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ABSTRACT: Nitrogen (N) has commonly been applied in Eucalyptus stands in Brazil and it has a 
direct relation with biomass production and chlorophyll content. Foliar N concentrations are used 
to diagnose soil and plant fertility levels and to develop N fertilizer application rates. Normally, 
foliar N is obtained using destructive methods, but indirect analyses using Vegetation Indexes 
(VIs) may be possible. The aim of this work was to evaluate VIs to estimate foliar N concentra-
tion in three Eucalyptus clones. Lower crown leaves of three clonal Eucalyptus plantations (25 
months old) were classified into five color patterns using the Munsell Plant Tissue Color Chart. 
For each color, N concentration was determined by the Kjeldahl method and foliar reflectance 
was measured using a CI-710 Miniature Leaf Spectrometer. Foliar reflectance data were used 
to obtain the VIs and the VIs were used to estimate N concentrations. In the visible region, the 
relationship between N concentration and reflectance percentage was negative. The highest cor-
relations between VIs and N concentrations were obtained by the Inflection Point Position (IPP, 
r = 0.97), Normalized Difference Red-Edge (reNDVI, r = 0.97) and Modified Red-Edge Normal-
ized Difference Vegetation Index (mNDI, r = 0.97). Vegetation indexes on the red edge region 
provided the most accurate estimates of foliar N concentration. The reNDVI index provided the 
best N concentration estimates in leaves of different colors of Eucalyptus urophylla × grandis 
and Eucalyptus urophylla × urophylla (R² = 0.97 and RMSE = 0.91 g kg−1).
Keywords: leaf nitrogen concentration, non-destructive analyses, spectrometer, spectral reflec-
tance, leaf reflectance

Estimating foliar nitrogen in Eucalyptus using vegetation indexes

Luiz Felipe Ramalho de Oliveira1*, Marcio Leles Romarco de Oliveira1, Francisco Sérgio Gomes2, Reynaldo Campos Santana1

1Federal University of Jequitinhonha and Mucuri Valleys 
– Dept. of Forest Engineering – Rod. MGT 367, km 583 
– 5000 – Alto da Jacuba – 39100-000 – Diamantina, MG – 
Brazil.
2Gerdau Florestal SA/Fazenda Cabana Santa Bárbara – s/n – 
39205-000 – Três Marias, MG – Brazil.
*Corresponding author <luizfelipe@florestal.eng.br>

Edited by: Rafael Rubilar Pons

Received December 10, 2015
Accepted June 02, 2016

Introduction

Nitrogen (N) is one of the essential elements 
required in many sites to optimize growth of Euca-
lyptus stands in Brazil (Santana et al., 2000). Nitrogen 
is associated with several important proteins in the 
photosynthetic process (Moran et al., 2000; Ollinger, 
2011). Therefore, it has a direct relationship with chlo-
rophyll (Schlemmer et al., 2013) and biomass produc-
tion (Miller, 1984; Smethurst et al., 2004).

Foliar N analyses are commonly obtained using 
destructive sampling methods and little progress has 
been made in the development of indirect analyses 
based on spectral characteristics (Ollinger, 2011). In 
this context, the use of non-destructive analyses using 
the foliar reflectance spectrum to estimate the chlo-
rophyll content has been improved (Gitelson et al., 
2009; Sims and Gamon, 2002; Ustin et al., 2009). The 
reduction of chlorophyll content implies lower energy 
absorption in the visible spectrum (400 – 700 nm) and 
consequently greater foliar reflectance in the electro-
magnetic spectrum (Richardson et al., 2002).

Chlorophyll has two absorption peaks of elec-
tromagnetic energy in the visible region, one in the 
blue (400 – 500 nm) and another in the red region 
(620 – 700 nm) (Lichtenthaler, 1987). Therefore, these 
regions are commonly used to make chlorophyll esti-
mations. Still, in the blue region, energy absorption 
can occur from other foliar pigments that might sig-
nificantly hinder estimation of the chlorophyll content 
for these wavelengths (Buschmann et al., 1994). Con-
sequently, the best estimates of the chlorophyll con-

tent are wavelengths in the green (500 – 570 nm) and 
red regions, in addition to the region known as the 
red edge (700 – 750 nm) (Clevers and Gitelson, 2013; 
Gitelson et al., 2003; Richardson et al., 2002; Ustin et 
al., 2009).

According to these concepts, several authors 
have developed Vegetation Indexes (VIs) that provide 
an accurate estimation of the leaf chlorophyll content 
(Ustin et al., 2009) in several species, including the Eu-
calyptus (Datt, 1998, 1999a,b; Sims and Gamon, 2002). 
Based on the close relationship between chlorophyll 
and N, these VIs have been used to estimate N con-
centration in rice (Tian et al., 2011; Yao et al., 2013), 
maize (Schlemmer et al., 2013), grasses and potatoes 
(Clevers and Gitelson, 2013). However, the use of such 
indexes to estimate N concentration in Eucalyptus is 
rare in the literature. Therefore, the aim of this work 
was to evaluate vegetation indexes to estimate foliar N 
concentration in three Eucalyptus clones.

Materials and Methods

The study was conducted in the municipality 
of Lassance, Minas Gerais, Brazil, within a 30 km 
radius from the centroid 17°56,647' S, 44°52,710' W 
and at about 800 m a.s.l. (Gerdau Florestal SA plan-
tations). Leaf sampling was conducted in Apr 2014 
using commercial plantations of clonal Eucalyptus at 
25 months old and established at a 7.0 × 1.3 m tree 
spacing. The soil at the experimental location was 
characterized as an Oxisol (Typic Hapludox) with a 
sandy loam texture.
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We used three Eucalyptus clones that are widely 
grown in Minas Gerais State, Brazil (GG680: 40000 ha, 
GG682: 2700 ha, I144: 17200 ha). Lower crown leaves 
were classified into five color patterns using the Munsell 
Plant Tissue Color Chart (Table 1). This region was cho-
sen due to the high N cycling, which results in a more 
variable N concentration in leaves (Saur et al., 2000). In 
the field, 30 leaves of each color pattern were randomly 
collected from the lower crown in three 10-ha plots in 
plantations of three different Eucalyptus clones (Table 1). 
Immediately after collecting each leaf, readings of fo-
liar reflectance were made (400 – 900 nm). The readings 
were consistently made on the left side of the leaves at 
10 mm from the lower border using a CI-710 Miniature 
Leaf Spectrometer (CID Bio-Science). The leaves were 
oven-dried at 65 oC until constant weight, milled (mesh 
size 1 mm) and N concentrations measured using the 
Kjeldahl method (AOAC, 1990).

Foliar reflectance was analyzed using SpectraSnap! 
(Software version 1.1.3.150, CID Bio-Science), with 300 
milliseconds of integration time, boxcar width of 10 
points and 2 scans to average. Subsequently, the reflec-
tance spectrums were smoothed using the Savitsky-Go-
lay algorithm (Savitzky and Golay, 1964) with a second-

degree polynomial model. The smoothed spectrums 
were used to obtain the Vegetation Indexes (VIs) and 
the VIs were used to estimate foliar N concentrations 
(Table 2).

Relations between VIs and N concentration 
were evaluated by the Pearson correlations (r), and 
their significance for statistic “t” (p < 0.01). In cases 
of significant r, they were adjusted using exponential, 
simple linear, logarithmic and quadratic regression 
equations. VIs were used as the independent variable 
and N concentration as the dependent variable. The 
equations chosen were those that best adapted to each 
index, evaluated by the coefficient of determination 
(R²) and Root Mean Square Error (RMSE) (1). All pro-
cedures were carried out using the software R Core 
Team (2015) 3.1.3 version, platform version support R 
Studio 0.98.1103.
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where: Yi is the N concentration of the i sample estimat-
ed by the equation; yi is the N concentration observed in 
the lab for sample i; and n is the total number of samples.

Table 1 – Number of leaves sampled by color patterns (Munsell Plant Tissue Color Chart) and genetic material.

Eucalyptus clone Name Plot Area
7.5 GY 8/8 7.5 GY 8/4 7.5 YR 4/2 2.5 Y 7/6 2.5 Y 8/10

ha --------------------------------------------------- number of leaves sampled ---------------------------------------------------

E. urophylla × E.grandis
1 10 30 30 30 30 30

GG680 2 10 30 30 30 30 30
3 10 30 30 30 30 30

E. urophylla × E. grandis
1 10 30 30 30 30 30

GG682 2 10 30 30 30 30 30
3 10 30 30 30 30 30

E. urophylla × E. urophylla
1 10 30 30 30 30 30

I144 2 10 30 30 30 30 30
3 10 30 30 30 30 30

Table 2 – Vegetation indexes used to estimate foliar nitrogen concentrations.
Vegetation Indexes Short Formula Source
Normalized Difference Vegetation Index NDVI (ρNIR – ρR)/(ρNIR + ρR) Tucker (1979)
Red-edge Inflexion Point Position* IPP ρ’(λi)=0 Horler et al. (1983)
Normalized Difference Red-Edge reNDVI (ρ750 – ρ705)/(ρ750 + ρ705) Gitelson and Merzlyak (1994)
Structure Insensitive Pigment Index SIPI (ρ800 – ρ445)/(ρ800 – ρ680) Peñuelas et al. (1995)
Green Normalized Difference Vegetation Index gNDVI (ρNIR -– ρG)/(ρNIR + ρG) Gitelson et al. (1996)
Photochemical Reflectance Index PRI (ρ531 – ρ570)/(ρ531 + ρ570) Gamon et al. (1997)
Eucalyptus Pigment Index EPI ρ672/(ρ550 x ρ708) Datt (1998)
New Reflectance Chlorophyll Index NRIC (ρ850 – 710)/(ρ850 – ρ680) Datt (1999a)
First Derivative D1 (ρ’754/ρ’704) Datt (1999b)
Reciprocal Reflectance RR ρ700

−1 Gitelson et al. (1999)
Modified Red-Edge Normalized Difference Vegetation Index Modified mNDI (ρ750 – ρ705)/(ρ750 + ρ705 – 2xρ445) Sims and Gamon (2002)
Green Chlorophyll Index CIGreen (ρNIR /ρG) – 1 Gitelson et al. (2003)

Red-edge Chlorophyll Index CIRedEdge (ρNIR /ρRed Edge) – 1 Gitelson et al. (2003)

*obtained by first derivative of reflectance; ρ = Reflectance; NIR = Near infrared; R = Red region; G = Green region.
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Results

The different leaf colors provided different reflec-
tance spectrum. In general, in the visible region, the 
relationship between N concentration and reflectance 
percentage was negative. The lower reflectance percent-
age implied greater N concentration (Figure 1). On aver-
age, the 7.5 GY 8/8 leaves had the lowest intensity of 
reflectance in nearly all visible regions (440 – 700 nm). 
In the transition between the visible and near infrared 
(NIR) region, this color had greater intensity of reflec-
tance (740 – 900 nm). The 7.5 GY 8/4 leaves showed a 
similar behavior spectrum to the previous color, differ-
ing by only a greater percentage of reflectance in the 
visible region. Different from the others, the 7.5 YR 4/2 
leaves exhibited reflectance with a more linear tendency. 
Common to all leaf colors, an abrupt drop in reflectance 
occurred in the 655 – 690 nm region. A reversal in re-
flectance trends between the 7.5 YR 4/2 and 2.5 Y 7/6 
leaves was also apparent in this region (shaded region, 
Figure 1). This change in the spectral reflectance was 
contrary to the inverse relationship between N concen-
tration and reflectance percentage for this region. The 
reflectance behavior of the 2.5 Y 7/6 leaves were similar 
to that for the 2.5 Y 8/10 leaves, which had the foliar 
color with the highest reflectance percentage in the vis-
ible region.

The largest correlation coefficients (r) between VIs 
and N concentrations were obtained for the Red-edge 

Inflexion Point Position (IPP), Normalized Difference Red-
Edge (reNDVI) and Difference Vegetation Index Modified 
(mNDI) indexes (Table 3). The only non-significant corre-
lation was for First Derivative (D1). The indexes Structure 
Insensitive Pigment Index (SIPI) and Eucalyptus Pigment 
Index (EPI) were related inversely to foliar N concentra-
tions.

The exponential model was well adapted to all 
VIs, except for IPP, which was best fitted using a sim-
ple linear model (Figure 2). The analysis of R2 and 
RMSE results showed three regression quality groups. 
The best group had R2 ≥ 0.92 and RMSE ≤ 1.60 g kg−1 
(Figures 2A, B, C, D, E, F, G), the good quality group, 
0.92 > R2 > 0.80 and 2.40 > RMSE > 1.60 g kg−1 
(Figures 2H, I), and low quality group, R2 ≤ 0.80 and 
RMSE ≥ 2.40 g kg−1 (Figures 2J, K, L)

Discussion
 
The green leaves (7.5 GY 8/8) had higher N con-

centrations and lower reflectance percentages in practi-
cally every region of the visible spectrum (Figure 1). 
Similarly, the results obtained by Ayala-Silva and Beyl 
(2005) and Yao et al. (2013) showed that lower N con-
centration provided greater reflectance percentages in 
the visible region. Nevertheless, in this work, the re-
flectance trends were reversed for the 7.5 YR 4/2 and 
2.5 Y 7/6 leaves in the wavelengths 600 – 685 nm. This 
reversal may be related to the influence of compounds 
with other elements, which also absorb energy in this 
region of the spectrum. Nevertheless, this reversal 
affected the calculation of VIs that used at least one 
wavelength in this region such as New Reflectance Chlo-
rophyll Index (NRIC), SIPI and EPI (Table 2) and may 
have compromised the quality of the fit of those in-
dexes (Figures 2J, K, L).

Based on the R2 and RMSE (Figure 2), the VIs that 
provided stronger predictions were those that estimated 
the N concentration in wavelengths of the red edge re-
gion (700 – 750 nm) such as reNDVI, mNDI, Red-edge 
Chlorophyll Index (CIRed Edge) and Reciprocal Reflectance 
(RR), in addition to the Normalized Difference Vegetation 
Index (NDVI) and IPP, which use, respectively, the red 
band and the position of the highest inflection point of 
the curve in the region of the red and red edge region 
(Figure 2). In other studies, the VIs that used these re-
gions generally provided more accurate estimates than 
those operating in the green region (Clevers and Koois-
tra, 2012; Inoue et al., 2012; Yao et al., 2013).

Table 3 – Pearson correlation coefficients (r) between vegetation indexes (VIs) and foliar nitrogen concentrations (N).

IPP reNDVI mNDI CIRed Edge RR NDVI PRI gNDVI CIGreen NRIC SIPI EPI D1

N (g kg−1) 0.97* 0.97* 0.97* 0.96* 0.94* 0.93* 0.87* 0.87* 0.87* 0.72* -0.71* -0.47* -0.04ns

*significant by the “t” test (p < 0.01); nsnot significant; IPP = Red-edge Inflexion Point Position; reNDVI = Normalized Difference Red-Edge; mNDI = Modified Red-Edge 
Normalized Difference Vegetation Index Modified; CIRed Edge = Red-edge Chlorophyll Index; RR = Reciprocal Reflectance; NDVI = Normalized Difference Vegetation Index; 
PRI = Photochemical Reflectance Index; gNDVI = Green Normalized Difference Vegetation Index; CIGreen = Green Chlorophyll Index; NRIC = New Reflectance Chlorophyll 
Index; SIPI = Structure Insensitive Pigment Index; EPI = Eucalyptus Pigment Index; D1 = First Derivative.

Figure 1 – Average spectral reflectance by foliar color pattern. Each 
curve represents the average of 270 samples of leaf reflectance. 
Numbers near the curves indicate the average of N concentration 
(g kg−1). NIR = Near infrared. Shaded region: reversal in reflectance 
trends between the 7.5 YR 4/2 and 2.5 Y 7/6 leaves.



Oliveira et al. Vegetation indexes in Eucalyptus

145

Sci. Agric. v.74, n.2, p.142-147, March/April 2017

The NDVI was the first index that was constructed 
(Tucker, 1979). Since then, the NDVI has been modified to 
create other indices. These modifications reduced wave-
lengths used in the calculations (reNDVI and mNDI), 
added new wavelengths (mNDI) or replaced a region of 
the electromagnetic spectrum to another (Green Normal-
ized Difference Vegetation Index, gNDVI) (Table 2). For the 
calculation of mNDI, a wavelength was added in the blue 
region to increase the precision of this index in relation 
to reNDVI (Sims and Gamon, 2002). In the current study, 
this modification resulted in a slight reduction in accuracy 
to estimate N concentration (Figures 2A, B). Most likely, 

this resulted from saturation of chlorophyll absorption in 
this region. Low concentrations of chlorophyll are able 
to saturate absorption in the blue region (Lichtenthaler, 
1987), which mainly affected the estimation of higher N 
concentration (Figures 2A, B). However, for some species 
using this region in the VIs provided better estimates of 
N concentrations and chlorophyll contents than reNDVI 
(Hansen and Schjoerring, 2003; Sims and Gamon, 2002; 
Tian et al., 2011).

The CIRed Edge provided good accuracy to estimate N 
concentrations and it was better than some more used 
indexes, such as IPP and NDVI (Figures 2C, D, E). Clev-

Figure 2 – Adjustments between vegetation indexes and leaf nitrogen concentrations in Eucalyptus. RMSE = Root Mean Square Error (g kg−1). IPP 
= Red-edge Inflexion Point Position; reNDVI = Normalized Difference Red-Edge; mNDI = Modified Red-Edge Normalized Difference Vegetation 
Index Modified; CIRed Edge = Red-edge Chlorophyll Index; RR = Reciprocal Reflectance; NDVI = Normalized Difference Vegetation Index; PRI = 
Photochemical Reflectance Index; gNDVI = Green Normalized Difference Vegetation Index; CIGreen = Green Chlorophyll Index; NRIC = New 
Reflectance Chlorophyll Index; SIPI = Structure Insensitive Pigment Index; EPI = Eucalyptus Pigment Index.
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ers and Gitelson (2013) obtained good results using this 
index to estimate N concentration in potatoes, as well as 
Schlemmer et al. (2013) in maize.

For the IPP index (Figure 2D), there was a simple 
linear relationship between the wavelength and N con-
centration (Table 2). According to Gates et al. (1965) and 
Ayala-Silva and Beyl (2005), considering this index, short-
er wavelengths indicate lower N concentration in leaves. 
Buschmann and Nagel (1993), and Mutanga and Skid-
more (2007) also states that longer wavelengths indicate 
higher N concentration in leaves.

The NDVI also provided one of the best N concen-
tration estimates (Figure 2E), even using reversal wave-
lengths in the reflectance of 7.5 YR 4/2 and 2.5 Y 7/6 color 
in its calculation (Figure 1). Probably, by using the aver-
age value of a range of wavelengths, this variation did 
not affect the estimation of N as other VIs that used this 
region. In addition to NDVI, the RR index, composed of 
only one wavelength, was among the VIs that used the 
red edge region that provided less accurate estimates of 
N concentration (Figure 2F). Indexes composed of only 
one wavelength were less susceptible to variation in leaf 
N concentrations. Nevertheless, as IPP uses a wavelength 
of high correlation with N concentration (Clevers and Gi-
telson, 2013), it provided a good estimate in this study 
(Figure 2F). 

Among the VIs that used the green region in their 
calculation such as Photochemical Reflectance Index (PRI), 
Green Chlorophyll Index (CIGreen) and gNDVI, PRI was the 
only one in the best group for estimation of N concentra-
tion (Figures 2G, H, I). Other VIs estimated the N concen-
tration with good quality, but with a high RMSE (> 1.60 g 
kg−1) (Figures 2G, H, I). The PRI was designed primarily 
to evaluate its use and effectiveness of photosynthetically 
active radiation plants for photosynthesis (Gamon et al., 
1997). However, as shown in this study, inferences about 
this index can go beyond that (Figure 2G). The relationship 
between PRI and N was previously verified in seedlings 
of Larix kaempferi Sarg. (Nakaji et al., 2005). In this study, 
the gNDVI provided a low estimation accuracy of foliar 
N if compared to its original index, NDVI (Figures 2E, H). 
The low accuracy was also noted in the estimation of 
leaf chlorophyll content for various species of Eucalyptus, 
and provided a less accurate estimate than NDVI (Datt, 
1999a). In the green region (500 – 570 nm), chlorophyll 
had little absorption of light energy (Lichtenthaler, 1987). 
Similar to Eucalyptus, changes in foliar N and chlorophyll 
contents were not accompanied by the same reflectance 
variation in this region, which compromised the quality 
of the adjustments for these VIs (Figures 2G, H, I). How-
ever, for leaves of different colors in maple (Acer platanoi-
des L.) and chestnut (Aesculus hippocastanum L.), gNDVI 
provided greater sensitivity to the chlorophyll content 
than NDVI (Gitelson et al., 1996). Among the VIs that 
used the green region, the CIGreen provided less accurate 
estimations of foliar N concentration (Figure 2I). Howev-
er, in other species, these indexes present great potential 
in estimations of N concentration with accuracy similar 

to or even higher than VIs based on the red edge (Clevers 
and Gitelson, 2013; Shclemmer et al., 2013).

The other indexes, SIPI, NRIC and EPI, provided low 
quality estimations of N concentrations (Figures 2J, K, L). 
Interestingly, some of these were developed especially 
to estimate chlorophyll content of Eucalyptus, like NRIC, 
EPI and D1 (Datt, 1998, 1999a,              b). Differences between 
the leaf development stage and the plant itself (Gates et 
al., 1965), time-lapse between measuring reflectance af-
ter removing the plant leaf (Gates et al., 1965; Wenjiang 
et al., 2004) and type of sensor used in the collection of 
the spectrum reflectance (Erdle et al., 2011) are factors 
that can change the spectral reflectance of a species and 
cause differences in the comparison between results even 
within a species.

Foliar N concentrations in some Eucalyptus clones 
can be successfully predicted using vegetation indexes. 
The vegetation indexes that were based on the red edge 
region provided the most accurate estimates of foliar N 
concentration. The reNDVI was the index that provided 
better estimates of the N concentration in leaves of differ-
ent colors of Eucalyptus urophylla × grandis and Eucalyptus 
urophylla × urophylla. We suggest further research to vali-
date the regression equations acquired in other species of 
Eucalyptus.

Acknowledgements

Financial support: Federal University of Jequitin-
honha and Mucuri Valleys -UFVJM, Coordination for the 
Improvement of Higher Level Personnel - CAPES, Bra-
zilian National Council for Scientific and Technological 
Development - CNPq, Minas Gerais State Foundation for 
Research Support - FAPEMIG, and Gerdau Florestal SA.

References

Association of Official Analytical Chemists – International 
[AOAC]. 1990. Nitrogen (Total) in Fertilizers. AOAC, Rockville, 
MD, USA. (AOAC Official Method 978.02)

Ayala-Silva, T.; Beyl, C.A. 2005. Changes in spectral reflectance of 
wheat leaves in response to specific macronutrient deficiency. 
Advances in Space Research 35: 305-317.

Buschmann, C.; Nagel, E. 1993. In vivo spectroscopy and internal 
optics of leaves as basis for remote sensing of vegetation. 
International Journal of Remote Sensing 14: 711-722.

Buschmann, C.; Nagel, E.; Szabó, K.; Kocsányi, L. 1994. 
Spectrometer for fast measurements of in vivo reflectance, 
absorbance and fluorescence in the visible and near-infrared. 
Remote Sensing of Environment 48: 18-24.

Clevers, J.G.P.W.; Kooistra, L. 2012. Using hyperspectral remote 
sensing data for retrieving canopy chlorophyll and nitrogen 
content. IEEE Journal of Selected Topics in Applied Earth 
Observations and Remote Sensing 5: 547-583.

Clevers, J.G.P.W.; Gitelson, A.A. 2013. Remote estimation of crop 
and grass chlorophyll and nitrogen content using red-edge 
bands on Sentinel-2 and -3. International Journal of Applied 
Earth Observation and Geoinformation 23: 344-351.



Oliveira et al. Vegetation indexes in Eucalyptus

147

Sci. Agric. v.74, n.2, p.142-147, March/April 2017

Datt, B. 1998. Remote sensing of chlorophyll a, chlorophyll b, 
chlorophyll a + b, and total carotenoid content in Eucalyptus 
leaves. Remote Sensing of Environment 66: 111-121.

Datt, B. 1999a. A new reflectance index for remote sensing of 
chlorophyll content in higher plants: tests using Eucalyptus 
leaves. Journal of Plant Physiology 154: 30-36.

Datt, B. 1999b. Visible/near infrared reflectance and chlorophyll 
content in Eucalyptus leaves. International Journal of Remote 
Sensing 20: 2741-2759.

Erdle, K.; Mistele, B.; Schmidhalter, U. 2011. Comparison of 
active and passive spectral sensors in discriminating biomass 
parameters and nitrogen status in wheat cultivars. Field Crops 
Research 124: 74-84.

Gamon, J.A.; Serrano, L.; Sursus, J.S. 1997. The photochemical 
reflectance index: an optical indicator of photosynthetic 
radiation use efficiency across species, functional types, and 
nutrient levels. Oecologia 112: 492-501.

Gates, D.M.; Keegan, H.J.; Schleter, J.C.; Weidner, V.R. 1965. 
Spectral properties of plants. Applied Optics 4: 11-20.

Gitelson, A.; Merzlyak, M.N. 1994. Quantitative estimation of 
chlorophyll-a using reflectance spectra: experiments with 
autumn chestnut and maple leaves. Journal of Photochemical 
and Photobiology B: Biology 22: 247-252.

Gitelson, A.A.; Merzlyak, M.N.; Lichtenthaler, H.K. 1996. 
Detection of red edge position and Chlorophyll. Journal Plant 
of Physiology 148: 501-508.

Gitelson, A.A.; Buschmann, C.; Lichtenthaler, H.K. 1999. The 
chlorophyll fluorescence ratio R735/F700 as an accurate 
measure of the chlorophyll content in plants. Remote Sensing 
of Environment 69: 296-302.

Gitelson, A.A.; Gritz, Y.; Merzlyak, M.N. 2003. Relationships 
between leaf chlorophyll content and spectral reflectance 
and algorithms for non-destructive chlorophyll assessment in 
higher plant leaves. Journal of Plant Physiology 160: 271-282.

Gitelson, A.A.; Chivkunova, O.B.; Merzlyal, M.N. 2009. Non-
destructive estimation of anthocyanins and chlorophylls in 
anthocyanic leaves. American Journal of Botany 96: 1861-1868.

Hansen, P.M.; Schjoerring, J.K. 2003. Reflectance measurement 
of canopy biomass and nitrogen status in wheat crops using 
normalized difference vegetation indices and partial least 
squares regression. Remote Sensing of Environment 86: 542-553.

Horler, D.N.; Dockray, M.; Barber, J. 1983. The red edge of plant 
leaf reflectance. International Journal of Remote Sensing 4: 
273-288.

Inoue, Y.; Sakaiya, E.; Zhu, Y.; Takahashi, W. 2012. Diagnostic 
mapping of canopy nitrogen content in rice based on 
hyperspectral measurements. Remote Sensing of Environment 
126: 210-221.

Lichtenthaler, H.K. 1987. Chlorophylls and carotenoids: pigments 
of photosynthetic biomembranes. Methods in Enzymology 148: 
350-382.

Miller, H.G. 1984. Dynamics of nutrient cycling in plantation 
ecosystems. p. 53-78. In: Bowen, G.D.; Nambiar, E.K.S., eds. 
Nutrition of plantation forests. Academic Press, London, England.

Moran, J.A.; Mitchell, A.K.; Goodmanson, G.; Stockburger, K.A. 
2000. Differentiation among effects of nitrogen fertilization 
treatments on conifer seedlings by foliar reflectance: a 
comparison of methods. Tree Physiology 20: 1113-1120.

Mutanga, O.; Skidmore, A.K. 2007. Red edge shift and biochemical 
content in grass canopies. ISPRS Journal of Photogrammetry & 
Remote Sensing 62: 34-42.

Nakaji, T.; Takeda, T.; Fujinuma, Y.; Oguma, H. 2005. Effect of 
autumn senescence on the relationship between the PRI 
and LUE of young Japanese larch trees. Phyton-Annales Rei 
Botanicae 45: 535-542.

Ollinger, S.V. 2011. Sources of variability in canopy reflectance and 
the convergent properties of plants. New Phytologist 189: 375-394.

Peñuelas, J.; Baret, F.; Filella, I. 1995. Semi-empirical indices 
to assess carotenoids/chlorophyll a ratio from leaf spectral 
reflectance. Photosynthetica, 31: 221-230.

Richardson, A.D.; Duigan, S.P.; Berlyn, G.P. 2002. An evaluation 
of noninvasive methods to estimate foliar chlorophyll content. 
New Phytologist 153: 185-194.

Santana, R.C.; Barros, N.F.; Comerford, N.B. 2000. Above-ground 
biomass, nutrient content, and nutrient use efficiency of 
eucalypt plantations growing in different sites in Brazil. New 
Zealand Journal of Forestry Science 30: 225-236.

Saur, E.; Nambiar, E.K.S.; Fife, D.N. 2000. Foliar nutrient 
retranslocation in Eucaliptus globulus. Tree Physiology 20: 1105-
1112.

Savitzky, A.; Golay, M.J.E. 1964. Smoothing and differentiation 
of data by simplified least squares procedures. Analytical 
Chemistry 36: 627-1639.

Schlemmer, M.; Gitelson, A.; Schepers, J.; Fergunson, R.; Peng, 
Y.; Shanahan, J.; Rundquist, D. 2013. Remote estimation of 
nitrogen and chlorophyll contents in maize at leaf and canopy 
levels. International Journal of Applied Earth Observation and 
Geoinformation 25: 47-54.

Sims, D.A.; Gamon, J.A. 2002. Relationships between leaf pigment 
content and spectral reflectance across a wide range of species, 
leaf structures and developmental stages. Remote Sensing of 
Environment 81: 337-354.

Smethurst, P.; Holz, G.; Moroni, M.; Baillie, C. 2004. Nitrogen 
management in Eucalyptus nitens plantations. Forest Ecology and 
Management 193: 63-80.

Tian, Y.C.; Yao, X.; Yang, K.; Cao, W.X.; Hannaway, D.B.; Zhu, 
Y. 2011. Assessing newly developed and published vegetation 
indices for estimating rice leaf nitrogen concentration with 
ground- and space -based hyperspectral reflectance. Field Crops 
Research 120: 299-310.

Tucker, C.J. 1979. Red and photographic infrared linear 
combinations for monitoring vegetation. Remote Sensing of 
Environment 8: 127-150.

Ustin, S.L.; Gitelson, A.A.; Jacquemoud, S.; Schaepman, M.; Asner, 
G.P.; Gamon, J.A.; Zarco-Tejada, P. 2009. Retrieval of foliar 
information about plant pigment systems from high resolution 
spectroscopy. Remote Sensing of Environment 113: 567-577.

Wenjiang, H.; Jihua, W.; Zhilie, W.; Jiang, Z.; Liangyun, L.; Jindi, 
W. 2004. Inversion of foliar biochemical parameters at various 
physiological stages and grain quality indicators of winter 
wheat with canopy reflectance. International Journal of Remote 
Sensing 25: 2409-2419.

Yao, X.; Yao, X.; Jia, W.; Tian, Y.; Ni, J.; Cao, W.; Zhu, Y. 2013. 
Comparison and intercalibration of vegetation indices from 
different sensors for monitoring above-ground plant nitrogen 
uptake in winter wheat. Sensors 13: 3109-3130.


