.4 a 23.9 b 8498 a 5132 152.5
RPN I 15.1 a 145 a 109.7 a 24.8 a 8778 a 5412 160.8
RPN II 14.8 a 138 a 99.4 b 24.1 ab 8612 a 5246 155.9

Figures followed by the same letters within a column for different treatments are not significantly different at the significance level 𝑃 < 0.05 based on one-way
analysis of variance (ANOVA).
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Figure 1: Precipitation and irrigation amount during whole growth period of rice.

analysis of variance (ANOVA) at 𝛼 = 0.05 probability was
conducted to test the significance in different treatments.
All statistiN300l analyses were performed using statistiN300l
analysis System (SAS)General LinearModel procedures [29].

3. Results

3.1. Effects of Reducing and Postponing N Application on Rice
Yield and Its Components. AllN treatments could significant-
ly improve rice yield comparedwithCK (Table 2). In 2010, the
highest yieldwas fromRPN II, whichwas 6737 kg/hm2 higher
than that of CK, and then RPN I. In 2011, the highest yield was
from the field of RPN I treatment, which were 5412 kg/hm2
higher than CK. There was no significant different between
all of the N treatments in both 2010 and 2011. This indicated

the nitrogen fertilizer application level of N240 kgN⋅ha−1 can
allow current N application rates to reduce by 20% while
still maintain crop yields. Because of the continuous rainfall
of more than 10 days in middle and late September 2011 in
Ningxia Irrigation Area, the weather was cooler than usual
and rice yield reduced by about 20% in the whole irrigation
area compared to the normal years, and thus the rice yield of
all treatments was lower than in 2010.

The rice yield is composed of spikes number per unit area,
grain number per spike, and thousand kernel weights. In 2010
and 2011, the panicles of all N treatments were higher than
that of CK, but there was no significant difference among
other N treatments except N300 in 2010. The grain number
per panicle showed an increasing trend with N levels as
follows: N300 > RPN I > N240 > RPN II > CK. The grain
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Table 4: Total N accumulative leaching at rice growth stages (kg⋅ha−1).

Year Treatment Growth stage
Seedling stage Tillering stage Booting stage Flowering stage Heading stage Harvest stage Sum

2010

CK 1.58 d 5.11 d 2.76 b 2.42 c 1.22 c 0.50 c 13.60 d
N300 11.24 a 19.31 a 8.45 a 3.15 b 1.47 c 0.89 bc 44.51 a
N240 8.24 b 13.98 b 7.42 a 2.98 bc 1.12 c 0.45 c 34.19 b
RPN I 5.14 c 10.34 c 8.16 a 3.35 b 2.47 b 1.32 b 30.78 c
RPN II 5.22 c 7.96 c 8.24 a 4.14 a 3.72 a 2.04 a 31.32 bc

2011

CK 1.07 d 3.45 e 1.87 d 1.64 d 0.82 e 0.34 d 9.19 d
N300 8.96 a 17.45 a 6.86 a 3.25 b 1.97 c 1.31 b 39.8 a
N240 6.03 b 14.47 b 5.56 b 2.47 c 1.43 d 0.62 c 30.58 b
RPN I 3.42 c 8.91 c 4.67 c 3.87 a 3.12 b 1.36 b 25.35 c
RPN II 3.08 c 6.74 d 6.52 a 4.07 a 4.94 a 2.36 a 27.71 bc

numbers per panicle of N300 treatment and RPN I treatment
were significantly higher than those of the CK and RPN II
treatments.With regard to differences among treatments, CK
and RPN had the higher thousand grain weight while N300
and N240 had the lower.

3.2. Effects of Reducing and Postponing N Application on N
Leaching Losses. High N fertilizer and irrigation amounts
applied to rice on anthropogenic-alluvial soil often result
in severe nitrogen loss from leaching. There is a significant
correlation between N leaching losses and the N application
amount. During the whole rice growing period, in each
treatment, the TN leaching loss increased as the N fertilizer
application amount goes up (Table 4). The total N leaching
loss was 13.60 kg/hm2 and 9.19 kg/hm2 under CK treatment
in 2010 and 2011, while it was 44.51 and 39.8 kg⋅ha−1 under
the N300 treatment, respectively. The results from the two-
year experiment showed that TN leaching loss under the
N300 treatmentwas the highest and then theN240 treatment.
The total N leaching loss under the RPN I treatment was
substantially lower than that under N300 andN240, but there
was no significant difference with RPN II. In 2010, total N
leaching loss of RPN I and RPN II treatment were 30.78
and 31.32 kg⋅ha−1, 30.85% and 29.63% lower than the N300
treatment. In 2011, total N leaching loss of RPN I and RPN
II treatment were 25.53 and 27.71 kg⋅ha−1, 36.31% and 30.38%
lower than N300 treatment.These results indicated that RPN
treatments can significantly reduce TN leaching loss. Net
total N leaching loss of N fertilizers under N300, N240, RPN
I, and RPN II was 30.91, 20.59, 16.18, and 17.72 kg/hm2 in 2010
and 30.61, 21.39, 16.16, and 18.52 kg/hm2 in 2011.The two-year
average leaching loss of total N accounted for 10.3%, 8.75%,
6.74%, and 7.48% of applied N fertilizer.

The main leaching period of total N was delayed under
the RPN treatments. Total N leaching loss under CK, N300,
and N240 treatment mainly happened in the tillering stage
while that of RPN I and RPN II treatments mainly happened
from tillering stage to booting stage. The tillering stage was
the main stage for total N leaching loss that might be due
to two reasons, firstly, the higher irrigation volume at this
stage for promoting tillering [30]. In addition, during this

period, the basal and top dressing N inputs accounted for
50%–75% of the entire growth period with flood irrigation,
which resulted in a huge leaching loss of total N.

Nitrogen loss by leaching is the major problem in rice
field. Under normal conditions, soil N is leached mainly
as nitrate-N (NO

3

−-N) which forms a major contaminant
of ground water. The NO

3

−-N leaching losses under N300
treatment during rice growing stage were higher those that of
other treatments during 2010 and 2011.TheNO

3

−-N leaching
loss of different treatments shared the same changing trend
with the total N, N300 > N240 > RPN II > RPN I > CK
(Table 5). The majority of leaching losses of NO

3

−-N under
N300 and N240 treatment occurred during seedling stage
and tillering stage and then booting stage while those of the
RPN treatments occurred during tillering stage and booting
stage and then seedling stage. The NO

3

−-N leaching losses
of all nitrogen treatments reached the peak at tillering stage,
accounting for 33.6–43.4% and 35.1–47.3% of the total loss
during the rice growing stages in 2010 and 2011, respectively.
The NO

3

−-N leaching losses of CK also mainly occurred in
tillering stage, accounting for 25.4% in 2010 and 24.3% in
2011 of the total NO

3

−-N loss. In 2010, 35.49 and 22.08 kg
NO
3

−-N ha−1 (representing about 79.7% and 71.7% of the
TN leaching losses) leached below the root zone in N300
and RPN I, respectively. Thus, RPN I reduced the NO

3

−-N
leaching loss by about 37.8% compared toN300. In 2011, 30.02
and 19.63 kg NO

3

−-N ha−1 (representing about 75.4% and
70.84%of the TN leaching losses) leached out of the root zone
in N300 and RPN I, respectively. In this year, RPN I reduced
NO
3

−-N leaching losses by about 34.6% compared to N300.
Nitrogen can also be lost as NH

4

+-N, but the quantity is
very small compared to NO

3

−-N.The NH
4

+-N losses ranked
from greatest to smallest were N300 >N240 > RPN II > RPN
I >CK.Themajor stages of NH

4

+-N leaching losses (Table 6)
were similar to the stage of NO

3

−-N. Under N300 treatment,
3.58 and 3.21 kg NH

4

+-N ha−1 (representing about 8.04% and
8.07% of the TN leaching losses) leached below the root zone
in 2010 and 2011, respectively. In RPN I, 2.76 and 2.94 kg
NH
4

+-N ha−1 (representing about 12.5% and 14.9% of the
TN leaching losses) leached out of the root zone in 2010 and
2011, respectively. From the two-year average results, RPN I
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Table 5: NO3
−-N accumulative leaching at rice growth stages (kg⋅ha−1).

Year Treatment Growth stage
Seedling stage Tillering stage Booting stage Flowering stage Heading stage Harvest stage Sum

2010

CK 1.52 d 5.31 d 1.34 c 0.56 d 0.22 d 0.09 e 9.04 d
N300 9.03 a 15.74 a 6.37 a 2.82 b 1.07 c 0.53 c 35.49 a
N240 6.02 b 10.97 b 5.48 b 2.21 c 0.84 c 0.29 d 25.81 b
RPN I 3.92 c 8.12 c 5.21 b 1.94 c 1.87 b 1.02 b 22.08 c
RPN II 3.62 c 6.12 d 6.35 a 3.41 a 2.54 a 1.21 a 23.25 bc

2011

CK 0.81 d 2.12 e 1.45 d 1.28 e 0.52 d 0.17 d 6.35 d
N300 7.02 a 12.84 a 5.21 a 2.52 c 1.45 c 0.98 b 30.02 a
N240 4.83 b 10.84 b 4.76 ab 1.83 d 1.12 c 0.35 c 23.73 b
RPN I 2.73 c 7.08 c 3.61 c 3.23 b 2.14 b 0.84 b 19.63 c
RPN II 2.47 c 5.21 d 4.38 b 4.98 a 3.67 a 1.69 a 22.4 b

Table 6: NH4
+-N accumulative leaching at rice growth stages (kg⋅ha−1).

Year Treatment Growth stage
Seedling stage Tillering stage Jointing stage Flowering stage Heading stage Harvest stage Sum

2010

CK 0.15 a 0.35 c 0.15 d 0.11 c 0.26 b 0.06 d 1.09 c
N300 0.18 a 1.09 a 0.77 a 0.53 a 0.67 a 0.34 b 3.58 a
N240 0.14 1.23 a 0.71 ab 0.27 b 0.23 b 0.28 c 2.86 b
RPN I 0.14 a 0.82 b 0.62 b 0.25 b 0.62 a 0.31 bc 2.76 b
RPN II 0.13 a 0.84 b 0.41 c 0.43 a 0.57 a 0.43 a 2.81 b

2011

CK 0.08 c 0.23 d 0.17 c 0.12 d 0.16 d 0.08 d 0.84 b
N300 0.18 a 1.27 a 0.65 ab 0.44 b 0.48 c 0.19 b 3.21 a
N240 0.17 a 1.12 a 0.68 ab 0.32 c 0.72 b 0.14 c 3.15 a
RPN I 0.15 ab 0.89 b 0.71 a 0.34 bc 0.64 b 0.21 b 2.94 a
RPN II 0.10 c 0.64 c 0.51 b 0.62 a 0.81 a 0.36 a 3.04 a

reduced the NH
4

+-N leaching loss by about 16.1% compared
to N300.There were no significant differences of the NH

4

+-N
leaching losses at the N-fertilization level of 240 kg/hm2. Our
results indicated that theNH

4

+-N leaching losses contributed
very little to the total N leaching losses during rice growth
stage.

3.3. Effects of Reducing and Postponing NApplication onNUse
Efficiency. Under the conditions applied in this experiment,
whenmore N fertilizer is applied the upper soil absorbs more
nitrogen but N fertilizer uses efficiency drops with increasing
applied quantity of N fertilizer, and the result from two-
year experiment is consistent (Table 7). Compared with CK
treatment, N fertilizer application can help the rice grains and
stems to absorb more nitrogen though the N fertilizer use
efficiency declines with rising quantity of N fertilizer applied.
The two-year average use efficiency of N fertilizer treated
with N300 is merely 32.0%, and that of N fertilizer treated
with N240, RPN I, and RPN II is 36.8%, 40.0%, and 39.6%,
respectively, among which that of N fertilizer treated with
RPN I and RPN II is higher than that with N300 by 8.0 and
7.6 percentages, andRPN I results in the highest use efficiency,
8% higher than what N300 treatment results in.

As the N applied rate increased, there was a decrease
in PFP. The absolute values for PFP were higher in 2010

compared to in 2011 at all the levels of N application.TheRPN
I treatment had highest PFP while the N300 had the lowest
both in 2010 and 2011. There was no significant difference of
PFP among N240, RPN I, and RPN II. The PFP of RPN I was
20.94% and 25.38%higher than that of N300 in 2010 and 2011,
respectively.

4. Discussions

Nitrogen loss by leaching is the major problem in rice
field. Under normal conditions, soil N is leached mainly as
NO
3

−-N which forms a major contaminant of ground water.
Nitrogen can also be lost as NH

4

+-N, but the quantity is very
small compared to the former one. A study by Yun et al. [31]
revealed that N loss by leaching was not so pronounced in
arid and semiarid soil, but it could be 20 to 30 kg ha−1 in the
wet temperate zone or as high as 50 kg ha−1 in Europe and
middle states of USA. Nitrogen enters a unique environment
in anthropogenic-alluvial soil, in which losses of fertilizer
N and mechanisms of losses vary greatly from those in
upland situations. The study showed that the N lost was 152
to 155 kg ha−1, of which N lost by leaching was 78 kg ha−1
under the conventional fertilizer rate of 300 kg ha−1 [32]. It is
higher than our 2-year average results of 42.16 kg ha−1. With
the excessive application amount of fertilizer N during the
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Table 7: Effects of RPN on NUE and PFP.

Year Treatment Straw N uptake
(kg/hm2)

Grain N uptake
(kg/hm2)

Total N uptake
(kg/hm2) NUE (%) PFP (kg grain

kg−1N)

2010

CK 37.0 43.5 80.5 b — —
N300 62.2 113.3 175.5 a 31.7 b 32.11 b
N240 61.8 108.3 170.1 a 37.3 a 40.13 a
RPN I 63.2 114.6 177.8 a 40.5 a 43.03 a
RPN II 68.7 110.4 179.1 a 41.1 a 44.7 a

2011

CK 16.2 37.4 53.6 b — —
N300 54.3 95.8 150.1 a 32.2 b 28.92 b
N240 50.4 90.2 140.6 a 36.3 a 35.41 a
RPN I 53.6 94.8 148.4 a 39.5 a 36.58 a
RPN II 49.5 95.3 144.8 a 38.0 a 35.88 a

flooding irrigation, NO
3

−-N leaching was most prevalent in
the rice filed of the study area. Our results showed that the
2-year average NO

3

−-N leaching loss under the fertilizer rate
of 300 kg ha−1 accounted for 77.54% of the total N loss. As
SAS Institute [33] stated, a close relationship existed between
the amount of NO

3

−-N leached and the amount of fertilizer
N used in most cases. The treatment of N240, which is still
higher than that for the currently grown rice cultivars in the
United States, ranging from 134 to 202 kg ha−1 [29–31, 34–38],
would maintain crop yields while substantially reducing N
losses to the environment [39–42].

In Ningxia Irrigation Region, there appeared a large
quantity of nitrogen leaching loss at the early stage of rice
growth due to excessive N fertilizer application, improper
timing of topdressing and, heavier irrigation early on. Irriga-
tion was mainly done during the early reproductive season,
and the base fertilizer and the tillering fertilizer that were
applied just after about 10 days of rice seedling accounted
for 80% of total N fertilizer throughout the rice growth
stage; large amount of N fertilizer with flood irrigation led to
massive nitrogen leaching loss [43, 44]. In the RPN I andRPN
II treatments, the N fertilizer was divided into three and four
equal parts and applied in three or four times; however, the
resulting rice yield was similar to those with the traditional
N fertilizer application and N300 treatment used by farmers,
while less quantity of N fertilizer was applied at the early stage
of rice growth, obviating the peak period of leaching. This
led not only to increased N fertilizer use efficiency but also
to reduced nitrogen leaching loss. Liu et al. [22] discovered
from his study that with RPN technology, even under the
condition that the quantity of N fertilizer used was 30% less
compared to traditional farming, the corn yield, the surface
dry matter accumulation, and N accumulation rate did not
drop, and N fertilizer use efficiency rose significantly instead
[20]. In this way the supply of inorganic nitrogen kept pace
with crop absorption and accumulation of inorganic nitrogen
in soil in the depth up to 100 cm reduced to a considerable
degree, thus the field apparent loss of nitrogen mitigated. Li
et al. [20] found in her investigation that, even under the
condition that the quantity of N fertilizer was used 30% less
than used in traditional farming, RPNdid not lead to reduced

wheat yield, but increased N fertilizer use efficiency with
extremely low nitrogen apparent loss and enabled increasing
nitrate-N’s accumulation in soil in the depth 0∼20 cm and
reducing its accumulation in soil in the depth 20∼80 cm
[21]. Many researches indicated that excessive quantity of
N fertilizer application, unsynchronization of demand and
supply, and improper fertilization pattern are main cause of
low N fertilizer use efficiency [30, 34, 35]. In this study, under
the RPN I and RPN II treatment, part of nitrogen fertilizer
was postponed, which maintained the sufficient supply of
nitrogen need at the later stage of rice growth, and thus the
rice yield remained basically unchanged when using 20% less
nitrogen fertilizer. This indicated that the RPN worked to
synchronize the nutrition supply and crop absorption and
improved both the yield and N use efficiency. The result was
consistent with Yi’s research [36].

Excess application of N on the field is one of the major
factors of N leaching. The amount of N leached and the
amount of fertilizer N used showed a close relationship [33].
The N leaching amount is in linear relationship with the
fertilizer application rate (𝑃 < 0.05) (Figure 2). The soil
texture and irrigation practice are considered other major
factors of N leaching, especially in flooded irrigation area.
With the excessive amount of fertilizer N application during
the flooding irrigation, large amounts of N fertilizer into
the land will inevitably leach N into the water bodies, and
thus becoming one of the nonpoint source pollution to the
Yellow River.There were about 28,500 tons of NO

3

−-N, 5,500
tons of NH

4

+-N, and 41,100 tons of TN that were lost every
year due to leaching in Ningxia irrigation region. In the
conditions of this experiment, total nitrogen leaching loss
was 6.7%∼10.3% of total N fertilizer applied and treated with
various methods and the leaching is mainly in the form of
NO
3

−-N which accounts for more than 80% in TN loss,
which is consistent with the results from previous researches
[14, 37]. For comparison, on the south of the Yangtze River,
the predominant soil types in rice field are the yellow mud
soil, red loam soil, and red purple soil. When N fertilizer was
applied at a rate of 300 kg ha−1, no leaching of NO

3

−-N was
found in the paddy field during rice growing season [38].
However in the Ningxia irrigation zone, a total of 18–23 times
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and about 1400–1600m3 water per ha was put into the rice
filed during the rice growing season, and the soil in the study
site has a high silt percentage of 53.76%.NO

3

−-N leachingwas
most prevalent on sandy soils that received heavy irrigation.
It has been shown that NO

3

−-N may travel with gravitational
water that moves quickly down these holes during heavy
flooding [33]. Zhang et al. [45] reported in their literature
review that nitrate leaching wasmost prevalent on sandy soils
that received heavy irrigation. Zhao et al. [46] reported in
their literature review that irrigation practices would possibly
overwhelm any recommended fertilizer application rates.

HighN fertilizer and irrigation amounts applied to rice on
sandy soils often result in N leaching and low use efficiency of
applied fertilizer N.The RPN I treatment could allow current
N use efficiency to increase. Fertilizer N use efficiency of
irrigated rice is relatively low due to rapid losses of applied
N through volatilization and denitrification in the soil-flood-
water system [47–49]. In this 2-year study, the average N use
efficiency under N300 treatment was 31.95%. The average N
utilization rate reached 40.0% for RPN I treatment, which
greatly reduced the amount of N fertilizer and increased the
N use efficiency. It not only saved fertilizer resources, but also
effectively reduced other forms of N losses. Compared with
N300 treatment, RPN I could reduce 20% N application and
34.61% TN leaching loss while the yield did not significantly
reduce. de Datta and Buresh [50] reported that proper timing
and rate of N applications are crucial to minimize N losses
[27, 28, 32, 33, 39, 40]. RPN could reduce N leaching loss
because less N fertilizer was used in the early stage of
rice growth and thus reduces the level of N fertilizer in
the leaching solution. Because the base fertilizer, if applied
excessively at one time, would accumulate nitrogen in soil

and because rice needs less nitrogen at the early stage, there
is great possibility for nitrogen leaching with heavy irrigation
to begin [51–53]. In the later stage of rice growth when
N fertilizer was applied, its root system has developed its
ability to absorb more nitrogen that will cause the nitrogen
concentration in the leaching solution to decline. It improved
the congruence between crop N demand and the available
N supply from soil and applied fertilizer, and thus increased
the N use efficiency [54, 55]. The result is accordance with
Cassman’s report [56]. It was generally believed that under
planting conditions of lower N levels (e.g., 150 kg⋅ha−1), the
N use efficiency could be significantly improved [57]. Shi et
al. [58] found that after rice flowering, while N application
was higher than 200 kg⋅ha−1, the N translocation rate and
fertilizer use efficiency would reduce with the increase of
N application. High input but low utilization efficiency of
chemical fertilizer N also resulted in a decrease in partial
factor productivity [59, 60]. The low efficiency of fertilizer
use suggests that N was not the only major limiting resource
in this Region. Management interventions, particularly those
that address competitive water, will likely be critical to the
success of this system. A combination of careful irrigation
and Nmanagement needs to be studied to improve N uptake
efficiency and to minimize fertilizer N loss.

5. Conclusions

Achieving synchrony between N supply and crop demand
without excess or deficiency is the key to optimizing tradeoffs
between yield and environmental protection. The RPN I can
allows current N application rates to reduce by 20% and
maintain crop yields. This would significantly improve the N
use efficient and thereby substantially reduce the N leaching
loss.

Optimization of fertilizer application gave chance to
increase nitrogen use efficiency while the rice yield wasmain-
tained. In the condition of optimized fertilizer application
(nitrogen applied reduced by 20%), rice yield under RPN
treatment did not decline compared with traditional fertilizer
application (N300 treatment), and the two-year average yield
of rice under RPN I treatment was 397 kg/hm2 higher than
that of under N300. The average use efficiency of N300
treatment was 32.0%while the N240, RPN I, and RPN II were
36.8%, 40.0%, and 39.6%, respectively, among which RPN
I treatment delivered the maximal use efficiency, 8% higher
than N300 treatment.

RPN made it possible to drop nitrogen leaching loss at
paddies in the irrigation region significantly. The two-year
average net TN leaching loss under N300, N240, RPN I,
and RPN II were 10.3%, 8.75%, 6.74%, and 7.48% of total
N fertilizer applied, respectively. RPN I treatment had the
minimal TN leaching loss, at 16.17 kg/hm2, 14.64 kg/hm2 less
thanN300 treatment.The two-year averageNH

4

+-N leaching
loss due to various treatments were 7.9%, 10.15%, 11.63%, and
10.82% and this suggested that NH

4

+-N was not the major
nitrogen leaching loss; NO

3

−-N leaching loss accounted
for more than 80% in TN leaching loss, regardless of the
treatment. RPN I can give the same yields and lead to using
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less nitrogen fertilizer by 20% while it did not increase labor
intensity, and thus it is one way to continue to help meet food
need while minimizing the risk of negative environmental
impacts. Considering the high food production, the mini-
mum environmental threat, and the low labor intensive, we
should fully take into account the RPN I by reducing fertilizer
N inputs and N leaching loss. Since irrigation regimes have
remarkable affects fertilizers uptake, the interaction between
irrigation management and N application rate on N use
efficiency in alkaline anthropogenic-alluvial soil is needed to
be further studeied.
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