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Abstract
Currently, the urgency of balancing rice production and environmental risk from nitrogen (N) fertilization is gaining scientific and
public attention. As such, a field experiment was conducted to investigate the rice yield and the fate of applied-15N for Yangliangyou 6
(a two-line hybrid cultivar) and Lvdaoq 7 (an inbred cultivar) using 10 combinations ofN rates and splitting ratios in themiddle reaches
of the Yangtze River. The results showed that N application primarily affected fertilizer N loss to the environment, followed by plant N
absorption, but had little effect on grain yield. Generally, there was no significant increase in grain yield and N accumulation in the
aboveground plant whenN inputs surpassed 130 or 170 kg ha−1. Fertilizer N residue in soil peaked at approximately 48 kg ha−1 at anN
rate of 170 kg ha−1 for both varieties; however, a sharp increase of fertilizer N loss occurred with further incrementally increasing N
rates. Although a higher ratio of panicle-N fertilizer together with a lower ratio of tillering-N fertilizer at rates of 130, 170, and
210 kg ha−1 had no grain yield benefit, it promoted aboveground N accumulation and plant N accumulation derived from fertilizer,
and it reduced the amount of N residue in soil andN loss to the environment. Overall, reducing tillering-N ratios and increasing panicle-
N ratios at an N rate between 130 and 170 kg ha−1 using fertilizer rates of 90–0–40 kg ha−1 and 90–40–40 kg ha−1 N at basal-tillering-
panicle initiation stages could reduce the adverse environmental risks of chemical N from rice production without sacrificing rice yield.
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Introduction

Nitrogen (N) plays a key role in crop yield formation because
of a fundamental role in biomass accumulation (Salvagiotti

and Miralles 2008). Hence, excess N, often as an extra
Binsurance^ component to prevent yield loss, is frequently
applied to fields in modern rice production systems (Ju et al.
2009). The N fertilizer rate in paddy fields up to 324 kg ha−1

was monitored in the Yangtze River region (Li et al. 2015a).
However, rice grain yield does not increase proportionally
with the increasing application of N fertilizer (Huang et al.
2007; Huang et al. 2008; Yan et al. 2009). It was demonstrated
that there were no increases in yield for rice cultivars 4007 and
Wuyunjing15 at an N rate above 150 kg ha−1 in China (Yan
et al. 2009). Han et al. (2012) concluded that the optimum N
application rate in the middle Yangtze River basin was ap-
proximately 120–180 kg ha−1. Excess N fertilizer application
led to lowN use efficiency (NUE) and negative environmental
impacts such as water and soil pollution (Peng et al. 2002; Li
et al. 2015b) and greenhouse gas emission (Chen et al. 2014;
Cui et al. 2014). Efficient N fertilizer management is vital to
maintaining grain yield and minimizing environmental risk in
rice production.

In fact, NUE has been confirmed to be dependent on N
management practices, particularly rates, timing, resources,
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and placement of N fertilizer application (Dobermann et al.
2002; Peng et al. 2006; Zou et al. 2006; Zhong et al. 2007; Ju
et al. 2009; Yan et al. 2009). Over fertilization was considered
one of the leading causes of low NUE in China (Peng et al.
2002; Ju et al. 2009). In addition, Chen et al. (2015) assumed
that the increased NUE was primarily associated with N fer-
tilizer split applications, rather than N rates. Optimizing N
fertilizer split applications has been demonstrated to improve
the yield and NUE of rice compared to that of farmers prac-
tices (Peng et al. 2006; Zhang et al. 2011; Chen et al. 2015).
Nitrogen fertilizer applied at the panicle initiation (PI) stage
contributed to approximately 43% of the total fertilizer-
derived N accumulation in plants at the maturity stage, and
N fertilizer at the midtillering (MT) stage contributed only
20% (Yan et al. 2009). Hence, NUE in rice was suggested to
be enhanced by reducing the amount of N fertilizer at the MT
stage and increasing the amount of N fertilizer at the PI stage
(Zhong et al. 2007; Yan et al. 2009; Zhang et al. 2013).

According to previous studies, only 30–40% of applied N
fertilizer was used by rice plants and a substantial ratio of
more than 45% of applied Nwas lost from the rice-soil system
to the surrounding environment (Ju and Zhang 2003; Ladha
et al. 2005; Yan et al. 2008; Pan et al. 2012; Zhang et al. 2012).
The heavy agricultural N loss caused mainly by over fertiliza-
tion and inappropriate timing led to severe environmental con-
sequences, including nitrate pollution of groundwater, eutro-
phication of surface water, depositions of atmospheric N, and
emissions of greenhouse gas, which have become major con-
cerns for scientists, environmental groups, and agricultural
policymakers worldwide (Ladha et al. 2005; Ju et al. 2009).
As such, some researchers have advocated that environmental
consequences should be factored into fertilizer recommenda-
tions (Hofmeier et al. 2015; Bell et al. 2016). Ju and Zhang
(2003) proposed that the B15N tracer method^ was an appro-
priate way to understand the fate of N fertilizer by
distinguishing fertilizer-derived N and soil-derived N. The
15N tracer is often utilized in experiments for determining
fertilizer N fate in terms of plant accumulation, soil residue,
and loss to the ecosystem through a variety of pathways (Ju
and Zhang 2003; Zhu 2008; Zhang et al. 2012).

The urgency of balancing high yields and environmental
consequences in agricultural production in China is currently
gaining scientific and public attention (Huang et al. 2007;
Chen et al. 2014; Cui et al. 2014). To address this urgent issue,
some previous studies have attempted to seek the best combi-
nation of yield production and negative environmental

impacts of N fertilizer on rice farming using a mathematical
basis (Ju and Zhang 2003; Huang et al. 2007; Ju et al. 2009).
However, few studies have been conducted concerning the
effects of N splitting ratios under various N rates with narrow
intervals on the environmental consequences of applied 15N in
the field, and factored the environmental risks of applied 15N
into the N fertilizer recommendation on an agronomic basis.

In the present study, the objectives were as follows: (1) to
investigate the effects of different N rates and splitting ratios
on grain yield of rice, (2) to determine the effects of different
N rates and splitting ratios on N accumulation in rice, (3) to
trace the 15N-labeled fertilizer fate in terms of plant accumu-
lation, residue in the soil, and loss to the ecosystem under
different N rates and splitting ratios, and (4) to recommend
optimum N management for rice cultivation considering both
the yield production and the environmental risk of N applica-
tion in the Yangtze River’s middle reaches.

Materials and methods

Experimental design and cropping establishment
of the main plots

The field experiments were conducted in two adjacent fields in
Lanjie Village (30°00′N, 115°44′E),Wuxue County, in southeast
Hubei Province, central China, from May to October 2013 and
2014. This province stands within the middle reaches of the
Yangtze River which is known as one of the largest rice-
growing regions in China. The physicochemical properties of
the 0–20-cm soil layer are presented in Table 1. The experimental
region is classified as humid subtropical with amonsoon climate.
Data regarding daily climatic conditions during this study were
obtained from an agro-meteorological station nearby. The total
radiation, precipitation, andmean daily maximum andminimum
temperatures over the growing seasons were 2575 MJ m−2,
507 mm, 30.7 °C, and 22.7 °C, respectively, in 2013 and
2405 MJ m−2, 586 mm, 29.1 °C, and 21.2 °C, respectively, in
2014. In comparison to 2013, 2014 was a cooler year with more
rainfall during the period from the panicle initiation stage to the
heading stage of rice. The meteorological data including daily
radiation, precipitation, and maximum and minimum tempera-
tures during the growth periods are presented in Fig. 1.

The experimental design was a split-plot arrangement with
four replications; the main plot had different nitrogen (N)
rates, the subplot had different rice varieties. Nitrogen in the

Table 1 The soil physicochemical properties (0–20 cm soil layer) in 2013 and 2014

Year Soil type Soil pH Organic matter (g kg−1) Total N (g kg−1) Olsen-P (mg kg−1) Available K (mg kg−1)

2013 Hydromorphic alluvial loam paddy soil 5.49 29.39 2.34 10.32 94.58

2014 Hydromorphic alluvial loam paddy soil 5.67 36.32 2.62 8.44 131.14
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form of urea was split-applied at basal, mid tillering and pan-
icle initiation stages. Ten N treatments with N rates ranging
from 90 to 250 kg ha−1, including a 0 kg ha−1 control (CK),
were implemented (Table 2). There were two to three kinds of
N splitting patterns at the mid tillering and panicle initiation
stages, with total N rates of 130 kg ha−1, 170 kg ha−1, and
210 kg ha−1. Nitrogen rates of the basal fertilizer, tillering
fertilizer, and panicle fertilizer were 90–40–0 kg ha−1 and
90–0–40 kg ha−1; 90–80–0 kg ha−1, 90–40–40 kg ha−1, and

90–0–80 kg ha−1; and 90–80–40 kg ha−1 and 90–40–
80 kg ha−1, respectively. All plots received recommended
90 kg P2O5 ha

−1 and 75 kg ZnSO4·7H2O ha−1 as basal dress-
ing, and 225 kg K2O ha−1 with split doses at 50% each as
basal dressing and topdressing at the panicle initiation stage.
A two-line hybrid rice cultivar, Yangliangyou 6 (YLY6) and
an inbred rice cultivar, Lvdaoq 7 (LDQ7) were planted both
years. The seeds were sown on May 12, 2013, and 2014, and
transplantation was performed 30 days after sowing. Two and
four seedlings per hill of YLY6 and LDQ7, respectively, were
transplanted with consideration of the poor tillering capacity
of the inbred cultivar. The hills were 30 cm × 13.3 cm with 25
hills m−2. The subplot sizes were 6.5 m × 5.5 m and 6.3 m ×
5.7 m in 2013 and 2014, respectively. Each subplot contained
21 lines, and each line contained 41 hills. Each main plot was
separated by a 30-cm ridge, which was covered by plastic
film. The plastic film was installed to a depth of 20 cm below
the soil surface before transplanting. Crop management, in-
cludingweeds, insects, and disease, was intensively controlled
to avoid biomass and yield loss. The plots were flooded im-
mediately after transplantation, and a 4–10-cm water depth
was maintained until 7 days before harvest at maturity.

Field management details in 15N fertilizer microplots

Micro plots as rectangular frames with a length × width of
90 cm × 40 cm were demarcated in the experimental subplots,

Fig. 1 Meteorological data of the
experimental site, including
temperature (daily maximum and
daily minimum), solar radiation,
and precipitation during the rice-
growing season in 2013 (a, c) and
2014 (b, d)

Table 2 The amount of fertilizer N applied to rice at basal, midtillering,
and panicle initiation stages

Treatments Total N rate Basal Midtillering Panicle initiation
kg N ha−1

0–0–0a 0 0 0 0

90–0–0 90 90 0 0

90–40–0 130 90 40 0

90–0–40 130 90 0 40

90–80–0 170 90 80 0

90–40–40 170 90 40 40

90–0–80 170 90 0 80

90–80–40 210 90 80 40

90–40–80 210 90 40 80

90–80–80 250 90 80 80

a N treatments expressed as N application rate at basal-midtillering-
panicle initiation stages
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which excluded 5 hills and 5 rows from the bridge to avoid a
border effect. Each micro plot contained 9 hills of plants. The
micro plots consisted of four polyethylene plastic boards and
some welding rods that were assembled using a plastic welder.
All micro plots were inserted 20-cm deep into the soil, given
that the arable depth was only 15 cm, and retained a 15-cm
height above the soil prior to the basal N fertilizer application
to avoid lateral contamination and surface runoff between the
micro plots and the subplots. 15N-labeled urea for the micro
plots was prepared as follows: the 2.5 atom% (Shanghai
Chemical Industry Institute, China) was dissolved in distilled
water, transferred to a 2-l volumetric flask, diluted to a
predetermined volume, and kept standing for at least one
night, then fertilizer solutions were sub packaged into 50-ml
centrifuge tubes according to the N dose of each micro plot.
When nonlabeled urea was spread over the main plots, the
adjacent micro plots were covered with plastic films to prevent
cross-contamination. The plastic films were removed, and 15N
labeled urea was applied to the micro plots. The applications
of N, P, K, and Zn fertilizers and crop management practices
in the micro plots were the same as the corresponding main
plots. To avoid the exchange of N between subplots and
microplots, the microplots were irrigated with water carried
by buckets. The water level in the microplots was checked
every other day and was replenished as needed.

Plant and soil sampling and measurements

Plants in subplots were sampled from 0.48 m2 (12 hills) at the
maturity stage. The plants were divided into straws (including
culm, sheath, and leaf) and panicles. After recording the panicle
number, the panicle was hand-threshed, and the filled spikelets
were separated from half-filled and unfilled spikelets by sub-
merging them in tap water. Further screening was completed by
a seed blower to separate the half-filled spikelets from the un-
filled spikelets. Three subsamples of 30 g of air-dried filled
spikelets, 2 g of unfilled spikelets, and all half-filled spikelets
were collected to count the number of spikelets. The panicle
number m−2, spikelet number panicle−1, spikelet number m−2,
and grain filling percentage were calculated. The 1000-grain
weight, aboveground biomass, and harvest index were deter-
mined after oven-drying at 85 °C to a constant weight. The
aboveground biomass was the total dry matter of straw, rachis,
and filled, half-filled, and unfilled spikelets ha−1. Plant samples
were then ground into powder for N determination. Grain yield
(t ha−1) was determined from a 5 m2 sampling area within each
plot, and the value was adjusted to 14% moisture.

To measure the 15N-labeled fertilizer fate, three out of nine
hills in microplots were chosen based on the average panicle
number hill−1 and the growth status. Their aboveground parts
were cut, and roots were collected and carefully preserved for
estimation. The plant samples were prepared for N determina-
tion using the same methods as in the subplot. Soil samples

were taken from 3 representative points with a 5-cm diameter
circle soil sampler. After air drying, soil samples were
weighed and sifted through a 100 mesh sieve and stored in
valve bags for subsequent measurements. The N concentra-
tion (%) and 15N abundance (atom% 15N) in plant and soil
samples were determined by a combined Isoprime 100 stable
isotope ratio mass spectrometer with an Elementar vario EL
cube analyzer (Elementar Trading Co., Ltd., Germany) (Wang
et al. 2017 and Li et al. 2018).

The following equations were used for the calculation of N
accumulation and 15N fertilizer fate:

Ngrain kg ha−1
� � ¼ Wgrain � N%;

N straw kg ha−1
� � ¼ W straw � N%;

N rs kg ha−1
� � ¼ W rs � N%;

N root kg ha−1
� � ¼ W root � N%;

N soil kg ha−1
� � ¼ W soil � N%;

NA kg ha−1
� � ¼ Ngrain þ N straw þ N rs;

where Ngrain, Nstraw, Nrs, Nroot, and Nsoil are the N content
(kg ha−1) of grain, straw, rachis, half-filled spikelets, unfilled
spikelets, root, and soil, respectively;Wgrain,Wstraw,Wrs,Wroot,
and Wsoil are weight (kg ha−1) of grain, straw, rachis, half-
filled spikelets, unfilled spikelets, and soil, respectively; N%
is N concentration in plant and soil samples; and NA is N
accumulation in the aboveground plant.

%Ndff %ð Þ ¼ a−cð Þ= b−cð Þ � 100;

Ndffgrain kg ha−1
� � ¼ Ngrain �%Ndff ;

Ndff straw kg ha−1
� � ¼ N straw �%Ndff ;

Ndff rs kg ha−1
� � ¼ N rs �%Ndff ;

Ndff root kg ha−1
� � ¼ N root �%Ndff ;

Ndff soil kg ha−1
� � ¼ N soil �%Ndff ;

Ndff kg ha−1
� � ¼ Ndff grain þ Ndff straw þ Ndff rs;

N residue kg ha−1
� � ¼ Ndff soil þ Ndff root;

N loss kg ha−1
� � ¼ N fertilizer rate−Ndff−N residue;

where %Ndff is the percentage of N derived from fertilizer in
plant and soil samples; a is 15N abundance in plant and soil
samples; b is 15N abundance of 15N fertilizer; c is natural 15N
abundance (0.3664%); Ndffgrain, Ndffstraw, Ndffrs, Ndffroot, and
Ndffsoil are N accumulation derived from fertilizer of grain,
straw, rachis, half-filled spikelets, unfilled spikelets, root, and
soil, respectively; Ndff is N accumulation derived from fertil-
izer in the aboveground plant; N residue and N loss are the
residual fertilizer N in soil and the fertilizer N loss, respectively.
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The N accumulation and 15N fate calculation methods are
taken from Peng et al. (2002), Leon et al. (1995), Wang et al.
(2017), and Li et al. (2018). Data were analyzed using analysis
of variance (ANOVA), and means were compared based on
the least significant difference (LSD) test at the 0.05 probabil-
ity level using Statistix 9 (Analytical Software, Tallahassee,
FL, USA). The figures were generated by SigmaPlot 10.0
(SPSS Inc., Point Richmond, CA, USA).

Results

The effects of N treatments on grain yield

N fertilizer enhanced grain yield by 0.9–3.1 t ha−1 compared to
that of the CK depending on rice variety, year, and split pattern
(Table 3). Significant influences of N fertilizer rate were ob-
served on rice grain yield. The highest yields (9.74 and
10.21 t ha−1 for YLY6 and 8.55 and 9.76 t ha−1 for LDQ7 in
2013 and 2014, respectively) were achieved with an approxi-
mate N rate of 210 kg ha−1. Additionally, the lowest N rates of
130 kg ha−1 and 170 kg ha−1 obtained comparable yields with
the highest yields, which were statistically no significant. In
addition, there was no significant influence of N split patterns
on grain yield under givenN rates of 130, 170, and 210 kg ha−1.
The N fertilizer application rate impacted almost all the yield
components (Table 4). Biomass, productive panicle number
m−2, and grain weight increased with incremental N rates but
then stagnated and even declined. Grain filling percentage and

harvest index declined in both varieties. However, the spikelet
number panicle−1 of the two varieties responded differently to
the N rate, which declined with the incremental N rate in LDQ7
but showed no obvious response in YLY6.

The effects of N treatments on plant N accumulation

Plant N accumulation increased with the N fertilizer rate and
then achieved stagnation (Table 5). The highest plant N accu-
mulations were 166.8 kg ha−1 and 193.7 kg ha−1 for YLY6
and 157.5 kg ha−1 and 195.1 kg ha−1 for LDQ7 in 2013 and
2014, respectively. The lowest N rates of 130 kg ha−1 or
170 kg ha−1 elicited accumulations comparable to the highest
plant N accumulations. Under a given N rate of 130, 170, and
210 kg ha−1, N split patterns with an increasing N ratio of
panicle fertilizer and a decreasing N ratio of tillering fertilizer
remarkably promoted plant N accumulation.

The effects of N treatments on fertilizer N fate

The plant N accumulation derived from fertilizer (Ndff), the
residual fertilizer N in the soil (N residue), and the fertilizer N
loss (N loss) at the maturity stage determined from 15N tracing
showed a substantial variation across N rates and cultivars
(Fig. 2). In 2013, increasing the N fertilizer rate gradually in-
creased the Ndff and increased the integral amount of the N
residue and the N loss (N residue + loss) in a sharper slope than
that of Ndff in both varieties, especially at an N rate higher than
210 kg ha−1 (Fig. 2). To further investigate the contributions of
theN residue in the soil and theN loss to the ecosystem toN fate,
we measured the N residue and N loss separately in 2014. In
2014, both the Ndff and N residue + loss increased with similar
slopes with increasing N fertilizer rate. Notably, the amount of N
residue stagnated at an N rate of 170 kg ha−1 in both YLY6 and
LDQ7, but the N loss sharpened by further incremental increases
in N rates (Fig. 2). The plant N accumulation derived from fer-
tilizer in YLY6 was slightly higher than that in LDQ7, which
were 42.4 kg ha−1 in YLY6 and 38.0 kg ha−1 in LDQ7 in 2013
and 59.9 kg ha−1 in YLY6 and 53.5 kg ha−1 in LDQ7 in 2014,
calculated by pooling all N treatments. In contrast, the N residue
+ loss in YLY6 was slightly lower than that in LDQ7, at
127.6 kg ha−1 in YLY6 and 132.0 kg ha−1 in LDQ7 in 2013
and 110.1 kg ha−1 in YLY6 and 116.6 kg ha−1 in LDQ7 in 2014,
calculated by pooling all N treatments (Fig. 2).

The effects of the different N splitting patterns at N rates of
130, 170, and 210 kg ha−1 on Ndff and N residue + loss are
shown in Fig. 3. Increasing the ratio of panicle-N fertilizer sig-
nificantly increased the Ndff for both YLY6 and LDQ7 at all
three N rates, which demonstrated higher 15N-labeled fertilizer
recovery efficiency, except for the 90–0–80 kg N ha−1 in LDQ7
in 2014 because of the bias of the N supply at the PI stage.
Additionally, N residue + loss was lower when the N ratio of
PI fertilizer was increased, and the difference was statistically

Table 3 The effects of N treatments on grain yield of Yangliangyou 6
(YLY6) and Lvdaoq 7 (LDQ7) in 2013 and 2014

N treatments
(kg ha−1)

2013 2014

YLY6
(t ha−1)

LDQ7
(t ha−1)

YLY6
(t ha−1)

LDQ7
(t ha−1)

0–0–0a 7.29 6.16 7.23 6.65

90–0–0 8.22 7.22 9.32 8.61

90–40–0 8.59 8.28 9.39 9.34

90–0–40 8.75 7.94 9.68 9.49

90–80–0 8.98 8.42 9.00 8.76

90–40–40 9.70 8.25 9.33 9.14

90–0–80 9.17 7.61 9.22 9.38

90–80–40 9.49 8.55 10.05 9.76

90–40–80 9.74 8.27 9.93 9.45

90–80–80 8.95 8.03 10.21 9.49

LSD (0.05)b 0.87 0.62 0.99 0.96

a N treatments expressed as N application amount at basal-midtillering-
panicle initiation stages
bWithin each column for each variety in a year, LSD (0.05) is the critical
value to compare grain yield means across N treatments
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significant in 2013. The respective influences of adjusting N
splitting patterns on fertilizer N residue and fertilizer N loss were
unclear.

The normalized effects of N treatments on grain yield,
plant N accumulation, and fertilizer N loss

Figure 4 shows the natural logarithm (ln) normalized values
for the N treatment at 90 kg ha−1 that exhibited the influence
of N rate on grain yield, plant N accumulation, and N loss to
the environment. The dominant effect of the incremental N
rate increase was increasing N loss, followed by promotion of
plant N accumulation, but there was no obvious impact on
grain yield. The effect of the incremental N rate on plant N

accumulation was greater in 2014 than that in 2013. YLY6
showed a moderate increase in grain yield and a sharp change
in N accumulation at N rates between 0 and 90 kg ha−1 in
2013, while LDQ7 showed a moderate increase in N accumu-
lation at N rates between 0 and 90 kg ha−1 in 2014.

Discussion

Grain yield influenced by N rates and N splitting
patterns

The responses of rice grain yield to N fertilizer application have
been widely studied in recent decades. In general, rice grain

Table 4 The effects of N rate on yield components, biomass, and the HI at the maturity stage of Yangliangyou 6 (YLY6) and Lvdaoq 7 (LDQ7) in 2013
and 2014

Year (variety) N rates (kg ha−1) GYb (t ha−1) SN (× 103, m−2) PN (m−2) SNP (panicle−1) GFP (%) 1000-GW (g) Biomass (t ha−1) HI (%)

2013
(YLY6)

0 7.29 31.7 165 191 84.5 25.3 13.7 49.6

90 8.22 32.0 180 178 87.8 26.9 16.1 46.8

130a 8.67 34.8 174 200 83.4 26.8 16.0 48.4

170 9.28 34.5 183 190 85.8 27.0 16.4 48.7

210 9.61 37.9 186 204 82.9 26.9 17.2 49.0

250 8.95 35.3 191 185 82.0 27.3 16.2 48.6

LSD (0.05)c 0.86 6.3 28 25 6.4 0.8 2.7 3.3

2013
(LDQ7)

0 6.16 40.4 163 249 78.9 20.3 14.0 46.1

90 7.22 44.4 184 240 80.8 21.1 16.8 44.9

130 8.11 40.6 173 235 79.9 21.6 15.1 45.8

170 8.09 39.5 177 223 79.1 21.4 14.7 45.6

210 8.41 43.8 191 230 76.2 21.4 16.1 44.6

250 8.03 37.9 171 223 70.3 21.3 13.5 41.4

LSD (0.05) 0.67 9.1 34 37 9.1 1.0 2.7 4.7

2014
(YLY6)

0 7.23 29.8 156 191 89.2 26.1 13.4 51.8

90 9.32 33.7 171 198 89.3 27.4 16.1 51.2

130 9.53 34.5 183 190 88.7 27.8 17.6 48.5

170 9.18 34.2 181 191 84.0 27.4 16.8 46.9

210 9.99 35.6 187 191 83.1 27.3 17.7 45.6

250 10.21 34.1 184 186 76.7 27.4 17.0 42.0

LSD (0.05) 0.93 3.5 26 24 5.7 0.6 1.5 3.3

2014
(LDQ7)

0 6.65 35.2 146 242 84.9 21.3 12.6 50.6

90 8.61 36.9 164 226 81.7 23.5 14.6 48.5

130 9.42 38.7 170 229 83.3 23.3 15.6 48.1

170 9.09 39.7 186 215 80.5 23.5 16.2 46.2

210 9.60 40.4 197 206 79.5 23.5 16.3 46.0

250 9.49 40.1 193 209 79.1 23.8 17.5 43.1

LSD (0.05) 0.92 5.1 26 23 8.3 0.5 2.0 3.2

a Each yield component at 130 kg ha−1 is the pooled mean of 90–40–0 and 90–0–40 treatments; at 170 kg ha−1 is the pooled mean of 90–80–0, 90–40–
40, and 90–0–80 treatments; and at 210 kg ha−1 is the pooled mean of 90–80–40 and 90–40–80 treatments
b GY, SN, PN, SPN, GFP, 1000-GW, and HI represent the grain yield, spikelet number m−2 , productive panicle number, spikelet number panicle−1 , grain
filling percentage, 1000-grain weight, and harvest index, respectively
cWithin each column for each variety in a year, LSD (0.05) is the critical value to compare grain yield and yield component means across N rates
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yield increases and then stagnates or even decreases with in-
creasing N rates (Huang et al. 2008; Wang et al. 2009; Yan
et al. 2009); a similar result was confirmed in the present study.
The highest grain yield was achieved at the N rate of approxi-
mately 210 kg ha−1 for LDQ7 and YLY6 (Tables 3 and 4). The
influences of N rates on grain yieldwere related tomultiple yield
components (Table 4). The increase in grain yield at relatively
lowN application rates wasmainly influenced by the increase in
panicle numbers, grain weight, and aboveground biomass accu-
mulation. However, the plateau and decline of grain yield at
relatively high N application rates were attributed to declining
grain filling percentage as well as a lower harvest index.
Relatively high N application rates can lead to poor canopy
photosynthesis due to mutual shading, high respiratory loss
due to high tissue N concentration, and poor carbohydrate trans-
location from straw to grain, thus causing poor grain filling
percentage and a lower harvest index (Ying et al. 1998; Zhang
et al. 2011; Sui et al. 2013). The plateau and decline of grain
yield at relatively high N application rates were not related to
soil chemical properties. Although the soil pH of experimental
fields was relatively low (5.49–5.67), it is still within the opti-
mum range (5.00–6.50) for rice growth and development
(Uchida and Hue 2000). Furthermore, soil micronutrients were
sufficient or within the optimum range for rice production in
most paddy fields of Wuxue County (data not shown).
Compared to YLY6, LDQ7 had a larger spikelet number m−2

due to its large spikelet number panicle−1 and lighter grain
weight. Furthermore, the spikelet number panicle−1 of LDQ7
showed a decreasing trend with N rate. Sui et al. (2013) reported
that greater competition for nutrients, space, and carbohydrates
along with an increase in panicle number at high N application
ratesmight lead to less differentiated spikelet panicle−1 andmore
severe spikelet degeneration.

The N split application method has been suggested to in-
crease yield in many crops by many previous studies (Chen
et al. 2015). However, the N split application had little effect
on rice grain yield, partly because of the sufficient soil back-
ground N in this area (Peng et al. 2002).

N accumulation influenced by N rates and N splitting
patterns

Here, we showed that plant N accumulation in both varieties
was significantly affected by the N rate and by the correspond-
ing ratios of tillering-N and panicle-N fertilization (Table 5).
Nitrogen accumulation first increased with the incremental
rate increase of N fertilizer and then stagnated with a further
increased N rate, although the highest N accumulations were
attained at high N inputs of 210 or 250 kg N ha−1 for YLY6
and LDQ7 in 2013 and 2014. This result agrees with previous
studies demonstrating that N fertilizer application increases N
accumulation and therefore grain yield (Zhang et al. 2012;
Chen et al. 2015). In addition to the N rate, the timing of N
fertilizer significantly affected the N accumulation efficiency.
Our results demonstrated that an increased panicle-N ratio and
a reduced tillering-N ratio markedly promoted plant N accu-
mulation, which agrees with previous studies (Peng and
Cassman 1998; Peng et al. 2002, 2006; Zhang et al. 2011;
Pan et al. 2012). Although the largest amount of N absorption
occurs at the tillering and booting stages (Lin et al. 2014;
Wang et al. 2017), the tillering-N fertilizer experienced a
low recovery efficiency caused by high ammonia presence
due to surface application (Bell et al. 2016) and the subsequent
effects of basal fertilizer (Yan et al. 2009; Lin et al. 2014). The
well-known Bthree controls^ nutrient management methodol-
ogy for irrigated rice in China proposed by Zhong et al. (2007)

Table 5 The effects of N
treatments on plant N
accumulation at the maturity stage
of Yangliangyou 6 (YLY6) and
Lvdaoq 7 (LDQ7) in 2013 and
2014

N treatments (kg ha−1) 2013 2014

YLY6 (kg ha−1) LDQ7 (kg ha−1) YLY6 (kg ha−1) LDQ7 (kg ha−1)

0–0–0a 92.7 106.2 101.4 105.6

90–0–0 119.4 120.4 131.9 117.0

90–40–0 122.8 113.1 139.0 129.8

90–0–40 139.5 132.4 179.7 157.4

90–80–0 119.2 120.6 149.4 153.5

90–40–40 157.3 141.8 185.5 161.1

90–0–80 157.9 149.6 176.2 170.8

90–80–40 158.5 148.8 174.4 168.6

90–40–80 166.8 157.5 193.7 180.4

90–80–80 154.7 143.2 186.1 195.1

LSD (0.05)b 27.5 24.7 21.7 29.9

a N treatments expressed as N application amount at basal-midtillering-panicle initiation stages
bWithin each column for each variety in a year, LSD (0.05) is the critical value to compare plant N accumulation
means across N treatments
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suggests that a slight increase in basal N fertilizer with
no or a very little tillering fertilizer, together with more
top-dressed N fertilizer during panicle initiation, would
improve N accumulation in rice. However, the results of
N accumulation driven by increasing the panicle-N fer-
tilizer ratio and reducing the tillering-N fertilizer ratio at
a certain rate of N fertilizer did not show an obvious
yield increase (Tables 3, 4, and 5).

Fate of fertilizer 15N influenced by N rates
and splitting patterns

The 15N tracing method is a valuable tool for distinguishing
fertilizer N and soil N. The fertilizer N fate in flooded soil-rice
plant ecosystems has been extensively investigated using this
method (Mikkelsen 1987; Wilson et al. 1989; Takahashi and
Yagi 2002; Ju et al. 2009; Norman et al. 2013). In the present
study, the 15N tracing reflects that the N accumulation derived
from fertilizer in plant shoots (Ndff) increased steadily along

with the increased N rates. The uncounted fertilizer N loss
increased sharply when the N rate exceeded 170 kg ha−1 due
to the stagnation of fertilizer N residue in soil (Fig. 2). An
average of 31.0% and 28.7% of plant N was derived from
fertilizer, with 69.0% and 71.3% of plant N derived from the
soil in YLY6 and LDQ7, respectively. This finding is consis-
tent with those of previous studies (Yan et al. 2009; Pan et al.
2012). The 15N residue in soil has always been reported to
increase with the rate of fertilizer application (Han et al. 2003;
Ju et al. 2009; Zhao et al. 2009; Zhang et al. 2010; Pan et al.
2012; Zhang et al. 2012; Yang et al. 2013; Kadiyala et al.
2014; Cao and Yin 2015). However, our present study ob-
served a residual plateau of fertilizer-derived N in soil at ap-
proximately 48 kg N ha−1 based on much narrower N rate
intervals of 40 kg ha−1 than previous studies (Han et al.
2003; Zhao et al. 2009; Tian et al. 2009; Zhang et al. 2010,
2012; Cao and Yin 2015), and comprehensive coverage of N
ranged from a low input of 90 kg ha−1 to an excessive input of
250 kg ha−1. The 15N not counted in plant and soil was

Fig. 2 The effects of N rate on the
plant N accumulation derived
from fertilizer (Ndff), the residual
fertilizer N in soil (N residue), and
the fertilizer N loss (N loss) at the
maturity stage: (a) Yangliangyou
6 in 2013, (b) Lvdaoq 7 in 2013,
(c) Yangliangyou 6 in 2014, and
(d) Lvdaoq 7 in 2014, as
determined from the 15N tracer
method. The solid circle
represents the Ndff, and the solid
triangle represents the integral
amount of the N residue and the N
loss. The hollow square and the
solid square represent the N
residue and the N loss,
respectively. The N residue and
the N loss were separately
determined in 2014 by taking the
root and soil samples

4908 Environ Sci Pollut Res (2019) 26:4901–4912



considered the fertilizer N loss. NH3 volatilization and deni-
trification were previously reported as the dominant pathways
of N loss from flooded rice which would exert adverse envi-
ronmental consequences such as air pollution, soil acidifica-
tion, and water eutrophication (Peng et al. 2002; Zhao et al.
2009; Chen et al. 2014). Zhao et al. (2009) reported that NH3

volatilization in the rice season increased proportionally more
than the fertilizer increases. Pan et al. (2012) also reported a
much greater increase of fertilizer N loss than fertilizer-
derived N in rice plants and in soil. The lower average rate
of 4.0 kg ha−1 fertilizer N residue in soil and the lower average
rate of 2.5 kg ha−1 fertilizer N loss in YLY6 cultivation could
be partly explained by the approximately 6.5 kg ha−1 higher
Ndff than LDQ7 (Fig. 2). Lin et al. (2004) demonstrated that
higher plant N accumulation would accelerate and promote
remobilization of recently fixed NH4+, which then diminished
the pool size of extractable NH4+ in soil. Zhu (1997) reported

that the dominant effect of plant growth is the reduction of N
loss, which means that the greater the amount of N uptake, the
smaller the fertilizer N loss will be.

In addition to the N rate, the timing of N fertilizer appli-
cation significantly affected the N fate. An increased
panicle-N ratio and a reduced tillering-N ratio at an N rate
of 130, 170, and 210 kg ha−1 increased the Ndff while de-
creasing the corresponding N residue plus N loss (Fig. 3)
because it promoted the synchrony between inorganic N
fertilization and crop N demand. Yan et al. (2009) reported
that the contribution of 15N-labeled fertilizer at basal, tiller-
ing, and panicle initiation stages accounted for 10.6%,
5.9%, and 12.4% of the total N accumulation at the maturity
stage, respectively, with the total fertilizer-derived N con-
tributing 28.9% in rice plants. Nitrogen top dressing at vig-
orous growth stages when plant N uptake is great (such as
panicle initiation or elongation) could consistently reduce

Fig. 3 The effects of N splitting patterns on the plant N accumulation
derived from fertilizer (Ndff), the integral amount of the residual fertilizer
N in soil, and the fertilizer N loss (N residue + loss) at the maturity stage:
(a) Yangliangyou 6 in 2013, (b) Lvdaoq 7 in 2013, (c) Yangliangyou 6 in
2014, and (d) Lvdaoq 7 in 2014, as determined from the 15N tracer
method. The solid symbols represent the Ndff, and the hollow symbols
represent the N residue + loss. From pattern 1 to pattern 2, and to pattern 3
under certain N rates represent decreasing N fertilizer ratios at the

midtillering stage and increasing N fertilizer ratios at the panicle
initiation stage, gradually. In detail, pattern 1 with circle symbols at
130 kg N ha−1, 170 kg N ha−1, and 210 kg N ha−1 represent 90–40–0,
90–80–0, and 90–80–40, respectively; pattern 2 with triangle symbols at
130 kgN ha−1, 170 kg N ha−1, and 210 kgN ha−1 represent 90–0–40, 90–
40–40, and 90–40–80, respectively; and pattern 3 with square symbols at
170 kg N ha−1 represents 90–0–80, respectively, corresponding to the N
application rate at basal-midtillering-panicle initiation stages
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uncounted N loss and NH3 volatilization (Zhu 1997; Han
et al. 2003; Cao and Yin 2015). In general, the fertilizer fate
observed by the 15N tracer method in the present study re-
vealed that 14–40%, 18–26%, and 41–67% of fertilizer was
absorbed by plant shoots, remained in the soil, and was lost
to the ecosystem, respectively, until the harvest stage across
all N supplements and varieties.

Comprehensive influences of Nmanagement on grain
yield, plant N accumulation, and fertilizer N loss

Taking a whole look at the influence of N fertilization on grain
yield, plant N accumulation, and fertilizer N loss (Fig. 4), the
sharp increase in N accumulation in YLY6 and the moderate
increase in LDQ7 coincided with previous findings that hy-
brids have a more extensive root system and a superior N
accumulation capacity that allow them to take up native soil
N and other soil nutrients more effectively than pure-line rice
cultivars, which are especially stimulated by low N rates
(Jenkinson et al. 1985; Norman et al. 2013). Moreover, the
incremental N application had a dominant influence on fertil-
izer N loss, a much smaller influence on plant N accumula-
tion, and no obvious influence on grain yield (Fig. 4). We
supposed this finding would be tenable and even more re-
markable in 2013 due to the sharper increases in the integral

amounts of fertilizer N residue and fertilizer N loss and the
smaller increases in plant N accumulation and grain yield with
incremental application of N fertilizer compared to that in
2014 (Tables 3 and 5, and Fig. 2). This finding also reveals
the severe loss and Bluxury absorption^ of N caused by N
fertilizer over application. In fact, any further increase of un-
counted fertilizer N loss caused by incremental N input would
have great environmental consequences to water and air. It is
worth applying a proper N rate with an optimized splitting
pattern that enhances ecological production of rice. As our
results show, an N rate between 130 and 170 kg ha−1 with
optimized N splitting ratios of reduced tillering-N fertilizer
and increased PI-N fertilizer could not only maintain high
grain yield but also control the fertilizer N loss to environment
substantially.

Conclusion

In the present study, there was no further significant increase
in grain yield when the N rate exceeded 130 or 170 kg ha−1.
The plant aboveground N accumulation at the lowest N rates
of 130 or 170 kg ha−1 was comparable to the highest N accu-
mulation rates. Although optimizing N splitting patterns at N
rates of 130, 170, and 210 kg ha−1 by reducing the N ratio at

Fig. 4 The effects of N rate on the
normalized values of grain yield,
plant N accumulation, and
fertilizer N loss at the maturity
stage: (a) Yangliangyou 6 in
2013, (b) Lvdaoq 7 in 2013, (c)
Yangliangyou 6 in 2014, and (d)
Lvdaoq 7 in 2014. The
normalization was carried out by
calculating the natural logarithm
(ln) of the ratio of values under
each N rate relative to that value
under 90 kg N ha−1
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the tillering stage and increasing the N ratio at the panicle
initiation stage did not exert clear effects on grain yield, it
apparently promoted greater N accumulation in the plant.
The 15N tracing showed the dominant effect of N application
as N loss rather than plant N accumulation and grain yield.
Additionally, despite the fact that plant N accumulation de-
rived from fertilizer increased gradually with the incremental
N rate increases, the uncounted fertilizer N loss increased
sharply when N input exceeded 170 kg ha−1 because the fer-
tilizer N residue in the soil peaked at this N input rate. The
threshold for soil accumulation of fertilizer N was approxi-
mately 48 kg ha−1 in both YLY6 and LDQ7 cultivation.
Increasing the N fertilizer ratio at the panicle initiation stage
promoted plant N accumulation derived from fertilizer, while
it decreased the integral amount of the fertilizer N retention in
soil and the uncounted fertilizer N loss to the ecosystem. In
conclusion, an N rate of 130 to 170 kg ha−1 with an optimum
splitting ratio is recommended to maintain the amount of fer-
tilizer N residue in soil and significantly reducing fertilizer N
loss from the paddy field while maintaining rice yield due to
optimal synchrony between peak fertilizer N availability and
peak crop N demand in similar conditions in the middle
reaches of the Yangtze River.
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