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Analyzing the performance of 
fluorescence parameters in the 
monitoring of leaf nitrogen content 
of paddy rice
Jian Yang1, Wei Gong1,2, Shuo Shi1,2, Lin Du1,3, Jia Sun1, Shalei Song4, Biwu Chen1 & 
Zhenbing Zhang1

Leaf nitrogen content (LNC) is a significant factor which can be utilized to monitor the status of paddy 
rice and it requires a reliable approach for fast and precise quantification. This investigation aims to 
quantitatively analyze the correlation between fluorescence parameters and LNC based on laser-
induced fluorescence (LIF) technology. The fluorescence parameters exhibited a consistent positive 
linear correlation with LNC in different growing years (2014 and 2015) and different rice cultivars. The R2 
of the models varied from 0.6978 to 0.9045. Support vector machine (SVM) was then utilized to verify 
the feasibility of the fluorescence parameters for monitoring LNC. Comparison of the fluorescence 
parameters indicated that F740 is the most sensitive (the R2 of linear regression analysis of the between 
predicted and measured values changed from 0.8475 to 0.9226, and REs ranged from 3.52% to 4.83%) 
to the changes in LNC among all fluorescence parameters. Experimental results demonstrated that 
fluorescence parameters based on LIF technology combined with SVM is a potential method for 
realizing real-time, non-destructive monitoring of paddy rice LNC, which can provide guidance for the 
decision-making of farmers in their N fertilization strategies.

Paddy rice plays an important role in the structure of the ecosystem. China grows paddy rice on approximately 30 
million hectares per year and is the world’s leading producer of paddy rice1. Investigations have demonstrated that 
nitrogen (N) is an indispensable nutrient for the growth and development of cereal crops and is one of the most 
expensive, given that commercial N fertilizers represent the major cost in crop production. At present, China 
accounts for only 7% of the world’s cultivated land but accounts for 35% of the world’s N fertilizer consumption. 
Although the application of N fertilizers increases crop yields, increased use of N fertilizers affects ozone layer 
depletion and the global N cycle and also causes nitrate leaching problems in soil2,3. In addition, flooded paddy 
rice systems emit both N2O and CH4. The results of a recent meta-analysis showed that CH4 emissions from 
paddy rice systems account for almost 90% of the total global warming potential1,4,5. Therefore, precise leaf N 
content (LNC) detection is a promising strategy to obtain balance between N fertilization dose and cereal crop N 
needs in both time and space6,7.

In previous studies, many models have been proposed to analyze the LNC of plants based on passive remote 
sensing technology7–9. These methods are founded on the reflectance spectra of crops, which are related to leaf 
chlorophyll concentration (LCC) and the ability of photosynthesis. Numerous researchers analyzed and estab-
lished the relationship between hyperspectral canopy reflectance and leaf nitrogen status (LNS) in crops to deter-
mine the characteristic spectral bands and key spectral parameters8,10. They reported that LNS can be estimated 
by using vegetation indexes through reliable regression equations established. However, passive remote sens-
ing is restricted by many factors, such as weather situation, and measured time. To overcome these limitations, 
multi-wavelength canopy light detection and ranging (MWCL) was devised for remote sensing of vegetation 
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reflection11. This technology has been widely utilized to monitor the nutrient stress of plants and classify different 
plant species12,13. It has also been utilized to estimate the biomass of vegetation14.

A few decades ago, the laser induced fluorescence (LIF) technique was proposed to study the growth status 
of plants15. When plants absorb the energy of a specific wavelength, a part of it vanishes by light emission at 
longer wavelengths within a few or dozens of nanoseconds; this process is called fluorescence emission9. With its 
advantages of rapidity, non-destructiveness, and no-preprocessing, LIF technology has been utilized to monitor 
N fertilization levels in crops16. Research has shown that a certain positive correlation exists between different 
N levels and fluorescence indicators and has demonstrated that LIF technology can be employed to detect the 
nutrient stress of crops. Thus, this technology has elicited an increasing amount of attention from researchers in 
the field of remote sensing17–23. Numerous investigations utilized fluorescence technology to analyze the N status 
of triticale, soybean, paddy rice, and cotton24–26. These investigations revealed that leaf fluorescence parameters 
can be implemented to estimate the LNC of crops.

These investigations mainly utilized fluorescence kinetics, minimum fluorescence intensity after short dark 
adaptation (Fo), maximum fluorescence intensity after short dark adaptation (Fm), and quantum efficiency of 
photosystem II9 as the indicators of the nutrient stress of crops. In addition, these studies discussed the effect of 
different nutrient stress values on fluorescence parameters in wheat, corn, and spring triticale9,27. In addition, 
our previous investigations demonstrated that LIF technology can be utilized to monitor the LNC of paddy rice. 
However, studies on fluorescence intensity and fluorescence ratios combined with algorithms to quantitatively 
evaluate the LNC of paddy rice based on LIF technology remain lacking. In addition, relevant studies that used 
LIF technology to analyze the LNC of different paddy rice cultivars in different growing years are also scarce. 
Thus, the main objectives of this investigation are as follows: (1) to discuss the influence of different paddy rice 
cultivars and growing years on the relationship between fluorescence parameters (fluorescence intensity and fluo-
rescence ratio) and LNC and (2) to compare the performance of fluorescence parameters with the help of support 
vector machine (SVM) to quantitatively evaluate LNC in paddy rice.

Results
Fluorescence spectra. The fluorescence spectrum was measured with the LIF system. As shown in Fig. 1, 
all fluorescence spectra were normalized to 1 at 460 nm. These fluorescence spectra exhibited three main flu-
orescence peaks at 460, 685, and 740 nm, and a peak shoulder at 525 nm. According to Chappelle et al.28, the 
fluorescence peaks at 685 and 740 nm are attributed to chlorophyll a and b, respectively. Nicotinamide adenine 
dinucleotide (NADPH) and riboflavin are responsible for the fluorescence peak at 460 nm and the peak shoulder 
at 525 nm. According to previous investigations16,29–31, LNC is closely related to the fluorescence peaks (685 and 
740 nm). Figure 1 shows that the intensity of the fluorescence peaks displayed a significant difference with the 
increase of LNC. with Compared with the studies of McMurtrey et al.16, fluorescence spectra exhibited a similar 
changing tendency in this study. Therefore, LIF technology can be employed to monitor the alterations of LNC.

Analysis of the fluorescence parameters. To analyze the optimal fluorescence emission wavelength for 
predicting paddy rice LNC, further discussion was conducted on the correlation between fluorescence ratios and 
LNC by using datasets from 2014 and 2015 (Fig. 2). Figure 2 was the contour maps of R2 between fluorescence 
ratios and LNC with the two wavelengths on the abscissa and the vertical axis. An overview of the statistical con-
sequence for all fluorescence ratios also provided. As shown in Fig. 2, the correlation between fluorescence emis-
sion wavelengths at fluorescence peaks (center bands at around 685 and 740 nm) and LNC displayed a higher R2 
than that of other wavelength bands. Thus, the main fluorescence peaks (F685: fluorescence intensity at 685 nm, 
and F740: fluorescence intensity at 740 nm) and fluorescence ratio (F740/F685: fluorescence intensity at 740 nm 
divided by that at 685 nm) were extracted to analyze the LNC of paddy rice.

Relationship of fluorescence parameters to paddy rice LNC. As shown in Fig. 1, different LNCs  
result in different fluorescence characteristics at fluorescence peaks (685 and 740 nm). The intensity of 

Figure 1. Normalized fluorescence spectra of paddy rice leaf (normalized to 1 at the 460 nm) with different 
LNCs (the LNCs range from 2.5 mg/g to 4.0 mg/g). 
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fluorescence peaks (F685 and F740) increases with the creasing of LNC. Based on the analysis of fluorescence 
parameters and the previous investigations16,26,29,30, fluorescence parameters F740, F685, and F740/F685 were 
employed to analyze and inverse the LNC in this study. Thus, the linear correlation between these fluorescence 
parameters and LNC was established (Fig. 3).

The fluorescence parameters (F685, F740, and F740/F685) displayed a closely positive linear correlation with 
LNC for different paddy rice cultivars and different growing seasons. For the two growing seasons (2014 and 
2015), the R2 of the regression models of F685, F740, and F740/F685 areis 0.847, 0.8871, and 0.7981, respectively 
(Fig. 4(a–c)). They also display the similar results for the three paddy rice cultivars (Fig. 4(d–f)). To comprehen-
sively analyze the relationship between the fluorescence parameters and LNC, a quantitative linear regression 
analysis was conducted on between fluorescence parameters and LNC for per growing season and per cultivar. 
The linear regression equations, R2 and RMSE of the fluorescence parameters and LNC are listed in Table 1.

The results demonstrated that the relationship between fluorescence parameters and LNC displayed high 
consistency in all the samples for different growing years and different paddy rice cultivars. For the three culti-
vars and the two growing years, the R2 of F685 ranges from 0.7811 to 0.8658, the R2 of F740 ranges from 0.8362 
to 0.9045, and the R2 of F740/F685 ranges from 0.6978 to 0.842. Figure 3 and Table 1 show that the fluorescence 
indices (F685 and F740) have a higher correlation with LNC than that the fluorescence ratio (F740/F685), prob-
ably because F740/F685 is sensitive to the changes of leaf chlorophyll content and insensitive to the N content 
of plants9,32. However, the fluorescence parameters (F685, F740, and F740/F685) may be still useful and can be 
employed to accurately inverse the LNC of paddy rice.

Inversion of LNC. To verify the possibilities that the fluorescence parameters (F685, F740 and F740/F685) 
can be used to precisely estimate LNC, SVM was applied in this study. The fluorescence spectra of each cultivar 
and each growing season were randomly divided into two parts: 70% was employed to train the SVM model on 
the basis of the different fluorescence parameters and 30% was utilized as a validation set to predict the LNC 
of paddy rice. For different cultivars and different growing years, the relationships between the predicted and 
observed paddy rice LNC are illustrated in Fig. 4.

As shown in Fig. 4, the LNC of paddy rice can be accurately predicted by utilizing these fluorescence parame-
ters (F685, F740 and F740/F685) combined with SVM. The inversion results of all cultivars and growing years are 
consistent, and the predicted and measured LNCs are nearly in accordance with the line of 1:1 (the dotted line in 
Fig. 4). In addition, these results also demonstrate that the predicted LNC based on fluorescence intensity (F740 
and F685) display a higher in accordance with the line of 1:1 (Fig. 4(a,b,d,e)) than that on the basis of the fluores-
cence ratio (F740/F685) (Fig. 4(c,f)). In order to analyze the accuracy and precision of the predicted LNC, the R2, 
RMSE and RE of linear regression analysis of the inversed LNC were listed in Table 2 in detail.

Table 2 shows that LNC can be accurately inversed by utilizing fluorescence parameters combined with SVM. 
The R2 (ranges from 0.8529 to 0.9226) of the relationship between the predicted LNC on the basis of the F740 
and measured LNC is the highest among these fluorescence parameters. The R2 (ranges from 0.7842 to 0.8524) 
of F740/F685 is lower than that of the other fluorescence indices. The corresponding RMSEs are converse. These 
results demonstrate that fluorescence parameter F685 is more sensitive to the changes of LNC than F740/F685 
and is lower than that F740. However, these fluorescence parameters are useful for inversing the LNC of paddy 
rice (all REs are below 10% in this research).

Discussion
At present, LIF spectral data have already been employed to monitor the status of plants but only a few articles 
focused on paddy rice, despite its significance in environmental problems and its role as an aliment source3. 
A large number of investigations have also been conducted on the fluorescence of plants17,33 and summarized 
detailedly by Kalaji et al.34. This study aims to quantitatively estimate the LNC of paddy rice in different growing 
years and with different cultivars by using fluorescence parameters (F685, F740 and F740/F685) combined with 

Figure 2. Contour maps for coefficients of determination (R2) between paddy rice leaf nitrogen content 
and fluorescence ratios in different growing years. 2014 (n =  324) (a); 2015 (n =  216) (b).
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SVM, which is a supervised learning algorithm. Thus, experiments on three cultivars of paddy rice were con-
ducted in Central China Plain in 2014 and 2015.

Fig. 1 shows that the fluorescence spectra (ranging from 650 nm to 800 nm) increase with increased LNC. The 
reason is that the chlorophyll content in leaves would degrade and decrease rapidly and lutein then turns into 
a major pigment component when the LNC of the crop is reduced to threshold levels, which in turn affect the 
fluorescence characteristics of leaves10,32. Thus, Rademacher and Tartachnyk35 reported that LIF techniques that 
induce fluorescence intensity are more beneficial to remote and large-area field measurements than variable fluo-
rescence measurement technologies9. The results of the current study demonstrate that F740 is more sensitive (R2 
ranges from 0.8729 to 0.9426 for the three cultivars and two growing years) to the changes of LNC than the other 
two fluorescence parameters (F685 and F740/F685) in this study (Fig. 4 and Table 2). A probable interpretation is 
that the fluorescence in red-peak (around 685 nm) overlaps with the chlorophyll pigment absorption spectrum, 
and re-absorption depends on the chlorophyll content of thylakoid membranes in a leaf36,37. In addition, Brestic 
et al.38 analyzed the correlation between F740/F685 and basal fluorescence (Fo), non-photochemical quenching 

Figure 3. The relationships between fluorescence parameters (F685 (a,d); F740 (b,e); F740/F685 (c,f)) and 
paddy rice leaf nitrogen content (growing seasons (a–c); cultivars (d–f)). The red solid line denotes the 
regressive line for all experimental data.
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(NPQ) and demonstrated that F740/F685 is sensitive also to changes in photosystem I to photosystem II ratio and 
the difference of LNC will result in the change of F740/F685 ratio.

Most fluorescence kinetics and variable fluorescence parameters were proposed to monitor pigment content 
and were conductive to the monitoring of the photosynthetic efficiency of plants19,39–41. However, perhaps they are 
not sensitive enough to monitor the N content of crops29,42. Meanwhile, fluorescence kinetics indices for estimat-
ing N status are mostly based on a specific fluorescence emission wavelength band, and their inherent disadvan-
tages limit their application in evaluating LNC32. Compared with fluorescence kinetics indices, the fluorescence 
parameters in this study (F740, F685, and F740/F685), which were utilized to inverse LNC in paddy rice, exhib-
ited higher accuracy and precision (REs <  10%). They also displayed a certain reliability in inversing LNC, given 
that the experimental data included three paddy rice cultivars (Japonica rice, Hsien rice and Yangliangyou 6)  
and two growing years (2014 and 2015).

Although this investigation preformed with two growing years and three cultivars of paddy rice, the mon-
itoring models of LNC based on LIF technology were established and verified by using SVM in an ecological 
region with a typical subtropical monsoon climate. However, other significant fluorescence parameters and the 

Figure 4. The relationship between the predicted LNC by using SVM based on different fluorescence 
parameters (F685 (a,d); F740 (b,e); F740/F685 (c,f)) and observed LNC for the three paddy rice cultivars and 
two growing seasons. The dotted line denotes the 1:1 line.
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regression analysis models still need to be analyzed comprehensively in other ecological locations, including 
different growing years and production systems. To obtain the optimal algorithm and fluorescence parameters, 
LIF technology combined with other multivariate analyses also needs to be tested and used to estimate the LNC 
of other crops in the future research.

Conclusions
In this research, linear regression models between different fluorescence parameters (F685, F740 and F740/F685) 
and LNC were established. A close linear positive correlation was observed between fluorescence parameters and 

F685 vs. LNC F740 vs. LNC F740/F685 vs. LNC

Years

2014

 Eq. y =  1.271x +  2.256 y =  0.953x +  2.189 y =  1.93x +  0.362

 RMSE (mg/g) 0.1244 0.1186 0.1427

 R2 0.8658 0.9045 0.842

2015

 Eq. y =  0.908x +  2.586 y =  0.711x +   2.497 y =  1.53x +  1.126

 RMSE (mg/g) 0.07206 0.0671 0.09697

 R2 0.7811 0.8362 0.6978

Cultivars

Japonica rice

 Eq. y =  1.241x +  2.277 y =  0.923x +  2.18 y =  1.916x +  0.365

 RMSE (mg/g) 0.1336 0.1122 0.1475

 R2 0.8301 0.8925 0.806

Hsien rice

 Eq. y =  1.295x +  2.241 y =  0.94x +  2.207 y =  1.93x +  0.378

 RMSE (mg/g) 0.1132 0.1277 0.1389

 R2 0.8421 0.8635 0.825

Yangliangyou 6

 Eq. y =  0.94x +  2.56 y =  0.707x +  2.488 y =  1.474x +  1.216

 RMSE (mg/g) 0.07462 0.06211 0.09027

 R2 0.8084 0.8415 0.7239

Table 1. Quantitative relationship of paddy rice leaf nitrogen content (y) to individual fluorescence 
parameter (x) for the three paddy rice cultivars and two growing years.

F685 vs. LNC F740 vs. LNC F740/F685 vs. LNC

Years

2014

 R2 0.8852 0.9226 0.8524

 RMSE (mg/g) 0.1088 0.085 0.1538

 RE (%) 4.29 3.63 5.74

2015

 R2 0.8482 0.8629 0.7842

 RMSE (mg/g) 0.1353 0.0647 0.0943

 RE (%) 5.95 4.53 7.72

Cultivars

Japonica rice

 R2 0.8607 0.9094 0.8232

 RMSE (mg/g) 0.1034 0.091 0.1617

 RE (%) 4.13 3.81 6.94

Hsien rice

 R2 0.8788 0.8941 0.8412

 RMSE (mg/g) 0.0913 0.1081 0.1508

 RE (%) 3.91 3.52 5.69

Yangliangyou 6

 R2 0.8249 0.8529 0.8064

 RMSE (mg/g) 0.1297 0.1049 0.1876

 RE (%) 5.46 4.83 8.08

Table 2. Linear regression analysis between the predicted using SVM and observed LNC for the three 
cultivars and two growing years based on the different fluorescence parameters (F685, F740, and F740/
F685).
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LNC for different paddy rice cultivars (Japonica rice, Hsien rice, and Yangliangyou 6) and different growing years 
(2014 and 2015). The R2 of linear regression analysis obtained by using the fluorescence parameters ranged from 
0.6378 to 0.9145. SVM was utilized to verify if LNC can be evaluated on the basis of the fluorescence parameters 
(F685, F740, and F740/F685). The inversion results revealed that the N content of paddy rice can be accurately 
evaluated by utilizing the fluorescence parameters combined with SVM. In addition, F740 is the most sensitive 
to the changes of the LNC of paddy rice among these fluorescence parameters. Therefore, these fluorescence 
parameters combined with SVM will be very helpful in realizing real-time, non-destructive monitoring of paddy 
rice leaf N status based on LIF technology. They can also be employed to guide farmers in the application of rea-
sonable doses of N fertilizers, which may result in remarkable environmental and economic interests because of 
reduced environmental pollution and increased N utilization efficiency.

Materials and Methods
Study areas and site description. All experiments were conducted at Junchuan County, Suizhou City, in 
the province of Hubei, and in the experimental station of Huazhong Agricultural University (HAU) in Wuhan 
City in the Jianghan China Plain during the paddy rice cultivating seasons of 2014 and 2015. The experimental 
area is characterized by a typical subtropical monsoon climate with abundant rainfall; it is sunny and hot in 
summer and cold in winter. The longitude of this area ranges from 113°41′  E to 115°05′  E and the latitude varies 
from 29°58′  N to 31°22′  N. The sunshine duration and rainfall are above 1800 hours and over 1200 mm per year, 
respectively. Thus, the area is suitable for growing paddy rice and is also known as one of the largest agricultural 
production installations for providing food security in China43.

The paddy rice varieties cultivated were Japonica rice and Hsien rice. They were cultivated in Junchuan 
County, Suizhou City, in the province of Hubei, China. There cultivars were seeded on April 27 and then trans-
planted on June 1, 2014. During the entire growth period, six N fertilization levels of urea were used (0, 189, 229.5, 
270, 310.5, and 351 kg/ha) in the experimental fields. N fertilization was divided into four splits: 30% at seeding, 
20% at tillering, 25% at shooting, and 25% at booting. The experimental field had an absolute block design with 
three replications for each treatment under the same cultivation conditions. Other managements were advised 
by the local farm extension service in rice production. Paddy rice samples were collected on July 15 and August 
1, 2014.

Yangliangyou 6 was cultivated in the experimental station of HAU in Wuhan City in 2015. It was seeded on 
April 30 and transplanted on May 27. During the entire growth period, four N fertilization levels of urea were 
used (0, 120, 180, and 240 kg/ha) in the experimental fields. N fertilization was divided into three splits: 60% at 
seeding, 20% at tillering, and 20% at shooting. The experimental field had an absolute block design with three 
replications for each treatment. Paddy rice samples were gathered on four dates (July 20, 22, 24, and 26, 2015).

Measurement of Fluorescence spectrum. The system of LIF consisted with three parts: the excitation 
assembly, optical receiver system, and the data collection and treatment part. The laser source was an Nd: YAG 
that emitted pulses with the output energy and the pulse duration time being 1.5 mJ and 5 ns respectively, and 
the omitted wavelength was 355 nm with a pulse repetition frequency of 20 Hz. A single-mode optical fiber with 
a diameter of 200 μ m and 25o angular field of view was utilized to transmit the fluorescence signal which was 
placed at the position of the focus of the Maksutov-Cassegrain telescope. In addition, a long-pass filter of 355 nm 
(the edge of 360 nm) which was used to eliminate the reflected light from the laser entering the optical fiber was 
positioned behind the telescope. The fluorescence induced by the ultraviolet laser then entered the spectrometer. 
The fluorescence signal was measured by utilizing the ICCD, and the data was stored in a personal computer. In 
this study, the fluorescence spectra ranged from 360 to 800 nm with sampling interval of 0.5 nm. Normalized 
fluorescence intensity (normalized to 1 at the 460 nm) varying with the wavelength was showed in Fig. 1.

Measurement of leaf Nitrogen content. Paddy rice leaves were destructively sampled by stochastically 
cutting six leaves with three replicates for each experimental field. All samples were fully expanded the second 
leaves from the top. These samples were sealed in plastic bags, kept in an ice chest, and then immediately trans-
ported to the laboratory for fluorescence spectra measurements43. All samples were immediately sent to Wuhan 
Academy of Agricultural Science and Technology for measurement of LNC after fluorescence measurements. The 
Keldjahl method was utilized to determine the paddy rice LNC in this study44,45.

Analytical method. SVM displays excellent generalization performance in practical application with a solid 
theoretical foundation in statistical learning theory46. SVM has the ability to construct both linear and nonlinear 
inversion and can be used in heterogeneous classes with small samples. Therefore, SVM has been successfully 
implemented in a wide range of pattern recognition issues46. The detailed description of SVM can be found in 
references46,47. As one of the most accurate and robust machine learning methods, SVM was then utilized in this 
investigation to verify the possibility of LIF parameters quantitatively inversing the LNC. The correlation between 
fluorescence parameters and LNC was analyzed with MATLAB 2009a. Before analysis, wavelet transform was 
applied to eliminate the spectral noises. Moving window polynomial fitting was then applied to smooth the flu-
orescence spectra. All fluorescence spectra were then randomly divided into two sections: 70% as the training 
set for SVM model and 30% as the validation set to predict LNC. The performance of the model was analyzed by 
comparing the differences in the coefficient of determination (R2), root mean square error (RMSE), and relative 
error (RE) in prediction. RMSE and RE can be presented as follows:
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where Mi denotes measured values, Pi represents predicted values, and n corresponds to the number of samples. 
M denotes the mean measured values. RE displays the relative differences between the predicted and observed 
values. A high R2 and low RMSE and RE denote the high precision and accuracy of the model in predicting LNC. 
The prediction is recognized as excellent if RE is less than 10%, good if RE ranges from 10% to 20%, fair if RE 
ranges from 20% to 30%, and poor if RE > 30%10,48,49.

References
1. Liang, X. et al. Nitrogen management to reduce yield-scaled global warming potential in rice. Field Crops Res. 146, 66–74 (2013).
2. Hakeem, K. R., Chandna, R., Ahmad, A. & Iqbal, M. Physiological and molecular analysis of applied nitrogen in rice genotypes. Rice 

Sci. 19, 213–222 (2012).
3. Vijayalakshmi, P. et al. Biochemical and physiological characterization for nitrogen use efficiency in aromatic rice genotypes. Field 

Crops Res. 179, 132–143 (2015).
4. Linquist, B., Groenigen, K. J., Adviento-Borbe, M. A., Pittelkow, C. & Kessel, C. An agronomic assessment of greenhouse gas 

emissions from major cereal crops. Glob. Change Biol. 18, 194–209 (2012).
5. Nugroho, P. et al. Nitrous oxide fluxes from soil under different crops and fertilizer management. Plant Soil Environ. 61, 385–392 

(2015).
6. Miao, Y., Mulla, D. J., Hernandez, J. A., Wiebers, M. & Robert, P. C. Potential impact of precision nitrogen management on corn 

yield, protein content, and test weight. Soil Sci. Soc. Am. J. 71, 1490–1499 (2007).
7. Diacono, M., Rubino, P. & Montemurro, F. Precision nitrogen management of wheat. A review. Agron. Sustain. Dev 33, 219–241 

(2013).
8. Li, F. et al. Estimating N status of winter wheat using a handheld spectrometer in the North China Plain. Field Crops Res. 106, 77–85, 

doi: 10.1016/j.fcr.2007.11.001 (2008).
9. Tremblay, N., Wang, Z. & Cerovic, Z. G. Sensing crop nitrogen status with fluorescence indicators. A review. Agron. Sustain. Dev 32, 

451–464, doi: 10.1007/s13593-011-0041-1 (2011).
10. Feng, W., Yao, X., Zhu, Y., Tian, Y. & Cao, W. Monitoring leaf nitrogen status with hyperspectral reflectance in wheat. Eur. J. Agron. 

28, 394–404 (2008).
11. Gong, W. et al. Multi-wavelength canopy LiDAR for remote sensing of vegetation: Design and system performance. ISPRS J. 

Photogramm. 69, 1–9, doi: 10.1016/j.isprsjprs.2012.02.001 (2012).
12. Nevalainen, O., Hakala, T., Suomalainen, J. & Kaasalainen, S. Nitrogen concentration estimation with hyperspectral LiDAR. ISPRS 

Annals of Photogrammetry, Remote Sensing and Spatial Information Sciences II-5/W2, 205–210, doi: 10.5194/isprsannals-II-
5-W2-205-2013 (2013).

13. Vauhkonen, J. et al. Classification of Spruce and Pine Trees Using Active Hyperspectral LiDAR. IEEE Geosci. Remote Sens. Lett. 10, 
1138–1141, doi: 10.1109/Lgrs.2012.2232278 (2013).

14. Li, W., Sun, G., Niu, Z., Gao, S. & Qiao, H. Estimation of leaf biochemical content using a novel hyperspectral full-waveform LiDAR 
system. Remote Sens. Lett. 5, 693–702, doi: 10.1080/2150704x.2014.960608 (2014).

15. Chappelle, E. W., Wood, F. M., McMurtrey, J. E. & Newcomb, W. W. Laser-induced fluorescence of green plants. 1: A technique for 
the remote detection of plant stress and species differentiation. Appl. Opt. 23, 134–138 (1984).

16. McMurtrey, J., Chappelle, E., Kim, M., Meisinger, J. & Corp, L. Distinguishing nitrogen fertilization levels in field corn (Zea mays L.) 
with actively induced fluorescence and passive reflectance measurements. Remote Sens. Environ. 47, 36–44 (1994).

17. Kalaji, H. M., Bosa, K., Kościelniak, J. & Hossain, Z. Chlorophyll a fluorescence—a useful tool for the early detection of temperature 
stress in spring barley (Hordeum vulgare L.). Omics. 15, 925–934 (2011).

18. Svanberg, S. Fluorescence lidar monitoring of vegetation status. Phys. Scr. 1995, 79–85 (1995).
19. Rosema, A., Snel, J., Zahn, H., Buurmeijer, W. & Van Hove, L. The relation between laser-induced chlorophyll fluorescence and 

photosynthesis. Remote Sens. Environ. 65, 143–154 (1998).
20. Živcak, M. et al. Application of chlorophyll fluorescence performance indices to assess the wheat photosynthetic functions 

influenced by nitrogen deficiency. Plant Soil Environ. 60, 210–215 (2014).
21. Aleksandrov, V. et al. Deficiency of some nutrient elements in bean and maize plants analyzed by luminescent method. Bulgarian J. 

Agr. Sci. 20, 24–30 (2014).
22. Goltsev, V. et al. Drought-induced modifications of photosynthetic electron transport in intact leaves: analysis and use of neural 

networks as a tool for a rapid non-invasive estimation. BBA-Bioenergetics 1817, 1490–1498 (2012).
23. Shaw, A. K. et al. Nano-CuO stress induced modulation of antioxidative defense and photosynthetic performance of syrian barley 

(Hordeum vulgare L.). Environ. Exp. Bot. 102, 37–47 (2014).
24. Dahn, H., Gunther, K. & Ludeker, W. Characterisation of drought stress of maize and wheat canopies by means of spectral resolved 

laser induced fluorescence. EARSeL Advances in Remote Sensing 1, 12–19 (1992).
25. Wang, W. et al. Common spectral bands and optimum vegetation indices for monitoring leaf nitrogen accumulation in rice and 

wheat. J. Integr. Agr. 11, 2001–2012, doi: 10.1016/s2095-3119(12)60457-2 (2012).
26. Yang, J. et al. Application of fluorescence spectrum to precisely inverse paddy rice nitrogen content. Plant Soil Environ. 61, 182–188, 

doi: 10.17221/7/2015-PSE (2015).
27. Živčák, M., Brestic, M. & Kalaji, H. M. Photosynthetic responses of sun-and shade-grown barley leaves to high light: is the lower 

PSII connectivity in shade leaves associated with protection against excess of light? Photosynth. Res. 119, 339–354 (2014).
28. Chappelle, E. W., McMurtrey, J. E. & Kim, M. S. Identification of the pigment responsible for the blue fluorescence band in the laser 

induced fluorescence (LIF) spectra of green plants, and the potential use of this band in remotely estimating rates of photosynthesis. 
Remote Sens. Environ. 36, 213–218 (1991).

29. Hák, R., Lichtenthaler, H. & Rinderle, U. Decrease of the chlorophyll fluorescence ratio F690/F730 during greening and development 
of leaves. Radiat. Environ. Biophys. 29, 329–336 (1990).

30. Gitelson, A. A., Buschmann, C. & Lichtenthaler, H. K. The chlorophyll fluorescence ratio F 735/F 700 as an accurate measure of the 
chlorophyll content in plants. Remote Sens. Environ. 69, 296–302 (1999).

31. Yang, J. et al. Accurate identification of nitrogen fertilizer application of paddy rice using laser-induced fluorescence combined with 
support vector machine. Plant Soil Environ. 61, 501–506, doi: 10.17221/496/2015-pse (2015).

32. Malenovsky, Z., Mishra, K. B., Zemek, F., Rascher, U. & Nedbal, L. Scientific and technical challenges in remote sensing of plant 
canopy reflectance and fluorescence. J. Exp. Bot. 60, 2987–3004, doi: 10.1093/jxb/erp156 (2009).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:28787 | DOI: 10.1038/srep28787

33. Živcak, M. et al. Measurements of chlorophyll fluorescence in different leaf positions may detect nitrogen deficiency in wheat. 
Zemdirbyste-Agriculture 101, 437–444 (2014).

34. Kalaji, H. M. et al. Frequently asked questions about in vivo chlorophyll fluorescence: practical issues. Photosynth. Res. 122, 121–158 
(2014).

35. Tartachnyk, I. & Rademacher, I. Estimation of nitrogen deficiency of sugar beet and wheat using parameters of laser induced and 
pulse amplitude modulated chlorophyll fluorescence. J. Appli. Bot. 77, 61–67 (2003).

36. Pedros, R., Moya, I., Goulas, Y. & Jacquemoud, S. Chlorophyll fluorescence emission spectrum inside a leaf. Photochem. Photobiol. 
Sci. 7, 498–502, doi: 10.1039/b719506k (2008).

37. Farkas, D. L. et al. Plant abiotic stress diagnostic by laser induced chlorophyll fluorescence spectral analysis of in vivo leaf tissue of 
biofuel species. Int. Soc. Opt. Photonic. 7568, 75680G–75688, doi: 10.1117/12.839462 (2010).

38. Brestic, M. et al. Low PSI content limits the photoprotection of PSI and PSII in early growth stages of chlorophyll b-deficient wheat 
mutant lines. Photosynth. Res. 125, 151–166 (2015).

39. Sayed, O. Chlorophyll fluorescence as a tool in cereal crop research. Photosynthetica 41, 321–330 (2003).
40. Apostol, S., Viau, A. A. & Tremblay, N. A comparison of multiwavelength laser-induced fluorescence parameters for the remote 

sensing of nitrogen stress in field-cultivated corn. Can. J. Remote Sens. 33, 150–161 (2007).
41. Janušauskaite, D. & Feiziene, D. Chlorophyll fluorescence characteristics throughout spring triticale development stages as affected 

by fertilization. Acta Agr. Scand. Sect. B-Soil Pl. 62, 7–15, doi: 10.1080/09064710.2011.560122 (2012).
42. Takeuchi, A. et al. Laser-induced fluorescence detection of plant and optimal harvest time of agricultural products (lettuce). Appl. 

Eng. Agric. 18, 361–366 (2002).
43. Song, S., Gong, W., Zhu, B. & Huang, X. Wavelength selection and spectral discrimination for paddy rice, with laboratory 

measurements of hyperspectral leaf reflectance. ISPRS J. Photogramm. 66, 672–682, doi: 10.1016/j.isprsjprs.2011.05.002 (2011).
44. Yao, X., Zhu, Y., Tian, Y., Feng, W. & Cao, W. Exploring hyperspectral bands and estimation indices for leaf nitrogen accumulation 

in wheat. Int. J. Appl. Earth Obs. Geoinf. 12, 89–100 (2010).
45. Tian, Y. C. et al. Assessing newly developed and published vegetation indices for estimating rice leaf nitrogen concentration with 

ground- and space-based hyperspectral reflectance. Field Crops Res. 120, 299–310, doi: 10.1016/j.fcr.2010.11.002 (2011).
46. Ma, Y. & Gong, W. Evaluating the performance of SVM in dust aerosol discrimination and testing its ability in an extended area. 

IEEE J. Sel. Top. Appl. Earth Obs. Remot. Sen. 5, 1849–1858 (2012).
47. Du, L. et al. Estimation of rice leaf nitrogen contents based on hyperspectral LIDAR. Int. J. Appl. Earth Obs. Geoinf. 44, 136–143 

(2016).
48. Jamieson, P., Porter, J. & Wilson, D. A test of the computer simulation model ARCWHEAT1 on wheat crops grown in New Zealand. 

Field Crops Res. 27, 337–350 (1991).
49. Zhu, Y. et al. Monitoring leaf nitrogen in wheat using canopy reflectance spectra. Can. J. Plant. Sci. 86, 1037–1046 (2006).

Acknowledgements
This work was supported by National Natural Science Foundation of China (Grant No. 41571370; 41127901), 
Natural Science Foundation of Hubei Province (Grant No. 2015CFA002) and Open Research Fund of State Key 
Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing (Grant No.15R01). The 
authors wish to thank College of Plant Science & Technology of Huazhong Agricultural University for providing 
the experimental samples and wish to thank Wuhan Academy of Agricultural Science & Technology for providing 
the LNCs of samples.

Author Contributions
J.Y., W.G., S.S., L.D., B.w.C., Z.B.Z., S.L.S. and J.S. designed the experiments; J.Y., S.S., L.D., J.S., B.W.C., Z.B.Z., 
S.L.S. and W.G. performed the experiments; J.Y. prepared the figures and tables; J.Y. analysed the data and wrote 
the manuscript; all authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Yang, J. et al. Analyzing the performance of fluorescence parameters in the monitoring 
of leaf nitrogen content of paddy rice. Sci. Rep. 6, 28787; doi: 10.1038/srep28787 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Analyzing the performance of fluorescence parameters in the monitoring of leaf nitrogen content of paddy rice
	Results
	Fluorescence spectra. 
	Analysis of the fluorescence parameters. 
	Relationship of fluorescence parameters to paddy rice LNC. 
	Inversion of LNC. 

	Discussion
	Conclusions
	Materials and Methods
	Study areas and site description. 
	Measurement of Fluorescence spectrum. 
	Measurement of leaf Nitrogen content. 
	Analytical method. 

	Acknowledgements
	Author Contributions
	Figure 1.  Normalized fluorescence spectra of paddy rice leaf (normalized to 1 at the 460 nm) with different LNCs (the LNCs range from 2.
	Figure 2.  Contour maps for coefficients of determination (R2) between paddy rice leaf nitrogen content and fluorescence ratios in different growing years.
	Figure 3.  The relationships between fluorescence parameters (F685 (a,d) F740 (b,e) F740/F685 (c,f)) and paddy rice leaf nitrogen content (growing seasons (a–c) cultivars (d–f)).
	Figure 4.  The relationship between the predicted LNC by using SVM based on different fluorescence parameters (F685 (a,d) F740 (b,e) F740/F685 (c,f)) and observed LNC for the three paddy rice cultivars and two growing seasons.
	Table 1.  Quantitative relationship of paddy rice leaf nitrogen content (y) to individual fluorescence parameter (x) for the three paddy rice cultivars and two growing years.
	Table 2.  Linear regression analysis between the predicted using SVM and observed LNC for the three cultivars and two growing years based on the different fluorescence parameters (F685, F740, and F740/F685).



 
    
       
          application/pdf
          
             
                Analyzing the performance of fluorescence parameters in the monitoring of leaf nitrogen content of paddy rice
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28787
            
         
          
             
                Jian Yang
                Wei Gong
                Shuo Shi
                Lin Du
                Jia Sun
                Shalei Song
                Biwu Chen
                Zhenbing Zhang
            
         
          doi:10.1038/srep28787
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28787
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28787
            
         
      
       
          
          
          
             
                doi:10.1038/srep28787
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28787
            
         
          
          
      
       
       
          True
      
   




