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A B S T R A C T   

The Nutrient Expert system (NE) has been proposed to improve yield and nitrogen (N) use efficiency (NUE) in the 
double rice cropping systems in China. However, the advantage of the NE system has yet to be quantified 
experimentally. A four-year field experiment was conducted in a double rice cropping system in China, to 
evaluate the ability of NE in improving yield and NUE. The experimental treatments consisted of NE based 
fertilization, current farmers’ practices (FP) and soil test based fertilizer recommendation (ST), and a series of 
nitrogen (N) rate treatments. The NUE decreased with increasing N application, while the yield did not increase 
significantly beyond N application rates of about 140 kg ha− 1 (corresponding to the amount proposed by NE) in 
both early and late rice. NE increased grain yield (by 10.3% and 6.3%) and N uptake (by 5.7% and 4.0%) 
compared with FP and ST, respectively. NE significantly increased NUE compared with FP, and decreased the N 
surplus in comparison to FP and ST. The N dilution curve was Nc = 34.50 W− 0.55 for early rice and Nc = 37.71 
W− 0.59 for late rice (where Nc is the N concentration in g kg− 1, and W is the dry matter accumulation in t ha− 1). 
The relationship between relative yield and the nitrogen nutrition index derived from the dilution curves 
confirmed that NE offered an optimum N application rate (approximately 140 kg ha− 1) for both early and late 
rice. Carbon (C) and N translocation from vegetative organs to grains was enhanced with increasing N rate, while 
NE significantly increased C and N translocation compared with FP. Overall, the NE system ensured a high rice 
yield, increased N uptake and NUE. Therefore, the NE, as a user-friendly tool, is a sustainable fertilizer 
recommendation approach suitable for double rice cropping system, especially when soil testing is not available 
or timely for smallholders.   

1. Introduction 

Nitrogen (N) is considered to play a crucial role in high-yielding 
production of rice (Oryza sativa L.) (Kiba and Krapp, 2016). In recent 
decades, the rice yield has increased significantly in China; this is pri-
marily attributed to the genetic gain and increase in input of inorganic 
fertilizers, especially N fertilizers (Ju et al., 2009; Miao et al., 2010; Li 
et al., 2019). However, applying N fertilizer should aim to obtain both 

higher yields and better N use efficiency (NUE) (Mueller et al., 2012). A 
smart N supply can provide a high NUE and considerable economic 
benefits (Pan et al., 2012). Farmers, however, apply N in hope for high 
productivities, and often tend to over-fertilize, leading to low NUE of 
rice production in China (Vitousek et al., 2009; Peng et al., 2010). 
Over-fertilization is detrimental to plant development, reproduction, 
and grain quality (Mikkelsen and Hartz, 2008). Moreover, 
over-fertilization causes a series of environmental issues, e.g., 
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greenhouse gas emissions (Kahrl et al., 2010; Liu et al., 2015), soil 
fertility degradation (Reidsma et al., 2012), and ground and surface 
water pollution (Letey and Vaughan, 2013). 

To increase grain yield without creating environmental problems, 
fertilizer recommendation based on soil testing (ST) has been imple-
mented in China since 2005, and promoting this activity at a large scale 
has yielded positive results (He et al., 2009; Yusuf et al., 2009). Although 
this activity has reduced the inappropriate use of fertilizers, the corre-
lations between soil testing values and crop yields are very low espe-
cially for rice (Dobermann et al., 1995). Moreover, soil testing entails a 
cumbersome process, takes a long time and is expensive, and is therefore 
not accessible to smallholder farmers (Tang et al., 2021). A site-specific 
nutrient management method based on yield response and agronomic 
efficiency was jointly developed by the Institute of Agricultural 
Resource and Regional Planning, Chinese Academy of Agricultural Sci-
ences, China (IARRP, CAAS) and the International Plant Nutrition 
Institute (IPNI) to surmount above limitations. These institutes devel-
oped the so-called Nutrient Expert (NE) system for rice (Xu et al., 2017). 

This NE system uses computer-based decision support technology 
and a questionnaire to provide a simple advice despite the complexity of 
the principles behind fertilization (He et al., 2022; Xu et al., 2017). The 
NE system aims to provide 4 R nutrient stewardship (using fertilizers 
with the Right source, at the Right rate and at the Right time, and in the 
Right place) based on a field management method for farmer fields. The 
NE system has been widely used in rice production, especially in terms of 
right fertilizer sources and fertilization places that are supported by the 
local agricultural extension system. Yet, the ability of the NE system in 
improving rice grain yield and NUE needs experimental confirmation. 
Moreover, there are still no reports on the physiological bases of 
increasing grain yield and NUE by NE. Here, we hypothesize that the NE 
system promotes the translocation of nutrients from source organs to 
sink organs during grain filling, thus increasing rice grain yield and 
NUE. 

It is well-known that the analysis of NUE of any fertilization strate-
gies such as NE or ST must refer to the crop N demand and then assess if 
crop N demand is fully satisfied by N supply. The more this N demand is 
satisfied, the less will be the response of the crop to N fertilization. There 
is a well-established method for estimating the extent of crop N demand 
satisfaction: the Nitrogen Nutrition Index, NNI (Lemaire et al., 2008; 
Lemaire and Ciampitti, 2020). The NNI values can be derived from the 
known fact that the N concentration (Nc) in a crop decreases with an 
increase in shoot biomass (Greenwood et al., 1990). This decrease in N 
concentration can be expressed as a power function called the “critical 
N-dilution curve” (Lemaire et al., 2008), i.e, the curve for the minimal 
concentration of total N in shoots that produced the maximum aerial dry 
matter. The N dilution curve helps dynamically diagnosing the N status 
in the crop’s vegetative stages, which is crucial to evaluate plant N de-
mand, predict crop yield and optimize N management. The NNI can be 
obtained by dividing the actual plant N concentration by the Nc value 
determined by the N dilution curve, and NNI can be used as a practical 
diagnostic tool for analyzing N status in plant (Lemaire and Meynard, 
1997; Ziadi et al., 2008). So far, there is a lack of data on the evaluation 
of NUE using the N dilution curve and the NNI to assist in evaluating the 
fertilizer management performance of the NE system. 

The objectives of this study are: (i) to demonstrate the ability of the 
NE system in improving rice grain yield and NUE, (ii) to use the “critical 
dilution curve-NNI” framework to confirm the validity of the NE system, 
and (iii) to analyze the crop physiological basis of the simultaneous 
improvement of yield and NUE. We do so by determining grain yield, N 
uptake dynamics, NUE and nutrient translocation of rice under various 
nutrient management scenarios and N application rates, based on a four- 
year experiment with early and late rice planting, thus encompassing 
eight growing seasons in China. 

2. Material and methods 

2.1. Experimental site 

A four-year field experiment was carried out in a double rice crop-
ping system, i.e. with early and late rice planting (in total eight growing 
seasons) on an experimental field at Jiangxi Institute of Red Soil (166.17 
N, 28.35 E) from 2017 to 2020 in Zhanggong town, Jinxian County, 
Jiangxi province, China. The experimental site is situated in the south 
bank of the middle and lower reaches of the Yangtze River. The climate 
is subtropical, humid, monsoonal, warm and rainy. The average annual 
sunshine hours, air temperature, surface evaporation, and precipitation 
are 1809.5 h, 17.7 ℃, 1318 mm and 1700 mm, respectively. More than 
50% of the precipitation is concentrated in the period from April to 
June. The daily precipitation and air temperature throughout the 
experimental period are shown in Fig. 1. The soil properties (0–20 cm) of 
the experimental field were determined from soil samples collected 
before the experiment. The soil is a red paddy soil with an organic 
matter content of 20.88 g kg− 1, total N of 1.32 g kg− 1, alkali-N of 160.58 
mg kg− 1, Olsen-P of 47.65 mg kg− 1, NH4OAc-K of 114.70 mg kg− 1, pH of 
5.34, and a soil bulk density of 1.21 g cm− 3. Irrigation was implemented 
whenever needed to avoid any drought. 

2.2. Experimental design 

The experimental treatments included: (1) current farm practices 
(FP, the farmers’ practices in the region but managed in experimental 
plots); (2) soil testing (ST, fertilizer recommendation based on soil 
testing given by local researcher or technician); (3) Nutrient Expert (NE, 
fertilizer recommendation based on Nutrient Expert decision support 
tool); (4) N omission plots (N0, no N applied), which was conducted to 
calculate recovery efficiency of N (REN) and agronomic efficiency of N 
(AEN), and series of N rates based on which included different per-
centages of plus N (+N) and minus N (-N) expressed as NE ± 15%N, NE 
± 30%N and NE ± 45%N to test the accuracy of N rate based on NE, and 
to assess the N transformation and translocation from source to sink 
organs. In 2020, the NE-based N rate was slightly adjusted using NE ±
25%N to replace NE ± 15%N and NE ± 30%N, and using NE ± 50%N to 
replace NE ± 45%N, respectively. A randomized complete block 
experiment with three replications was conducted on the plot size of 
30 m2 (5 m × 6 m). Fertilizer N-P2O5-K2O rate produced by NE was 
139–48–43 kg ha− 1 for early rice, and 140–53–53 kg ha− 1 in late rice. 
Comparatively, fertilizer N-P2O5-K2O rate applied by ST was 
135–78–120 for early rice, and 180–60–63 for late rice, while that 
applied by FP was 159–90–80 for early rice, and 205–101–101 for late 
rice, respectively. The N and K basal-topdressing ratios were 4:3:3 and 
5:0:5 for NE, 4:3:3 and 5:5:0 for ST, and 4:6:0 and 5:5:0 for FP, 
respectively. The above N and K fertilizers were applied in splits at basal, 
tillering and booting stage, and all P fertilizer was applied as basal 
application (at one day before transplanting). The N, P and K fertilizer 
sources applied were urea (46.4% N), calcium-magnesium phosphate 
(18% P2O5) and potassium chloride (60% K2O), respectively. 

The rice cultivars chosen were among the most cultivated in the 
experimental area, and detailed information about rice cultivars, sowing 
date, transplanting date and harvesting date of each rice planting season 
from 2017 to 2020 is listed in Table 1. Before transplanting, 20-cm high 
earth banks were built artificially on the paddy field to separate the 
experimental plots, and these banks were covered with plastic films to 
prevent runoff of water and fertilizer. Rice straw was buried in the soil 
by ploughing after the harvest of each growing season. No manure fer-
tilizer was applied. The planting density was 25 hills m− 2. Pesticide and 
herbicide were sprayed manually before rice transplanting and regre-
ening stage. There was no obvious weed, pest or disease stress during the 
entire experiment. But in 2020, there was an extreme rainstorm during 
the early summer, and a continuous low temperature in the autumn, 
which led to an early harvest of the early rice and a delayed harvest of 
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the late rice. 

2.3. Sampling and analyses 

In 2019 and 2020, flowering date was recorded when 50% of anthers 
protruded out of the glumes. Six hills were collected at tillering, stem- 
elongating, flowering, and grain-filling stages to determine above-
ground biomass and N concentration. At rice sampling, aboveground 
biomass was determined by collecting samples of 1 m2 area of rice crop 
near the center of each plot. Samples were dried in an oven set at 105 ℃ 
for 15 min to de-activate enzymes followed by further drying at 80 ℃ 
for 72 h until constant weight. Sub-samples from the biomass samples 
were divided into vegetative and grain parts, and were crushed and 
passed through a 0.42-mm sieve to determine N concentrations using an 
element analyzer (Elementar vario MACRO cube, Germany). At final 
harvest during each of the eight seasons, the rice grains of each plot were 
harvested manually, by collecting all plants in each plot, excluding the 
two most marginal lines and the sampling areas for intermediate har-
vests. The rice yields per hectare were standardized expressing them on 
the basis of a moisture content of 14%. 

Leaf area index (LAI) was assessed manually in 2019 and 2020 at 
stem-elongating, flowering, and grain-filling stages via collecting plants 
of three hills in the middle rows and measuring all leaf area. The leaf 
area was measured as the length of green leaf (from leaf base to leaf tip) 
multiplied by the maximum width of the blade and an empirical shape 
factor of 0.75 (Palaniswamy and Gomez, 1974). 

2.4. Calculations 

2.4.1. Harvest index 
Harvest index (HI) and N harvest index (NHI) are quantified as fol-

lows (Hay, 1995; Lu et al., 2015):  

HI = BG / BA                                                                                  (1)  

NHI = UG / UA                                                                               (2) 

where BG and BA are the rice grain biomass (t ha− 1) and the above-
ground biomass (t ha− 1) at the final harvest, respectively; UG and UA are 
the N present in the rice grain biomass (kg ha− 1) and in the aboveground 
biomass (kg ha− 1) at the final harvest, respectively. 

2.4.2. Nitrogen use efficiency 
Several parameters were regarded as important components of NUE 

(He et al., 2009; Yang et al., 2017). First, the recovery efficiency (REN) 
reflects how much applied fertilizer N in the current season was taken up 
by the crops, and accumulated recovery efficiency (RENac) describes the 
percentage of total applied fertilizer N that was taken up by crops in a 
continuous planting land.  

REN (%) = (U – U0) / Finp                                                                (3)  

RENac (%) = (Uac – U0ac) / Finpac                                                       (4) 

where U0 and U are the seasonal N uptake in the aboveground crop 
biomass in the N0 plots and N-treated plots (kg ha− 1); U0ac and Uac are 
the total accumulated N uptake of all rice growing seasons in the 
aboveground crop biomass in the N0 plots and N-treated plots (kg ha− 1); 
Finp and Finpac are the seasonal N fertilizer input (kg ha− 1) and total 
accumulated N fertilizer input of all rice growing seasons (kg ha− 1). 

Secondly, agronomic efficiency (AEN) and partial factor productivity 
(PFPN) represent the ability of applied fertilizer N to improve grain 
yield.  

AEN (kg kg− 1) = (Y – Y0) / Finp                                                         (5)  

PFPN (kg kg− 1) = Y / Finp                                                                (6) 

where Y0 and Y are the seasonal rice grain yield at harvest in the N0 plots 
and N-treated plots (kg ha− 1). 

Thirdly, partial nutrient balance (PNBN) and apparent balance (ABN) 
of the N applied indicate whether nutrient management treatments are 
depleting or enriching soil N.  

PNBN (kg kg− 1) = Nout / Ninp                                                            (7)  

ABN (kg ha− 1) = Ninp – Nout                                                             (8) 

Fig. 1. Daily air temperature and precipitation throughout the rice growing seasons. (a), (b), (c) and (d) indicate the rice growing seasons from March to October in 
2017, 2018, 2019, 2020, respectively, and share the same legends. 

Table 1 
Rice cultivars and dates of sowing, transplanting and harvesting during each 
growing season from 2017 to 2020.  

Growing season Rice cultivar Date (date/month/year) 

Sowing Transplanting Harvesting 

2017 Early 
rice 

Yihe9 29/03/ 
2017 

26/04/2017 26/07/ 
2017 

Late 
rice 

Zhengcheng456 05/07/ 
2017 

29/07/2017 27/10/ 
2017 

2018 Early 
rice 

Yihe9 26/03/ 
2018 

22/04/2018 25/07/ 
2018 

Late 
rice 

Zhengcheng456 05/07/ 
2018 

28/07/2018 30/10/ 
2018 

2019 Early 
rice 

Yihe9 31/04/ 
2019 

27/04/2019 21/07/ 
2019 

Late 
rice 

Zhengcheng456 03/07/ 
2019 

31/07/2019 25/10/ 
2019 

2020 Early 
rice 

Tanliangyou83 01/04/ 
2020 

29/04/2020 14/07/ 
2020 

Late 
rice 

Jiyou3 07/07/ 
2020 

30/07/2020 02/11/ 
2020  
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where Ninp is seasonal N input (kg ha− 1, including fertilizer N input and 
N content of rice straw in the previous season), and Nout is the seasonal N 
removal from rice harvest (kg ha− 1). Note that seasonal N removal only 
included the rice grain N content, but not straw N at harvest because, as 
stated earlier, straw was incorporated into the soil after grain harvest. 

2.4.3. Carbon and nitrogen translocation efficiency 
Carbon (C, expressed in dry matter, DM) formation of grain can be 

calculated as (He et al., 2004):  

Grain C mobilized from vegetative organs (t ha− 1) = DMvf – DMvm        (9)  

Grain C from postflowering photosynthesis (t ha− 1) = DMgm – (DMvf – DMvm) 
(10)  

C translocation efficiency (%) = (DMvf – DMvm) / DMvf × 100%          (11) 

where DMvf and DMvm are the dry matter of vegetative organs at flow-
ering stage and maturity (t ha− 1), DMgm is the dry matter of grain at 
maturity (t ha− 1). Likewise, equivalent values for N can be calculated as 
(He et al., 2004):  

Grain N mobilized from vegetative organs (kg ha− 1) = Nvf – Nvm         (12)  

Grain N from postflowering uptake (kg ha− 1) = Ngm – (Nvf – Nvm)        (13)  

N translocation efficiency (%) = (Nvf – Nvm) / Nvf × 100%                   (14) 

where Nvf and Nvm are the N content of vegetative organs at flowering 
stage and maturity (kg ha− 1), and Ngm is the N content of grain at 
maturity (kg ha− 1). 

2.4.4. Critical nitrogen dilution curve 
As stated earlier, for 2019 and 2020, we had plant materials sampled 

at various stages and we used these data to construct the critical N 
curves based on the method of Justes et al. (1994). The data points were 
first divided into two groups, namely (a) the N-limiting group, where 
increasing N supply significantly increased plant dry matter and N 
concentration, and (b) the non-N-limiting group, where further N added 
did not result in an increase in plant dry matter and N concentration. The 
N concentrations as the Y-axis were plotted against aboveground dry 
matter in the X-axis for both groups. For each sampling stage, the N 
concentrations of the N-limiting group were linearly regressed versus 
the aboveground dry matter, while the mean of all data points of the 
non-N-limiting group was taken to draw a line vertical to the X-axis. The 
intersection of the fitted regression line of the N-limiting group and the 
vertical line of the non-N-limiting group was considered as the theo-
retical critical N concentration at that sampling stage, and the inter-
section points of all sampling stages were then connected. This 
procedure allows to construct the critical N dilution curve covering a 
wide range of aboveground biomass values, which is commonly 
described by an allometric relationship as (Lemaire and Ciampitti, 
2020):  

Nc = aW− b                                                                                  (15) 

where Nc is the N concentration (g kg− 1), W is the dry matter accu-
mulation in the crop (t ha− 1). The coefficient a (g kg− 1) represents the 
value of Nc for W = 1 t ha− 1, and the coefficient b is dimensionless, 
together quantifying the relationship between the decrease in N con-
centration and the increase in aboveground dry matter. Strictly 
speaking, the above allometric relationship should be written as Nc = a 
(W/W0)− b in order to make the exponent b dimensionless (see Yin et al., 
2021), thereby the coefficient a referring to the value of Nc when W 
equals W0. Eq. (15) does not have the W0 term as W0 is implicitly set to 
be 1 t ha− 1. Note that the data points with shoot dry matter < 1 t ha− 1 

are usually not used in assessing the N dilution curve (Lemaire and 
Gastal, 1997; Herrmann and Taube, 2004), because with a shoot dry 
matter < 1 t ha− 1, the critical N concentration is constant. After 

generating the N dilution curves of early rice and late rice, we performed 
an F test to verify whether the two curves were significantly different. To 
this end, we estimated two sets of parameters using the SAS package: set 
1: assuming early and late rice had different parameter values; set 2: 
assuming they had common parameter values. Then the F test was 
constructed based on the degree of freedom and the sum of squares of 
the residual term of the two sets. 

2.4.5. Nitrogen nutrition index and relative yield 
The N nutrition index (NNI) has been used as a diagnostic tool for 

analyzing and explaining the variations in yield by differences in crop N 
status (Lemaire and Meynard, 1997):  

NNI = Na / Nc                                                                             (16) 

where Na is the actual crop N concentration, and Nc is the crop N 
concentration from the N dilution curve. If NNI = 1, N nutrition is 
considered optimum, while NNI > 1.0 means that N nutrition supply 
excesses the crop’s demand and NNI < 1 indicates N deficiency. 

In addition, to identify a threshold NNI value for high yield using 
data across treatments and seasons (see the Results), we expressed yield 
data in relative yield:  

Relative yield = grain yield / maximum grain yield                             (17) 

where maximum grain yield refers to the maximum yield value observed 
among all the treatments in a given season. 

2.5. Statistical analysis 

The significance of differences in rice yield, aboveground biomass, 
NUE, HI, C and N translocation and other parameters between NE, FP 
and ST treatments were performed by an analysis of variance (ANOVA) 
using SPSS Statistics 18.0 package. The treatment means were separated 
using the least significant difference (LSD) at P < 0.05. The regression 
analyses were performed using SPSS. Response models (quadratic or 
linear-plateau models) were generated using Excel (2016) and the NLIN 
procedure in SPSS, respectively. 

3. Results 

3.1. Grain yield, biomass and harvest index 

The rice grain yield and biomass were significantly affected by N 
application (Fig. 2, P < 0.05). The average yield and biomass of early 
rice ranged from 3.4 to 7.7 t ha− 1 and 6.5–12.8 t ha− 1, while those of 
late rice were 3.9–9.6 t ha− 1 and 7.0–16.2 t ha− 1. In most growing 
seasons, no significant yield and biomass increases were observed 
beyond an N application rate of early rice of 139, and of late rice of 
140 kg ha− 1. There was no significant difference in biomass among NE, 
FP and ST strategies. But NE significantly increased grain yield of early 
rice by 10% compared with FP, and increased grain yield of late rice by 
11% and 7% compared with FP and ST, respectively. The higher grain 
yield of NE was mainly attributed to a higher HI (Table 2, averages 0.48, 
0.47, and 0.47 for NE, FP, and ST, respectively, in early rice, and 0.50, 
0.47, and 0.50 in late rice, respectively). 

3.2. Nitrogen uptake and harvest index of nitrogen 

N uptake increased with an increase in N application rate (Fig. 2). 
The N uptake of early and late rice ranged from 54.9 to 113.8 kg ha− 1 

and from 51.3 to 140.8 kg ha− 1, respectively. In most growing seasons, 
N uptake did not further increase significantly when N application rate 
of early rice exceeded 139 kg ha− 1 and for late rice exceeded 
140 kg ha− 1. The difference in NHI among treatments was not signifi-
cant in 2017–2019 (Table 2), but in the 2020 late rice, NE increased NHI 
by 10% compared with FP, with an average of 0.66 vs. 0.60, which 
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means that a higher proportion of N was accumulated in grains in NE. 
Over the four years, NE significantly increased N uptake of late rice by 
6.8% and 5.8% compared with FP and ST, with averages of 112.9, 114.0, 
and 120.6 kg ha− 1, respectively, while the N uptake among the treat-
ments in early rice was similar. 

3.3. Nitrogen use efficiency 

The REN of early and late rice ranged from 18.7% to 37.5% and from 
17.6% to 49.5%, and decreased beyond a certain N application rate 
(Fig. 3). In most growing seasons, NE–15% (averaged 33.4% and 38.2% 
in early and late rice, respectively) and NE (averaged 31.1% and 37.4% 
in early and late rice, respectively) showed the highest REN. Over the 
four years, NE significantly increased REN (by 6.6% and 15.7% point of 
REN in early and late rice, respectively), compared with FP (averaged 
24.5% and 21.7% in early and late rice, respectively), and 12.1% point 
in late rice compared with ST treatment (25.3%). RENac significantly 
declined with an increase in N application rate, and overall, showed an 
upward trend from season to season (Fig. 4, P < 0.05). The RENac of NE 
was 10.3% and 4.6% point significantly higher than that of FP and ST, 
with an average of 32.5% vs. 22.2% vs. 27.9%. 

AEN, PFPN and PNBN were significantly impacted by N application 
rate; the regression analyses showed that AEN, PFPN and PNBN decreased 
with an increase in N application rate (Fig. 3, P < 0.05). Over the four 
years, AEN ranged from 8.3 to 24.2 and from 6.0 to 30.8 kg kg− 1; PFPN 
ranged from 27.1 to 93.6 and from 30.2 to 98.7 kg kg− 1; PNBN ranged 
from 0.19 to 0.62 and from 0.24 to 0.60 kg kg− 1, in early and late rice, 

respectively. NE significantly increased AEN by 50.0% and 100.0%, 
PFPN by 25.3% and 62.0% and PNBN by 24.1% and 51.9% in early and 
late rice compared with FP. NE also significantly increased AEN, PFPN 
and PNBN by 55.0%, 36.8%, and 32.2% in comparison to ST treatment in 
late rice. 

Seasonal ABN of early and late rice ranged from –30.4–219.0 kg ha− 1 

and from –14.5–187.2 kg ha− 1, respectively (Fig. 3). Except for N0 
treatment (averaged –8.9 and − 14.3 kg ha− 1 in early and late rice), 
other N application treatments showed positive N balance (i.e., N input 
> output). Over the four years, NE significantly decreased ABN in early 
rice compared with FP, with an average of 119.6 vs. 140.2 kg ha− 1, and 
in late rice in comparison to FP and ST, with an average of 108.9 vs. 
179.6 vs. 153.1 kg ha− 1. 

3.4. Critical nitrogen dilution curve and nitrogen nutrition index 

Aboveground biomass of early rice and late rice ranged from 0.65 to 
14.01 t ha− 1 and from 0.83 to 17.60 t ha− 1, respectively, from tillering 
stage to maturity, depending on N application rate, management, sam-
pling date and year. The aboveground biomass increased with increasing 
N application rates across all sampling dates during 2019 and 2020 
(Fig. A.1). N concentration always decreased with growth: N concen-
tration ranged from 7.56 to 36.31 g kg− 1 for early rice and from 7.25 to 
36.40 g kg− 1 for late rice (Fig. A.2). 

Across the years, eight points between 3.66 and 12.45 t ha− 1 in early 
rice and 10 points between 1.51 and 15.66 t ha− 1 in late rice of 
aboveground biomass were used to derive the theoretical critical N 

Fig. 2. The relationship between rice grain yield (a, b), aboveground biomass (d, e), N uptake (g, h) and N application rate for early rice (a, d, g) and late rice (b, e, h) 
from 2017 to 2020, with the four-year average rice grain yield (c), aboveground biomass (f), and N uptake (i) given in the right column for the three nutrient 
management methods (NE, ST and FP). Detailed seasonal parameters of the three nutrient management methods are given in the Appendix Table A.1 and A.2. 
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points (Fig. 5). The critical N dilution curves for early and late rice were 
estimated as:  

Nc = 34.50W− 0⋅55                                                                         (18)  

Nc = 37.71W− 0⋅59                                                                         (19) 

where Nc is N concentration (g kg− 1) in the shoot, and W is the 
aboveground biomass (t ha− 1). The model of Eqs. (18) and (19) 
accounted for 97% and 94% of the total variance in early rice and late 
rice, respectively (Fig. 5). 

The F-test suggested that the two curves obtained for early and late 
rice did not differ significantly (P > 0.05). Therefore, a generic N dilu-
tion curve was also generated using pooled data points (Fig. 5c):  

Nc = 36.94W− 0⋅58                                                                         (20) 

However, we continued to use season-specific equations for further 
analysis as they were more tailored to the growth pattern of early rice 
and late rice, which experienced different climatic and edaphic condi-
tions and had different biomass levels. 

Significant differences were observed for NNI across N application 
rates at different sampling dates. The NNI values ranged from 0.57 to 
1.17 and from 0.59 to 1.04 for early rice, and ranged from 0.54 to 1.19 
and from 0.57 to 1.14 for late rice, in 2019 and 2020, respectively. The 
NNI value decreased slightly from tillering to flowering, and then 
increased slightly towards maturity. The NNI increased with N 

application rate in the same growth stage, and generally decreased at 
flowering stage, but all data points of late rice in 2019 increased with the 
growth of rice (Fig. A.3). 

Across-stage average NNI showed an upward trend with an increase 
in N application rate, but reached a plateau (NNI = 1.0 in both early rice 
and late rice) when N application rate reached 150 and 146 kg ha− 1 in 
early rice and late rice, respectively (Fig. 6). NNI did not change 
significantly when N application rate exceeded 140 kg ha− 1 in both 
early rice and late rice. This indicated that the optimal N application rate 
of early rice and late rice should not be less than 140 kg ha− 1, and if the 
N application rate was less than 140 kg ha− 1 this would mean N defi-
ciency. But a continuous increase in the N application rate did not result 
in a significant luxurious N uptake. Except the NE+45% (+50%) treat-
ment, all values of NNI in 2020 were lower than 1, which might be 
caused by low N uptake or high nitrogen loss in cold and rainy climates. 

Based on the maximum yields, which were 8.5 t ha− 1 and 6.0 t ha− 1 

for early rice (NE+30% and NE+50% treatments) and 10.3 t ha− 1 and 
7.2 t ha− 1 for late rice (NE+15% and NE+25% treatments) in 2019 and 
2020, respectively, we derived relative yields (see Eq. 17). With an in-
crease in NNI, the relative yield increased first and then remained stable 
(Fig. 7). Relative yields of early rice and late rice were 0.87 and 0.90 
when the value of NNI reached 0.98 and 0.96, and relative yield did not 
increase significantly once NNI exceeded those values, indicating that 
the data points reached seasonal high yields (for significance analysis of 
the relationship between N application rate and relative yield, see 
Table A.5). In this study, the average relative yield of NE treatment 
(averaged 0.87 and 0.91 for early rice and late rice, respectively, see 
Table A.5) was closest to this data point. 

3.5. Carbon and N translocation 

The translocation of carbon (C) and N from vegetative organs to 
grains, the accumulated grain C through post-flowering photosynthesis, 
and grain N from post-flowering uptake could be described by quadratic 
relationships with increasing N application rates in most growing sea-
sons (Fig. 8). From 2019–2020, the C translocation ranged from 0.20 to 
1.99 t ha− 1; N translocation ranged from 15.3 to 42.4 kg ha− 1, grain C 
from post-flowering photosynthesis ranged from 2.5 to 7.2 t ha− 1, and 
grain N from post-flowering uptake ranged from 5.2 to 52.9 kg ha− 1, 
respectively. In most growing seasons, C and N translocation, grain C 
from post-flowering photosynthesis and N from post-flowering uptake 
no longer changed significantly beyond an N application rate in early 
and late rice of 139 and 140 kg ha− 1 (NE, averaged respectively 1.33 t 
ha− 1, 34.1 kg ha− 1, 4.96 t ha− 1 and 36.3 kg ha− 1). No significant dif-
ference of C and N translocation efficiency was observed among 
different N application treatments in 2019 (Table 3). In the early season 
of 2020, C and N translocation efficiencies of treatments with more N 
applied than in NE were significantly higher than those of treatments 
with less N applied than in NE, with an average of 12.8% vs. 10.8% and 
44.0% vs. 41.3%, while the late season of 2020 showed an opposite 
trend, with an average of 18.7% vs. 21.5% and 58.0% vs. 44.9%. The C 
translocation and the C from post-flowering photosynthesis were 
significantly higher in NE than in FP, with an average of 1.3 vs. 1.2 t 
ha− 1 and 5.0 vs. 4.6 t ha− 1, while there was no significant difference 
between NE and ST. A significant difference among NE, FP and ST in N 
translocation was observed, with an average of 32.0 vs. 26.5 vs. 
29.9 kg ha− 1, and NE significantly increased C and N translocation ef-
ficiencies by 1.8% and 4.3%, respectively, compared with FP, with an 
average of 18.3% vs. 16.5% and 44.3% vs. 40.0%. 

4. Discussion 

4.1. Fertilization, grain yield, N uptake and N use efficiency 

Grain yield can be significantly increased by applying N fertilizer 
(Min et al., 2012; Zhang et al., 2017; Zhang et al., 2021). In our four-year 

Table 2 
Harvest index (HI) and N harvest index (NHI) at maturity under different N 
treatments during each rice growing season from 2017 to 2020.  

Year Treatments Early rice  Late rice  

HI NHI HI NHI 

2017 N0 0.44 aa 0.51 a 0.45 ab 0.54 a 
NE–45% 0.46 a 0.55 a 0.48 a 0.57 a 
NE–30% 0.44 a 0.53 a 0.46 ab 0.55 a 
NE–15% 0.45 a 0.53 a 0.46 ab 0.56 a 
NE 0.45 a 0.55 a 0.46 ab 0.53 a 
NE+15% 0.44 a 0.54 a 0.45 b 0.53 a 
NE+30% 0.44 a 0.55 a 0.45 b 0.53 a 
NE+45% 0.44 a 0.55 a 0.44 bc 0.53 a 
ST 0.43 a 0.56 a 0.42 c 0.52 a 
FP 0.44 a 0.55 a 0.42 c 0.52 a 

2018 N0 0.43 a 0.50 a 0.50 a 0.61 a 
NE–45% 0.47 a 0.52 a 0.52 a 0.65 a 
NE–30% 0.45 a 0.54 a 0.50 a 0.63 a 
NE–15% 0.46 a 0.54 a 0.50 a 0.62 a 
NE 0.46 a 0.55 a 0.50 a 0.62 a 
NE+15% 0.45 a 0.53 a 0.50 a 0.63 a 
NE+30% 0.44 a 0.53 a 0.48 a 0.63 a 
NE+45% 0.45 a 0.52 a 0.48 a 0.62 a 
ST 0.43 a 0.51 a 0.51 a 0.62 a 
FP 0.43 a 0.51 a 0.48 a 0.63 a 

2019 N0 0.52 a 0.62 a 0.50 b 0.61 a 
NE–45% 0.54 a 0.66 a 0.53 ab 0.63 a 
NE–30% 0.53 a 0.65 a 0.53 ab 0.63 a 
NE–15% 0.52 a 0.64 a 0.52 ab 0.63 a 
NE 0.53 a 0.65 a 0.52 ab 0.62 a 
NE+15% 0.53 a 0.64 a 0.52 ab 0.64 a 
NE+30% 0.53 a 0.65 a 0.52 ab 0.64 a 
NE+45% 0.52 a 0.63 a 0.51 ab 0.62 a 
ST 0.52 a 0.62 a 0.54 a 0.65 a 
FP 0.51 a 0.63 a 0.50 ab 0.63 a 

2020 N0 0.46 b 0.59 b 0.49 a 0.63 bcd 
NE–50% 0.48 a 0.58 b 0.52 a 0.68 a 
NE–25% 0.49 a 0.65 a 0.52 a 0.66 ab 
NE 0.49 a 0.61 ab 0.52 a 0.65 abc 
NE+25% 0.48 a 0.60 ab 0.51 a 0.63 bcd 
NE+50% 0.47 a 0.63 ab 0.49 a 0.60 d 
ST 0.50 a 0.65 a 0.51 a 0.63 bcd 
FP 0.49 a 0.61 ab 0.49 a 0.60 cd  

a Average; values followed by different letters in the same column within a 
year are significantly different at P < 0.05. 
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field experiment, however, in most growing seasons, the grain yield did 
not increase beyond an N application rate of 139 or 140 kg ha− 1 (NE) in 
early and late rice, respectively. When the N input exceeds a certain 
threshold value, the crop yield generally does not increase significantly 
(Tilman et al., 2002; Yang et al., 2017). Excessive N input will not 
further improve crop yield, instead, it may reduce the quality of soil, air 
and water (Liu et al., 2016; Yan et al., 2010). As reported in most field 

researches, the relationship between N application rate and grain yield 
followed a quadratic regression or a linear-plateau model (Qiu et al., 
2015; Zhao et al., 2010). In this study, the N application rate of NE was 
between the linear-plateau model (122 and 120 kg ha− 1 in early and late 
rice, Fig. 9) and the recommended N application rate to produce the 
maximum grain yield described by the quadratic regression model (194 
and 163 kg ha− 1 in early and late rice, Fig. 9). Although there were 

Fig. 3. The relationship between recovery efficiency (REN, a, b), agronomic efficiency (AEN, d, e), partial factor productivity (PFPN, g, h), partial nutrient balance 
(PNBN, j, k), apparent balance (ABN, m, n) and N application rate for early rice (a, d, g, j, m) and late rice (b, e, h, k, n), and the average REN (c), AEN (f), PFPN (i), 
PNBN (l), ABN (o) of the three nutrient management methods (NE, ST and FP) from 2017 to 2020. Detailed seasonal parameters of the three nutrient management 
methods are given in the Appendix Table A.1 and A.2. 
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differences between the optimized N application rates identified by the 
two models and the NE application rate, no significant differences were 
observed between their yields and the yield of NE in most growing 
seasons. Moreover, the N application rate of NE was closer to the N 
application rate fitted by the linear-plateau model. The N application 
rate of ST (135 and 180 kg ha− 1 in early and late rice, respectively) was 

rational in early rice, close to that of NE, but in late rice it was much 
higher than that recommended by linear-plateau model. This may be 
because the soil testing recommends the fertilzier rate by most local 
technicians according to the level of soil mineral N, which varies greatly 
with soil water content, soil temperature and sampling time (Khan et al., 
2001). This leads to challenges for N recommendation and thus 

Fig. 4. The relationship between accumulated N recovery efficiency (RENac, a) and accumulated N application rate of rice growing seasons, and the average RENac (b) 
of the three nutrient management methods (NE, ST and FP) from 2017 to 2020. The eight seasons arose from the combination of four years (2017–2020) and two 
seasons (i.e. early rice and late rice) per year. Black, gray, orange, blue trend lines indicate 2017 (the 1st and 2nd seasons), 2018 (3rd and 4th seasons), 2019 (5th and 
6th seasons), and 2020 (7th and 8th seasons), respectively. Dotted line and solid line represent the odd seasons (early rice) and even seasons (late rice), respectively. 
Equations and regression analyses are given in the Appendix Table A.3. Detailed seasonal parameters of the three nutrient management methods are given in the 
Appendix Table A.4. 

Fig. 5. Data points used to determine the critical N dilution curves for early rice (a) and late rice (b) in 2019 and 2020, and (c) the generic N dilution curve generated 
in a wide range of conditions based on both early rice and late rice. 

Fig. 6. The relationships between application rate (kg ha− 1) and average N nutrition index (NNI) for early rice (a) and late rice (b), and the average NNI of three 
nutrient management methods (NE, ST and FP) (c) in 2019 and 2020. The red dotted line represents the value of NNI = 1. 
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sometimes N recommendation produced by local experts is based on 
past experiences or just follows farmers’ traditional habits. Therefore, 
soil testing often takes little account of the influence of the environ-
mental factors on the crop growth; as a result, the correlation between 
soil testing value and crop yields may be low. The N fertilizer rate of FP 
reached 159 and 205 kg ha− 1 in early and late rice, respectively, which 
was 14% and 46% higher than that of NE. However, there was no yield 
increase observed, and FP even caused some yield decline instead 
(Fig. 2). When the excessive N fertilizer was accumulated in the soil 
profile, part of it may enter into the environment through leaching, 
runoff, NH3 volatilization or nitrification and denitrification (Xu et al., 
2012; Cameron et al., 2013; Ding et al., 2020). In addition, many 
farmers, who often pursue for off-farm work to earn extra income, tend 
to apply all N fertilizer within two weeks after transplanting (Fan et al., 
2007). Such concentrated N fertilizer application is prone to loss (Fan 
et al., 2009). Therefore, numerous researchers suggested strategies to 
optimize N distribution to improve crop yield and NUE, such as split 
fertilization or fertilization time postponement (Cassman et al., 1998; 
Abbasi et al., 2013; Kelling et al., 2015). The FP in this study adopted the 
most commonly used N distribution rate by the local farmers, that is, 
40% of N fertilizer was applied one day before rice transplanting, and 
60% of that was applied at tillering. As a result of this irrational N dis-
tribution, the early N supply substantially exceeded the demand of 
crops, which led to low NUE (Bijay-Singh et al., 2012). In NE, N fertilizer 
was applied at transplanting, tillering, and booting stages, respectively, 
with a basal-topdressing ratio of 4:3:3. It optimized the N distribution 
and application time, reduced the N input at the initial stage, and 
satisfied the N demand for the growth from vegetative to reproductive 
periods. In addition, excessive N input may disorder the physiological 
metabolism of crops, and reduce the N remobilization and grain-filling 
rate, and eventually reduce yield (Fait et al., 2008; Kong et al., 2017). 
Therefore, NE effectively coordinated the N fertilizer application rate 
and time, the components of 4 R nutrient stewardship, to synchronize 
soil N supply and rice plant N demand and thus raised the yields of both 
early and late rice. 

Increasing NUE is conducive to reducing the negative influence of 
fertilization on environment (Abbasi et al., 2012). In general, NUE de-
creases with an increase in N application rate (Gu et al., 2017; Zhang 
et al., 2021). But in our study, the relationship between N application 
rate and REN or AEN changed, with a general trend of increasing initially 
and declining subsequently (Fig. 3). Luo et al. (2018) and Qiu et al. 
(2015) got similar results for cotton and maize, respectively. The REN 
and AEN were calculated from the difference between N application and 
omission treatments (see Eqs. (3) and (5)). If the grain yield and N up-
take of N omission treatment were high, the REN and AEN of N appli-
cation treatments inevitably decreased. In this study, the grain yield and 

N uptake of N0 were high, which might be attributed to an enormous 
amount of residual N in the cropland soils (Yan et al., 2014). This N may 
be released in the form of mineralized organic N, and absorbed by crops 
(López-Bellido et al., 2014). The N deposition in the Jiangxi province 
was considerable, which has been estimated to contribute to the yield 
increase of 12.5 – 240.0 kg ha− 1 in early rice, and of 232.5 – 
315.0 kg ha− 1 in late rice (Wang et al., 2019a, 2019b). Under the N 
limited condition, the N deposition in the atmosphere can enhance crop 
yields. Furthermore, in our field experiment, the rice straw was returned 
to the field. Because of the hot and humid climate conditions, the rice 
straw in the paddy field decayed fast, which was conducive to the uptake 
of released nutrients by the next season crop (Nakajima et al., 2016; Yan 
et al., 2019). Thus, the NUE of FP in the early and late rice planting 
systems was extremely low, especially in late rice, which was often 
supplied with excessive N fertilizer. In comparison, with a lower N input, 
NE obtained ideal yield, N uptake, and HI, and improved agronomic and 
environmental benefits, namely, the yield and NUE were simultaneously 
increased. 

4.2. The support of the NE system by the “N nutrition index” framework 

Our data of 2019 and 2020 seasons allowed to construct the N critical 
dilution curves (Fig. 5). The coefficient a values of the dilution curves of 
Indica and Japonica rice were reported to be 52.0 (Sheehy et al., 1998) 
and 35.0 (Ata-Ul-Karim et al., 2013), respectively (here, the values in 
the references were converted to the same units as in our study). In this 
study, early rice and late rice were both Indica hybrid type, and the a 
values were 34.5 and 37.7, respectively. The differences from the liter-
ature values may have been caused by various different factors, 
including field management, crop genotypes (Gastal et al., 2014), crop 
growth stages (Ata-Ul-Karim et al., 2013), and environment conditions 
(Lemaire and Ciampitti, 2020). However, the F-test showed no signifi-
cant difference between our two curves of early and late rice, in line with 
the results of Makowski et al. (2020) and Ciampitti et al. (2021) for 
maize genotypes grown under different environment and management 
conditions. 

The average NNI value derived from the dilution curve for NE and 
NE+15% treatments were closest to 1, and there was no significant 
difference in N uptake between NE and NE+ 15% treatments in most 
rice planting seasons, showing that the N application rate of NE was 
more appropriate. In most rice growing seasons of this study, the NNI 
value decreased to a certain extent from tillering to flowering; after that, 
it increased from flowering to maturity (Fig. A.3). This was due to the 
long interval between two topdressings at tillering and booting stages. 
Before the booting period, some treatments were in N deficit, and after 
topdressing, nitrogen was supplemented. Thus, it can be seen that NNI at 

Fig. 7. The relationships between Relative yield and N Nutrition Index (NNI) for early rice (a) and late rice (b) in 2019 and 2020.  
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given intervals during crop vegetative growth period could help opti-
mize the nitrogen application time and rate (Lemaire et al., 2008). Zhao 
et al. (2020) also used the NNI value at flowering to explain the grain 
number, and interpret the grain yield via the NNI value of panicle at 
harvest. Ata-Ul-Karim et al. (2016) estimated the relationship between 
relative yield of rice and NNI under N-limiting and non-N-limiting 
conditions, and they found that NNI accurately explained the varia-
tion in relative yield. In our study, when the average NNI values of early 
rice and late rice reached 0.98 and 0.96 respectively, the relative yield 
reached a plateau (Fig. 7), indicating that the NNI values could 

effectively explain the seasonal rice yield. The average NNI values of the 
NE treatment were 0.97 and 0.98 in early rice and late rice, and the 
corresponding relative yields were 0.87 and 0.91, respectively, which 
were close to the optimal NNI threshold. Thus, it was proven that NE 
optimized N uptake in the early and late rice systems, and obtained 
reasonable yields. 

4.3. Relationship between C/N translocation and N application rate 

Source and sink coordinate to co-determine crop yield (Li et al., 

Fig. 8. Contribution of different C (a, b, d, e) and N (g, h, j, k) sources to grain sink during grain filling under different N application rates for early rice (a, d, g, j) and 
late rice (b, e, h, k), and the comparison between the three nutrient management methods (NE, ST and FP) (c, f, i, j) from 2019 to 2020. Equations and regression 
analyses in the scatter charts are given in the Appendix Table A.6. 
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1998; Shao et al., 2020). The assimilates of grains principally come from 
post-flowering photosynthesis of canopy and the translocation of 
non-structural carbohydrates reserved primarily during the pre-anthesis 
period (Yang and Zhang, 2006; Ehdaie et al., 2008). Likewise, the grain 
N come from post-flowering N uptake from the soil and translocation of 
pre-anthesis N assimilates from vegetative organs to the sink organ 
(Mueller and Vyn, 2016). During the vegetative stage, a good source 

capacity means that rice can accumulate sufficient nutrients in the stems 
and leaves, but the grain-filling period is a decisive phase for rice grain 
yield (Yang et al., 2008). Generally, to obtain a higher grain yield, more 
nutrients need to be transferred from the stems and leaves to the grains 
during the grain-filling period (Buerkert and Hiernaux, 1998). While 
leaf area index (LAI) can frequently be used to assess the source capacity 
of crop, it also reflects the accumulation of C and N in vegetative organs 
(Plénet and Lemaire, 1999; Li et al., 2009). In this study, we also 
measured the LAI at elongating, flowering and grain-filling stages of 
each rice growing season from 2019 to 2020. FP always had the highest 
LAI with an average of 6.1, 6.5 and 5.1 at stem-elongating, flowering 
and grain-filling stages (Table 4). Higher LAI represents more nutrients 
stored in the source organs, as LAI is highly dependent on canopy leaf N 
(Yin et al., 2003). The average LAI of NE treatment was 5.5, 5.2 and 3.8 
at stem-elongating, flowering and grain-filling stages, but the grain yield 
of NE was significantly higher than that of FP with an average of 6.1 vs. 
5.5 t ha− 1 and 7.8 vs. 7.0 t ha− 1 in early and late rice, respectively, and 
there was no significant difference between NE and NE+ treatments. 
This is because increasing the N application rate can obviously promote 
the source capacity of rice, but the grain yield of rice and other cereals is 
usually limited by sink capacity (Reynolds et al., 2005; Fischer, 2007; Li 
et al., 2016). If the crop grows with a limited sink capacity, the grain 
yield would be critically restricted (Venkateswarlu and Visperas, 1987). 
In this regard, NE could definitely optimize the relationship between 
source and sink of early and late rice planting system. 

Ample N supply enhanced the photosynthetic capacity and N uptake 
from soil, and stored more nutrients in vegetative organs, thereby 
reducing the translocation efficiency of C and N (He et al., 2004). 
Effectively optimizing the non-structural reserves and N assimilates 
stored in stems and leaves can be achieved by a smart N supply, and the 
photosynthetic competence will also be improved, while excessive N 

Table 3 
Translocation efficiency of C and N under different treatments in 2019 and 2020.  

Year Treatment Mobilized C (%) Mobilized N (%) 

Early rice Late rice Early rice Late rice 

2019 N0 23.7 aa 21.4 a 44.9 ab 44.0 ab 
NE–45% 22.5 ab 18.2 ab 42.6 bc 38.0 c 
NE–30% 21.8 ab 18.3 ab 43.3 ab 42.6 ab 
NE–15% 21.5 ab 18.3 ab 44.9 ab 44.4 a 
NE 21.4 ab 18.4 ab 44.1 abc 42.0 ab 
NE+ 15% 21.7 ab 18.4 ab 42.4 bc 43.7 ab 
NE+ 30% 21.1 b 17.8 b 45.9 a 43.9 ab 
NE+ 45% 20.6 b 17.3 b 43.9 abc 42.8 ab 
ST 21.7 ab 19.5 ab 42.3 c 42.9 ab 
FP 21.8 ab 16.4 b 43.1 bc 38.9 c 

2020 N0 7.0 e 16.7 cd 40.5 b 56.4 b 
NE–50% 10.5 d 23.1 a 37.0 c 60.2 a 
NE–25% 11.0 cd 19.9 b 45.6 a 55.7 b 
NE 13.9 abc 19.4 bc 41.5 b 49.4 c 
NE+ 25% 14.0 ab 19.0 bcd 42.9 ab 47.1 cd 
NE+ 50% 11.6 bcd 18.3 bcd 45.0 a 42.6 e 
ST 14.8 a 18.1 bcd 44.9 a 46.0 d 
FP 11.6 bcd 16.2 d 35.2 c 42.1 e  

a Average; values followed by different letters in the same column within a 
year are significantly different at P < 0.05. 

Fig. 9. Grain yield of early rice (a) and late rice (b) as functions of N application rate. The numbers between brackets under the linear equation represent the 
minimum N rate required to produce the maximum grain yield and corresponding grain yield; those under the quadratic equation represent the N rate required to 
produce the maximum grain yield and corresponding grain yield. 

Table 4 
Leaf area index (LAI) dynamics at rice stem-elongating, flowering and grain-filling stages under different N management methods (NE, ST and FP) for early and late rice 
from 2019 and 2020.  

Year Treatment Early rice   Late rice     

Elongating Flowering Grain-filling Elongating Flowering Grain-filling 

2019 NE 5.3 ± 0.3ba 5.8 ± 0.5b 4.4 ± 0.2b 5.4 ± 0.1b 3.9 ± 0.4b 3.0 ± 0.1c  
ST 6.1 ± 0.4a 6.5 ± 0.3ab 4.5 ± 0.3b 6.0 ± 0.5ab 4.1 ± 0.3b 3.9 ± 0.2b  
FP 6.2 ± 0.2a 7.5 ± 0.6a 6.0 ± 0.3a 6.5 ± 0.2a 5.1 ± 0.3a 4.5 ± 0.2a 

2020 NE 4.6 ± 0.2ab 4.5 ± 0.4ab 2.7 ± 0.2b 6.5 ± 0.2a 6.6 ± 0.3a 4.9 ± 0.2b  
ST 4.4 ± 0.2b 4.3 ± 0.2b 2.7 ± 0.2b 6.3 ± 0.2a 6.7 ± 0.1a 5.6 ± 0.3b  
FP 5.0 ± 0.1a 4.9 ± 0.2a 3.4 ± 0.2a 6.6 ± 0.2a 7.5 ± 0.3b 6.4 ± 0.4a  

a Average ± SE; values followed by different letters in the same column within a year are significantly different at P < 0.05. 
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supply will only increase the nutrient reserve in vegetative organs (Li 
et al., 2016). This is similar to the results in our study. The average 
translocation of C and N of NE was 1.33 t biomass ha− 1 and 32.0 kg N 
ha− 1, and the translocation efficiency of those of NE were 18.3% and 
44.3%, respectively, which had no significant difference compared with 
the NE+ and NE– treatments. Similarly, although the N application rate 
of FP was higher than that of NE, C and N translocation of FP were 
remarkably lower than those of NE. This may be due to the 4 R nutrient 
stewardship that was employed in NE, which optimized the nutrient 
application rate and time, improved the synergistic effect between nu-
trients, and synchronized the nutrient supply and crop demand 
(Dobermann et al., 2002; Pasuquin et al., 2014; Wang et al., 2007). 
Previous studies have also shown that a rational nutrient management, 
such as Site-specific Nitrogen Management, can fruitfully improve grain 
yield and nitrogen accumulation of rice at maturity (Pampolino et al., 
2007; Sun et al., 2012). 

5. Conclusion 

In this study, NE increased both grain yield and NUE by improving C 
and N translocation from source organ to sink organ in the early and late 
rice cropping systems under the reduced N application rate, as compared 
with FP. The N dilution curves of early and late rice were derived, which 
can be used to serve as an N diagnosis and management tool. Through 
the analysis of the relationship between NNI and relative yield, the 
optimum N application rate of both early and late rice was about 
140 kg ha− 1, similar to the amount as in NE. Excessive N application 
with FP may obtain higher dry matter accumulation, but it cannot 
effectively increase HI and NHI at rice maturity. On the contrary, it will 
reduce NUE, increase N surplus, result in luxurious vegetative growth, 
reduce the nutrient translocation efficiency, and result in a low NNI 
value. Both NE and ST realized an improvement of agronomic and 
environmental benefits. However, compared with ST, NE has the 
advantage of convenience, quickness and low costs to customize a 
rational nutrient management strategy for the smallholders, without 
consuming much human and material resources, and supposed to be a 
promising fertilizer recommendation approach for the regions with 
smallholder farmers. 
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