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Abstract Fertilizing based on soil test and crop nitrogen (N) demand is the key to

optimize yields and minimize fertilizer cost. In 2008, a field experiment with different N

rates was conducted with early rice near Yingtan City, Jiangxi Province, in southern China.

Canopy normalized difference vegetation index (NDVI) with an active sensor and plant N

uptake (PNU) were collected at key fertilization stages; and the sufficiency index (SI) was

calculated as the ratio of under-fertilized and well-fertilized NDVI. Rice PNU and yield

were positively correlated with NDVI and SI at the tillering and panicle initiation stages.

Canopy SI improved the PNU and yield estimations when the relationship was validated

with a different dataset. A spectrally-determined N topdressing model (SDNT) was

established and used in combination with a target yield strategy and split-fertilization

scheme. An allocation coefficient for plant N requirement to accommodate the potential for

high yield and soil N supply was introduced. Optimum nitrogen use efficiency (NUE) at

different growth stages was incorporated into the model. The model was validated with

data from a 2009 plot experiment and three production fields in 2010. The difference of

recommended N rate and yield between SDNT and the current yield curve recommen-

dation method was 2.1 and -0.7 % at high planting density and -2.4 and -4.8 % at low

planting density, respectively. Compared with farmers’ N management, the SDNT strategy

resulted in similar or higher yield with reduced N rates, higher NUE and higher net profit in

both 2009 and 2010. Because canopy NDVI can be obtained while sidedressing N fertilizer
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in a single field pass, the potential of SDNT to accommodate within-field spatial and

temporal variability in N availability should improve N management in rice.

Keywords NDVI � Plant nitrogen uptake (PNU) � Grain yield � Remote

sensing

Abbreviations
AEN Agronomic efficiency of applied nitrogen

EONR Economic optimum N rate

FN Farmer’s N management

HD High density

LD Low density

MRE Mean relative error

NDVI Normalized difference vegetation index

NFOA Nitrogen fertilizer optimization algorithm

NUE Nitrogen use efficiency

PI Panicle initiation

PNU Plant nitrogen uptake

REN Recovery efficiency of applied N

RMSE Root mean squared error

SDNT Sensor-determined N topdressing model

SI Sufficiency index

Introduction

Rice is the second most widely cultivated cereal in the world and is a staple food of over

half of the world’s population. China is by far the world’s largest producer of rice and

accounts for 26 % of rice production in the world. About 34 % of the total rice output in

China is from the early rice crop, which grows primarily in provinces along the Yangtze

River and in the south. Early rice is typically planted from February to April and harvested

in June or July. To achieve high yield, more fertilizer N than needed is commonly applied

for rice production in China, resulting in low N use efficiency (NUE) of 30–35 % (Li et al.

1997; Peng et al. 2006). Excessive N in soil–plant systems has contributed to soil acidi-

fication due to acidity generated during nitrification (Guo et al. 2010). Excess N is also the

main contributor to eutrophication of surface waters, nitrate contamination of groundwater

and greenhouse gas emissions. Thus, fertilizing crops based on N requirements to enhance

yields and at the meantime reduce environmental pollution has become a major challenge

for scientists, environmental groups and agricultural policymakers worldwide.

Recently, the Chinese government launched a soil test campaign and is actively pro-

moting ‘‘prescription fertilization’’ based on soil testing and yield potential. The fertilizer

N required for rice in a typical season is estimated as the difference between total N needed

by the crop and soil available N supply divided by an estimated NUE. The recommended N

is then split into several applications during the growing season to ensure that N supply

matches the crop need at critical growth stages. Experience shows that grain yields and

farm income have both been increased by adopting the ‘‘prescription fertilization’’ strategy.

However, the optimum allocations of fertilizer N for basal, tillering and panicle initiation

(PI) recommended to farmers for high yielding early rice are inconsistent (Zhou 2007;
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Wu et al. 2007; Shi 1998; Xue et al. 2010a). For example, the following proportions have

been suggested: 60–20–20 % (Zhou 2007), 50–25–25 % (Wu et al. 2007), 40–40–20 %

(Shi 1998) and 35–40–25 % (Xue et al. 2010b) for basal, tillering and panicle initiation,

respectively. The differences were mainly attributed to the variation in crop N demand and

soil N supply due to complex environmental factors. It is evident that the amount of N

needed at each stage, especially for the tillering and PI fertilization, varies with the crop

growth status. Therefore, crop growth status assessment is the key to accurately determine

N topdressing rate at different stages.

Traditionally, rice N requirements have been determined by tissue N concentration,

chlorophyll content with a SPAD meter or a leaf-greenness color chart. These methods

have been reported to be expensive and time consuming, and they also require multiple

sampling and sometimes produce inaccurate crop N requirements (Blackmer and Schepers

1996). Remotely sensed crop spectral properties have been employed successfully to assess

crop N status in terms of plant/leaf N concentration, estimating plant N uptake (Hansen and

Schjoerring 2003; Xue et al. 2004; Nguyen and Lee 2006) and guiding N fertilization

(Raun et al. 2002; Wood et al. 2003; Welsh et al. 2003; Raun et al. 2005). Raun et al.

(2002) developed a functional algorithm (nitrogen fertilizer optimization algorithm,

NFOA) that estimates midseason N requirements of winter wheat based on normalized

difference vegetation index (NDVI) measurements. Their projected midseason N

requirement was based on N demand for the predicted yield while taking into account

seasonally dependent crop responsiveness to applied N. The evaluation of NFOA in winter

wheat, corn and other crops showed an improved NUE or grain yield or profit when

compared with the conventional N rate recommendation (Raun et al. 2002; Raun et al.

2005; Ortiz-Monasterio and Raun 2007; Tubana et al. 2008). Active sensors such as

GreenSeekerTM and Crop Circle have been widely used to improve N management.

Tubana et al. (2008) showed that a sensor-based optimization algorithm adjusted mid-

season N rate for corn and increased NUE. Typically, only one topdress fertilization is

generally recommended in these spectrally-directed N fertilization approaches including

NFOA because they were developed mainly for dryland corn and wheat crops. However, N

loss is often greater through processes including ammonia volatilization, runoff and

leaching for rice due to prolonged flooding (Xue et al. 2010b). To increase NUE and ensure

an optimum yield for rice, N fertilizer is often topdressed two to three times at mid- and

late-growth stages. Research by Xue and Yang (2008) introduced three site-specific

approaches: NFOA, canopy density (leaf area index, LAI) and a nitrogen nutrition index

(NNI) for making rice N topdressing recommendations based on canopy reflectance spectra

in the Tai-lake region, China. They showed that these N recommendation approaches could

be used in typical small rice fields after simple modification and calibration. These

approaches reduced N rates without any yield losses thus increased NUE (Xue and Yang

2008). However, only fertilization at PI was recommended based on crop growth with the

canopy reflectance approach in this study, fertilization at tillering was not considered

because of the variation of crop growth caused by weather and field management practices

(Xue and Yang 2008). Therefore, further study on how to improve the fertilizer pre-

scription and adjust N topdressing according to the real-time crop growth status and soil N

supply in rice is warranted. The objectives of this study were to: (1) develop a sensor-

determined topdressing N model for rice based on the target yield approach and the split

fertilization approach, and (2) to evaluate the model’s potential for application to early rice

production in China.
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Materials and methods

Experiment design

Four experiments were carried out in Yujiang County, Yingtan City, Jiangxi Province,

China (28�1503000N, 116�5503000E) with early rice on a paddy soil derived from quaternary

red clay. The soil had 31.5 g kg-1 organic matter, 1.66 g kg-1 total N, 0.35 g kg-1 total

phosphorus, 30.3 g kg-1 total potassium, 145 mg kg-1 available N, 9.77 mg kg-1 avail-

able P and 108 mg kg-1 available K. The first 2 field experiments were carried out in 2008.

Experiment 1 with different N rate treatments was conducted to explore the relationship

between NDVI and rice PNU and establish the sensor-determined N topdressing model

(SDNT). Experiment 2 was used to test the reliability and robustness of the PNU–NDVI

and NDVI–yield model. To validate the SDNT model, the third field plot experiment (Exp.

3) and a field comparison experiment (Exp. 4) were conducted in 2009 and 2010,

respectively.

Experiment 1

A split-plot arrangement of treatments with three complete replicate blocks was conducted

in 2008 for early rice. The main plots were basal N rate treatments (30, 60 and 90 kg ha-1)

and the split-plot included topdress N rates (0, 15, 45, 75 and 105 kg ha-1) at the tillering

stage. The N rate at the PI stage was the same for all treatments (45 kg ha-1). A plot with

no N applied was also included to calculate NUE. Therefore, there were 16 treatments and

48 plots in this experiment. The plot area was 21 m2. Phosphorus was applied before

planting at 75 kg ha-1 and potassium at 150 kg ha-1 was split into two equal applications,

half as basal before planting and half at PI. Japonica rice variety, Zhongxuan 181, was

directly sowed on 27 April, 2008.

Experiment 2

Seven different controlled release fertilizer (CRF) treatments were arranged in a com-

pletely randomized design with three replicates. The fertilizer treatments were: CRF1

(N19–P11–K18), CRF2 (N26–P11–K11), CRF3 (N18–P12–K16), CRF4 (N23–P7–K20), CRF5

(N46–P0–K0), CRF6 (N15–P7–K13) and CRF7 (N20–P6–K10–Mg5). All these fertilizers

were applied preplant at a rate of 150 kg N ha-1. Also, a conventional chemical fertilizer

treatment with N fertilizer split into three times (applied at basal, tillering and PI stages)

and a no-N treatment was included. Phosphorus and potassium rates were balanced among

all treatments and brought to 110 kg ha-1 P2O5 and 142 kg ha-1 K2O by using super-

phosphate and potassium chloride, respectively. The preplant fertilizers were broadcast in

the respective plots and incorporated by soil tillage. Urea applied as topdressing was

distributed only for the conventional chemical fertilizer treatment at tillering and PI. The

rice variety, sowing pattern and planting time were the same as for Exp. 1.

Experiment 3

A split-plot arrangement of treatments was designed with three replications with the main

plot being rice transplanting density: low density (LD) with 18 000 plants ha-1 and high

density (HD) with 25 000 plants ha-1 and the subplots for N rates (N0: 0, N1: 105, N2:
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150, N3: 195, N4: farmer’s N management rate of 240 kg ha-1 and N5: topdress N rate

determined from the rice canopy NDVI with SDNT). The subplot area was 24 m2. Forty-

five kg N ha-1 was incorporated into all N-rate plots before transplanting. Zhongzao 33, an

indica variety, was transplanted on 23 April, 2009.

Experiment 4

Three fields (0.29, 0.17 and 0.11 ha) were chosen to apply the SDNT treatment on early

rice in 2010. In order to compare it with farmer’s N management (FN), each field was split

into two halves to accommodate the farmer’s and SDNT rate. To calculate NUE, a no-N

plot of 2 m2 was established separately in each field. Other practices such as irrigation and

pesticide management were identical for the two N management methods. The same

variety as in Exp. 3, Zhongzao 33, was transplanted on 25 April, 2010.

Measurements and data collection

Canopy spectral reflectance

A GreenSeekerTM handheld optical sensor (NTech Industries, Inc., Ukiah, CA) was used to

measure NDVI at a distance of 0.5 m above the rice canopy. The GreenSeekerTM sensor

senses a 0.6 9 0.01 m area illuminated by the instrument. This measured area remains

approximately constant over the range of 0.5–1.0 m above the canopy. The sensor unit has

a self-contained illumination source in red (660 ± 10 nm) and near infrared (NIR)

(767 ± 15 nm) bands. The device measures the fraction of emitted light that is returned to

the sensor (reflectance) in each waveband. Five locations were measured in each plot and

three replicate readings were taken at each location. These sensor readings were then

averaged to represent the entire plot. For Exp. 1 and 2, reflectance data were collected on

15 May (tillering), 30 May (PI), 24 June (heading) and 5 July (grain filling); for Exp. 3,

reflectance data were collected on 4 May (tillering), 13 May (PI) and 12 June (heading) and

for Exp. 4, reflectance data were collected on 7 May (tillering) and 18 May (PI).

Based on reflectance measurements, NDVI and sufficiency index (SI) were calculated

using the following equations:

NDVI ¼ qNIR� qRed

qNIRþ qRed

SI ¼ NDVI=NDVIWN

where qNIR is the fraction of emitted near-infrared (NIR) radiation from the sensed area;

qRed is the fraction of emitted red radiation from the sensed area; NDVI is the index value

from each plot; NDVIWN is the reference NDVI value from plot with the highest N rate.

Plant growth, nitrogen uptake and yield

At the time of spectral measurement, five entire rice plants were destructively sampled.

Plant samples were dried to a constant weight at 80 �C. Total N content was determined

with the micro-Kjeldahl method (Allen 1931). The PNU was determined by multiplying

the dry matter of each whole plant by the total N concentration. At maturity, all plants in

the plots were harvested and threshed with a small grain thresher for Exp. 1, 2 and 3, while
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the whole field was harvested with a mechanical harvester for Exp. 4. Grain yield was

determined and adjusted to a moisture content of 13.5 %.

Data analysis

Data from Exp. 1 were used to establish the relationship between NDVI and SI, and PNU and

yield. Whenever a significant correlation (P \ 0.01) was obtained, linear, exponential, power

and logarithmic models were tested using regression analyses. Coefficient of determination

(R2) values and corresponding root mean squared error (RMSE) values of the best fit model

are reported in Table 1. Finally, the best fit models were validated using independent data

from Exp. 2. The RMSE and mean relative error (MRE) values associated with R2 were used

to assess the model performance. The RMSE values were calculated from predicted and

actual values of the samples. Precision and accuracy recommended by Massart et al. (1988)

were also calculated to assess the predictability of the regression models.

The sensor-determined N topdress model was then established based on the target yield

approach and split fertilization strategy. The target yield was provided by the producers

and it was often taken as the local highest yield achieved for the specific rice variety (Ling

2007). The performance of SDNT treatment was validated with Exp. 3 data and compared

with the farmer’s N practice and traditional optimized N management based on the

N–yield response function. The potential yield estimated with SI at tillering, PI and

heading stages between FN and SDNT treatments were compared to evaluate the appro-

priateness of the fertilizer splits made using the SDNT approach. The SDNT approach was

further validated with data obtained from Exp. 4. The relationship between N rate and

yield under different planting density treatment was fitted with a quadratic function

(Yield = a 9 N2 ? b 9 N ? c). Then the maximum yield (Ymax, Ymax = c - b2/4a) and

corresponding optimum N rate (Nopt, Nopt = -b/2a) were calculated.

The NUE was calculated using the differences between N-fertilized treatments and no-

N plots, as described by Cassman et al. (1998). Terms used were AEN (agronomic effi-

ciency of applied N, kg grain yield increase per kg N applied) and REN (apparent recovery

efficiency of applied N, kg N taken up per kg N applied). Cost-benefit analysis was also

performed. The net profit, which is the dollar per ha the farmer earned due to N fertilizer,

was calculated according to the following equation.

Net benefit ¼ GYF � GY0ð Þ � grain price � N rate � N fertilizer price

where, GYF is grain yield with N fertilizer, GY0 is the grain yield without N fertilizer.

Prices used were the local market prices in 2009: $275 per ton for rice grain, $264 per ton

for urea, $322 per ton for potassium chloride and $73 per ton for monocalcium phosphate.

In 2010, the price of rice grain, urea and potassium chloride increased to $322, $293 and

$352 t-1, respectively. Water, electricity and pesticide costs were consistent for all

treatments in both 2009 and 2010. The net profit values did not include the cost of labor for

sensor data collection. In 2009, one-way ANOVA was used to compare the difference

between SDNT and FN treatments, while in 2010 paired-sample T tests were used. All

statistical analyses were performed using SPSS 13.0.

Sensor-determined N topdress (SDNT) model of rice

The yield goal based total N requirement is defined as

NT ¼ GYT � Nh ð1Þ
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where, GYT (kg ha-1) is the target yield which is often taken as the highest yield in the

region (8 500 kg ha-1 was set for Jiangxi Province) and Nh is the amount of N required to

produce 1 kg rice grain (kg kg-1). A value of 0.018 was adopted for Nh based on the results

of Ling et al. (2005) and Exp. 1 in 2008. The basal N was set to be 35 % of the total N.

Topdressing N is often split into two applications, once at tillering for the purpose of

stimulating the development of tillers and a second time at the PI stage for the purpose of

promoting spikelet initiation and grain filling. Thus, N applied at tillering (Nt) only needs

to meet the rice N requirements from tillering to the PI stage and it was calculated by the

following formula. The 45 % ratio was based on the results of Exp. 1 and Ling (2007).

Nt ¼ NT � 0:45 ð2Þ
The following models were used to derive N topdress rates at the tillering and PI stages:

NRt ¼ Nt � PNUt � NStð Þ=NUEt ð3Þ

NRp ¼ NT � PNUp � NSp

� �
=NUEp ð4Þ

where, NRt and NRp are the N rate for tillering and PI, respectively; NSt and NSp represent

the soil N supply from tillering to PI and PI to maturity, respectively. The NSt and NSp

values were set at 20.5 and 27 kg ha-1, respectively, according to the PNU of the no-N

treatment in Exp. 1. The NUEt and NUEp terms quantify NUE between tillering and PI,

and from PI to maturity, respectively. These values were determined from the maximum

yield treatment in Exp. 1 and were at 42.8 and 50 %, respectively.

Fig. 1 The relationship between normalized difference vegetation index (NDVI) and sufficiency index (SI),
and plant N uptake (PNU) and yield at different growth stages of rice in 2008
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Results

The relation between NDVI, SI and rice PNU and yield

The PNU of N treated plots was significantly higher than the control and increased with the

N rate (Fig. 1). More specifically, PNU for the 240 N kg ha-1 treatment was 4.5, 10.0, 3.5

and 3.3 times greater than that of the no-N treatment at tillering, PI, heading and grain

filling stages, respectively. The NDVI and SI also increased with increasing N rate at each

growth stage, but the difference of NDVI and SI between the highest N treatment and the

control was not as large as that of PNU. Significant positive correlation was found between

canopy NDVI, SI and PNU at each growth stage (Fig. 1) with R2 ranging from 0.84 to 0.96

(n = 48). For NDVI–PNU, exponential regression models fitted the data best at the til-

lering and PI stages, while the power model and logarithmic model were best at the

heading and grain filling stages, respectively. However, a linear model was the best fit for

all stages for PNU–SI (Table 1). The relationship between PNU and reflectance value

became weaker after heading. This might be attributed to the impact of the rice head and

other non-green plant material such as old leaves on reflectance values.

The reflectance values at key developing stages were also well correlated with yield and

the relationship became weaker as the rice matured (Table 1). Therefore, different

regression equations should fit yield–NDVI relationships at different stages separately.

While using the normalized NDVI (SI), the data for PI, heading and filling stages fitted

well to a non-linear function for yield–SI (Fig. 1). This suggests that normalization of

NDVI values from under-fertilized area to well-fertilized reference areas at each stage

could eliminate the influence of growth stages on yield prediction with reflectance values.

Validation of the relationship of NDVI, SI with PNU and yield

Independent test data from the different controlled-release fertilizer experiment (Exp. 2)

were used to test the reliability and robustness of PNU and yield estimation model with

NDVI and SI for early rice. Results showed that the established regression equations

predicted rice PNU satisfactorily, especially for the key fertilization stages of tillering and

Table 2 Prediction error of plant nitrogen uptake (PNU) with normalized difference vegetation index
(NDVI) and sufficiency index (SI) at different growth stages of rice with data from Exp. 2 in 2008

Item Growth
stage

SI NDVI

Precision Accuracy RMSE
(kg ha-1)

MRE Precision Accuracy RMSE
(kg ha-1)

MRE

PNU Tillering 0.91 0.95 2.45 0.07 0.91 0.95 2.46 0.07

PI 0.97 1.04 4.88 -0.02 0.96 1.04 5.64 -0.05

Heading 0.90 1.06 10.43 -0.04 0.87 1.06 11.32 -0.06

Filling 0.72 1.02 14.33 -0.04 0.74 1.03 15.96 -0.05

Yield Tillering 0.46 0.92 694 0.10 0.46 0.91 727 0.10

PI 0.80 0.95 466 0.05 0.83 0.95 429 0.05

Heading 0.61 0.93 593 0.07 0.63 0.91 710 0.10

Filling 0.65 0.98 412 0.02 0.66 0.96 470 0.04

RMSE root mean squared error, MRE mean relative error, PI panicle initiation
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PI using either NDVI or SI. The predicted and measured PNU was closely distributed

along the 1:1 line, with the precision of 0.906 and 0.961, accuracy of 1.041 and 0.959,

RMSE of 2.454 and 5.637, and MRE of 0.074 and -0.052 for tillering and PI stages,

respectively (Table 2). For yield prediction, the PI stage was the best among the four stages

with the slope nearest to 1.0 and the intercept closest to 0.0, the lowest RMSE and MRE

and the highest precision and accuracy. On the other hand, the tillering stage was the worst

time to predict yields (R2 was only 0.46 and MRE was 0.10). The NDVI–yield model over-

estimated yields at all stages, with a positive MRE ranged from 0.04 to 0.10 (Table 2). The

use of SI improved PNU and yield prediction evidenced by lower RMSE compared to that

of using NDVI (Table 2).

Field validation of SDNT of rice

The SDNT was developed using the data from Exp. 3 conducted in 2009, and PNUt and PNUp

were estimated using SI. Then the amount of topdressing N was determined with the SDNT.

The model results showed that the N rates recommended differed with rice planting density.

The N rate recommended at the tillering and PI stages for low density (LD) averaged 110.6

and 59.8 kg N ha-1, respectively, which were 13.8 and 16.9 kg ha-1 higher than the cor-

responding stages for the high density (HD) treatment (Table 3). The difference mainly

resulted from the higher NDVI measured from the HD treatment. The recommended N rate

also varied among plots with the same planting density, with the coefficient of variation of

3.7–16.1 %. The variation was lower under LD than that under HD.

Although the N amounts generated from the SDNT for both LD and HD were lower

than the FN management, comparable grain yield under HD and even higher yield under

LD were achieved (Table 4) with less N applied. The AEN and REN were significantly

higher than those of FN treatments. In addition, the net benefit resulted from the SDNT

strategy was increased by $60.4 ha-1 for LD due to the higher grain yield and $16.2 ha-1

for HD due to the decreased fertilizer cost over the FN practice.

The relationships between N rates and grain yields fit nicely with quadratic functions for

both LD and HD (Fig. 2). The Ymax and Nopt calculated from the N–yield curve and from

Table 3 Canopy normalized difference vegetation index (NDVI), recommended N rate (Nr) and predicted
yield potential (YP) with sensor-determined N topdressing model (SDNT) compared with farmer’s N
management (FN) in 2009

Item Growth
stage

NDVI Nr (kg ha-1) YP (kg ha-1)

SDNT FN SDNT FN SDNT FN

Low
density

Basal / / 45.0 45.0 / /

Tillering 0.187 (0.02) 0.234 (0.04) 110.6 (4.1) 112.5 (0) 4 849 (202) 5 350 (545)

PI 0.789 (0.03) 0.846 (0.07) 59.8 (2.3) 82.5 (0) 7 113 (311) 7 916 (787)

Heading 0.678 (0.05) 0.652 (0.02) / / 8 497 (528) 8 000 (186)

High
density

Basal / / 45.0 45.0 / /

Tillering 0.296 (0.01) 0.257 (0.05) 96.8 (7.8) 112.5 (0) 5 932 (142) 5 280 (485)

PI 0.808 (0.05) 0.773 (0.04) 42.9 (6.9) 82.5 (0) 7 371 (317) 6 903 (423)

Heading 0.710 (0.05) 0.682 (0.04) / / 9 083 (559) 8 572 (362)

Numbers are the average value of three replicates. Numbers in parentheses are standard errors

‘‘/’’ means no value, PI panicle initiation
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SDNT are presented in Table 5. No significant differences were found in N rate and yield

between the SDNT and N–yield curve approaches. This suggests that the SDNT-based

target yield has the potential to be used for rice crop N demand assessment.

The NDVI at tillering, PI and heading stage and estimated potential yield with NDVI–

yield model of FN and SDNT treatments are shown in Table 2. Under LD, the NDVI of

SDNT treatments at tillering and PI stages was lower than FN treatment, so did the

estimated potential yield. However, NDVI at heading stage of the SDNT treatment was

slightly higher than the FN treatment, and the estimated potential yield of SDNT was 8

497 kg ha-1, higher than that of FN treatment. The measured yield at harvest confirmed

the accuracy of SDNT prediction (Table 5). Under HD, the NDVI of SDNT at all stages

was higher than FN treatment, but the ultimate yield was nearly identical for both treat-

ments. However, the recommended topdressing N rate by SDNT was lower than FN for

both LD and HD, suggesting the split fertilization of SDNT was appropriate and superior to

the FN treatment. This also indicated that fertilizing the rice crop according to crop nutrient

demand with canopy reflectance could adjust the crop growth timely for higher yields.

Table 4 Grain yield, agronomic efficiency of applied nitrogen (AEN), recovery efficiency of applied
nitrogen (REN), plant N uptake (PNU) and net benefit due to N fertilizer of early rice under sensor-
determined N topdressing management (SDNT) and farmer’s N management (FN) in 2009

Item Treatment N rate

(kg ha-1)

Grain yield

(kg ha-1)

AEN

(%)

REN

(%)

PNU

(kg ha-1)

Net benefit

($ ha-1)

Low density FN 240.0 (0) 8 175.0 (648.1) 11.3 (0.7) 34.7 (4.1) 138.8 (8.3) 359.0 (47.0)

SDNT 215.4 (4.1) 8 352.0 (523.6) 13.5 (0.5) 36.9 (5.3) 135.0 (5.6) 419.4 (41.5)

Sig. 0.001** 0.732ns 0.012* 0.599ns 0.546ns 0.526ns

High density FN 240.0 (0) 9 031.5 (200) 14.9 (1.3) 40.6 (5.1) 153.0 (12.0) 359.9 (47)

SDNT 184.7 (14.5) 9 031.5 (59.4) 19.0 (0.5) 44.4 (4.9) 137.7 (10.6) 376.1 (20)

Sig. 0.003** 1.000ns 0.006** 0.407ns 0.174ns 0.151ns

Numbers are the average value of three replicates. Numbers in parentheses are standard errors

Ns not significant at P B 0.05

* Significant at P B 0.05

** Significant at P B 0.01

Fig. 2 The relationship between
grain yield and nitrogen rate
under the two different planting
densities in 2009
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Validation of the SDNT approach for rice

The applicability of SDNT was field validated in 2010. The yield of SDNT was signifi-

cantly higher than that of FN in the same field (Table 6). The yield of SDNT increased

about 5.7 % (420 kg ha-1) for field 1, 7.8 % (578 kg ha-1) for field 2 and 4.8 %

(348 kg ha-1) for field 3 over FN. However, the N rate was slightly decreased from

183 kg ha-1 under FN to 166.5 kg ha-1 of field 1, 181.5 kg ha-1 of field 2 and

157.5 kg ha-1 of field 3 using the SDNT approach. The yield improvement with the SDNT

approach was mainly attributed to more panicles than FN (15.3 % more for field 1, 7.3 %

for field 2 and 11.6 % for field 3). The AEN ranged from 13.2 to 14.3 kg kg-1 under FN

treatment, but it was improved to 17.0–18.0 kg kg-1 by the SDNT approach.

The economical return of farmers depends not only on the AEN but also on the quantity

of N applied. The net profit of rice in 2010 was increased due to higher grain price in

comparison with 2009, and was $901.9 ha-1 on average for SDNT and $753.2 ha-1 on

Table 5 Comparison of grain yield, N rate of early rice between sensor determined N management (SDNT)
approach and N–yield curve approach in 2009

Treatment Low density High density

N rate (kg ha-1) Yield (kg ha-1) N rate (kg ha-1) Yield (kg ha-1)

SDNT 215.4 (4.1) 8 352.3 (251.6) 184.7 (14.5) 9 031.5 (271.3)

N–yield curve� 211.2 (6.4) 8 350.1 (205.4) 189.7 (11.3) 9 431.7 (374.7)

Sig (2-tailed) 0.387ns 0.992ns 0.679ns 0.208ns

Numbers are the average value of three replicates. Numbers in parentheses are standard errors. Significance
was tested by the Dunnett’s test

Ns not significant at P B 0.05
� For N–yield curve (yield = a 9 N2 ? b 9 N ? c), yield was the maximum yield (Ymax = c - b2/4a)
and N rate was the corresponding optimum N rate (Nopt = -b/2a)

Table 6 Nitrogen rate, yield, yield components, agronomy efficiency of applied N (AEN) and net benefit
due to N fertilizer of early rice under sensor-determined N management (SDNT) and farmer’s N man-
agement (FN) in 2010

Field Treatment N rate

(kg ha-1)

Panicles

per m2
Grains

per

panicle

Grain

filling

percentage

(%)

1 000-

grain

weight

(g)

Yield

(kg ha-1)

AEN

(kg kg-1)

Net

benefit

($ ha-1)

1 SDNT 166.5 304.3 165.1 76.1 24.1 7 770 17.0 864.1

FN 183.0 263.9 145.0 83.8 24.7 7 350 13.2 724.0

2 SDNT 181.5 308.8 151.8 81.9 23.9 7 943 17.6 976.6

FN 183.0 287.9 160.1 71.9 24.8 7 365 14.3 790.0

3 SDNT 157.5 305.3 133.0 84.4 25.1 7 650 18.0 865.1

FN 183.0 273.4 156.4 79.1 25.4 7 102 13.6 745.6

Sig

(2-tailed)

0.174ns 0.008** 0.606ns 0.174ns 0.061ns 0.017* 0.011* 0.013*

Ns not significant at P B 0.05

* Significant at P B 0.05

** Significant at P B 0.01
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average for FN (Table 6). The SDNT treatment increased the average yield and net profit

by 6.11 and 19.7 % with 7.9 % less N applied when compared with FN in 2010.

Discussion

Four field experiments were carried out to develop a method for rice N recommendation

using field canopy reflectance. Different N treatments were used to obtain the variability of

crop N status within the experimental fields in order to calibrate the regressive NDVI–PNU

and NDVI–yield models. Results showed that rice PNU and yield at the key fertilization

stage could be estimated by canopy NDVI with good precision, similar to previous studies

in rice, wheat and other cereal crops (Lukina et al. 2001; Xue and Yang 2008). However,

using direct NDVI values instead of those incorporating the GDD (growth degree days)

and days after planting to assess crop growth and to predict yield is only good for the site

and year, and the regression should be recalibrated when it is used for a different site-year.

Therefore, the NDVI was often normalized with a N-rich reference, and sufficient index or

response index was calculated to enhance the N diagnosis recommendations (Broge and

Leblanc 2000; Schmidt et al. 2011; Singh et al. 2011; Clay et al. 2012). Compared with the

direct NDVI measurements, SI improved the PNU and yield prediction, although the

validation datasets came from the same year, soil and rice variety with the calibration

datasets. This suggests that normalization of NDVI values from under-fertilized areas

compared to well-fertilized reference areas at each key fertilization stage could eliminate

the influence of soil, variety and other impact factors, and provide more valuable infor-

mation than NDVI alone for making N recommendations. Similar results were also found

in winter wheat (Clay et al. 2012). However, both well-fertilized and under fertilized areas

should have the similar moisture conditions if a water stress existed (Clay et al. 2012). The

latest researches in USA even correlated economic optimum N rate (EONR) directly to SI,

and found that SI obtained with the active sensor provided as good or better indicator of

EONR than presidedress nitrate test or SPADrelative (SPADcontrol/SPADreferences), which

provides an opportunity to easily adjust in-season-N application spatially in maize

(Schmidt et al. 2009; Schmidt et al. 2011).

The target yield strategy was used to estimate crop N need to ensure enough N for high

yield production in this study. This approach can overcome the shortcomings of under-

estimating N recommendation at low N levels prescribed by NFOA due to the lower yield

potential with no additional fertilization (Singh et al. 2011). In order to better match the N

supply with plant demand, split fertilization strategy is widely used in China. Therefore, the

allocation coefficient of rice N requirement and soil N supply at different growth stages was

introduced into the SDNT treatment in this study. In addition, different NUE at different

development stages were adopted to calculate the actual N rate for the SDNT treatment due to

its great variability with application time. According to previous studies, NUE for basal

fertilizer and tiller fertilization was 24 and 26 %, while 67 % for panicle fertilization in rice

(Ding et al. 2004; Zheng et al. 2008). Singh et al. (2011) also suggested that NUE should be

fine-tuned since it pertained only to the corrective N dose. Thus, sensor-determined N

management may have the potential to achieve the high yield and improve NUE, which was

demonstrated by experiments conducted in 2009 and 2010. Experiments carried out by

Dobermann et al. (2002) also showed that field-specific management of N increased yields

and NUE in the majority of the 179 irrigated rice farms they studied in Asia. Furthermore, the

comparison of estimated potential yield at each sampling time between SDNT and FN

treatments showed that the SDNT approach was better in assessing crop growth status and in
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achieving higher yield than the FN treatment with relative lower N rates under low density

and high density (Table 3). The temporal and spatial variability provided with the Green-

SeekerTM sensor makes it an attractive tool for developing N recommendations for rice with

the SDNT model; especially, it is suitable for small intensively-cultivated fields (no more than

1 ha in size) in China and other developing countries. However, a recent study to determine

whether it is necessary to obtain optical reflectance measurements from each field to make

accurate in-season N application recommendations for winter wheat showed that the region-

and field-based sampling systems were no better than break-even with the historical extension

advice, and this was due to the imprecise relationship between yield and optical reflectance

response to N (Roberts et al. 2013). Using the SDNT model, the N demand was determined

with target yield rather than by N-rich strips and may avoid the phenomenon of no yield

responses to additional N due to the weather or other reasons. The parameters in the SDNT

model, including the allocation coefficient of crop N demand among different developing

stages and NUE at different stages, were determined mainly with a two-year dataset and

should be investigated under more soil types with more rice varieties to improve the

robustness and sensitivity of the model.

Conclusion

Canopy NDVI measured with an active sensor (GreenSeekerTM) was significantly corre-

lated with rice N uptake (PNU) and yield. Sufficiency index (SI), the ratio between the

under-fertilized NDVI and the NDVI value from well-fertilized treatments, could improve

PNU and yield estimation compared with the direct NDVI values. The SI–PNU relation-

ship at key fertilization stages (tillering and panicle initiation) was successfully used to

guide topdressing N fertilizer determination. Combined with the traditional target yield

strategy and split fertilization strategy, a sensor-determined N model to improve the N rate

for topdressing at key fertilization stages was established and validated. The model can

increase rice yield with lower N rates, higher NUE and higher net income than current

farmer practices. However, the parameters of the model should be optimized and the

robustness and sensitivity of model should be tested with more data.
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