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a b s t r a c t
Red light based broadband vegetation indices are widely applied to derive aerial nitrogen (N) status
parameters. With the advance of growth stages, however, crop canopy structure and aerial biomass will
vary greatly, which negatively inﬂuences the relationships between spectral indices and the crop canopy
N status. The current research aimed to assess the performance of red edge based vegetation indices,
derived from simulated broadband WorldView-2 data, to remotely sense aerial N concentration and
uptake in winter wheat (Triticum aestivum L.). Six experiments with different N rates for ﬁve German
cultivars and four Chinese cultivars of winter wheat were conducted in southeast Germany and in the
North China Plain from 2007 to 2010. The results showed that aerial biomass strongly affected the relationships between broadband vegetation indices and aerial N concentration before the heading stage.
Normalising by using the planar domain index approach signiﬁcantly improved the prediction power of
red edge dependent broadband vegetation indices in estimating aerial N status. The two-dimensional
broadband canopy chlorophyll content index (CCCI) and a newly proposed nitrogen planar domain index
(NPDI) involving the WorldView-2 satellite red edge region were found to be more stable and better predictors than traditional red light based broadband vegetation indices in estimating aerial N concentration
after the heading stage and in assessing aerial N uptake before the heading stage. The ﬁndings from this
study may be useful for managing the application of N fertiliser for winter wheat in Zadoks growth stages
30–55 and in indirectly monitoring aerial N content in Zadoks growth stages 59–75 at landscape scales.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Nitrogen (N) is one of the most active elements in agroecosystems (Smil, 2002) and the major element enhancing plant
growth and inﬂuencing quality in nutrient resource management
of crops (Ladha et al., 2005). Nitrogen sufﬁciency and N deﬁciency
signiﬁcantly affect the photosynthesis of crops, resulting in spectral
variation of the canopy (Hatﬁeld et al., 2008). Above ground plant
N concentration and uptake, which are important indicators of the
N status of winter wheat, are used to optimise nitrogen fertiliser
applications (Mistele and Schmidhalter, 2008a, 2010). To match
crop N requirements with soil N supply, an option in crop production is to use in-season measurements of the plant N status
to ﬁne-tune fertiliser N application (Scharf et al., 1993). However,
crop N indicators are variable among ﬁelds and years as well as
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within a ﬁeld (Scharf et al., 2005; Schmidhalter et al., 2006; Hong
et al., 2007; Mistele and Schmidhalter, 2008b). Real-time and accurate detection of crop N concentration and uptake is important for
optimising N management in crop production and avoiding environmental pollution (Stone et al., 1996; Schmidhalter et al., 2008).
Research shows that it is unfeasible to quickly quantify crop N
variability both temporally and spatially at the regional scale using
a point sampling estimation (Pinter et al., 2003). The development
of satellite remote sensing has made it possible to estimate crop N
status at ﬁeld and regional scales. The most well-known and widely
used approach for satellite-based remote sensing is the use of vegetation indices to derive the bio-physical and bio-chemical parameters of plants. However, the common red- and green-based broadband normalized difference vegetation index (NDVI) is strongly
affected by factors, such as the soil background, canopy structure and chlorophyll distribution in the canopy (Daughtry et al.,
2000; Haboudane et al., 2002) in early growth stages of crops but
loses sensitivity for deriving agronomic parameters in later growth
stages under moderate-to-high biomass conditions (Thenkabail
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et al., 2000; Flowers et al., 2003; Li et al., 2008; Erdle et al., 2011).
To overcome these problems, a number of vegetation indices have
been developed to estimate N-related indicators using remote
sensing data for different types of crops. Rondeaux et al. (1996)
developed the optimized soil adjusted vegetation index (OSAVI)
by adding a parameter to minimise effects of soil on the crop
canopy response. The NDVI was modiﬁed with a weighting coefﬁcient (WDRVI = (a × RNIR − Rred )/(a × RNIR + Rred )) that increased the
sensitivity of the NDVI to LAI (Gitelson, 2004). In addition, the commercially available high spatio-temporal resolution satellite data
involving a red edge band may provide a new opportunity for monitoring and quantifying the N status at the canopy level (Eitel et al.,
2007). Red edge, as the transition between the strong red light
absorption by chlorophyll and the high near-infrared reﬂectance
by plant tissue, is particularly sensitive to crop canopy chlorophyll and N variation compared with the other bands (Hatﬁeld
et al., 2008). Several studies have reported that broadband vegetation indices involving red edge information strongly improved the
estimation power of agronomic parameters. Gitelson et al. (2005)
used a conceptual model to develop the red edge chlorophyll index
(CIred edge = RNIR /Rred edge − 1), which linearly relates to the canopy
chlorophyll content in maize and soybean crops. To combine a
physically based model with ﬁeld validation, Eitel et al. (2008)
proposed that the modiﬁed chlorophyll absorption ratio index
(MCARI) combined with the second modiﬁed triangular vegetation
index (MTVI2) (Haboudane et al., 2004) in a ratio of MCARI/MTVI2
improved spectral estimations of ﬂag leaf N of dryland spring
wheat. Based on the theory of two-dimensional planar domain
illustrated by Clarke et al. (2001), the canopy chlorophyll content
index (CCCI), including red, red edge and near-infrared bands, was
presented as a method to extract N-related indicators for cotton
(El-Shikha et al., 2008), wheat (Rodriguez et al., 2006; Tilling et al.,
2007; Fitzgerald et al., 2006, 2010) and broccoli (El-Shikha et al.,
2007). However, there has not yet been a detailed evaluation of the
effects of growth stages and differences in the phenology of cultivars on the relationship between CCCI and N in contrasting regions.
To date, many vegetation indices have been derived to assess
N-related agronomic indicators at both leaf and canopy levels for
diverse vegetation species. Moreover, most of the high temporal and spatial resolution satellites, such as WorldView-2, which
involves a single red edge band, have been launched in recent years.
However, limited studies have been conducted to estimate winter
wheat aerial N concentration and uptake at various growth stages
using red edge based broadband vegetation indices with multitemporal and multi-locational on-farm datasets. Thus, to improve
nitrogen management and enhance crop productivity on a regional
scale, there is a need to test and develop broadband vegetation
indices for estimating in-season wheat aerial N concentration and
uptake using newly launched satellite bands. The speciﬁc objectives of the present study were: (1) to enhance the stability and
predictive power of broadband vegetation indices in estimating the
aerial N concentration and uptake of winter wheat; (2) to validate
and compare several known vegetation indices with red edge based
indices in aerial N concentration and uptake prediction capability
using ground truthing measurements collected from farmers’ ﬁelds
that were different from those used for calibration. The wheat cultivars used differed importantly in phenology and were grown under
signiﬁcantly contrasting conditions in China and Germany.
2. Materials and methods
2.1. Experimental sites
The experiments were conducted at two principal, contrasting
locations, the Dürnast Experimental Station of the Technische
Universität München (TUM) in Freising in Southeast Germany,

and the Quzhou Experimental Station of the China Agricultural
University (CAU) in Quzhou County located in the North China
Plain. The average annual temperature in Freising is 7.5 ◦ C and
the yearly average precipitation is 800 mm with the highest
values occurring in the winter wheat growing season (Mistele and
Schmidhalter, 2010). Quzhou County lies in the warm-temperate
subhumid-continental monsoon zone and is characterised by cold
winters and hot summers. The yearly mean temperature is 13.1 ◦ C,
with 200 frost-free days. Annual average precipitation is 537 mm
(average of 43 years from 1949 to 1992). However, the amount
of precipitation during the wheat growing season is relatively
small, i.e., 20% of total annual precipitation. Hence, farmers in this
area irrigate winter wheat 3–4 times during the season by ﬂood
irrigation with water from wells, depending on the amount of
precipitation during the growing season.
2.2. Experiment descriptions
2.2.1. Calibration experiments
The experiments, including three ﬁeld experiments with incrementally increasing N levels (Experiments 1, 2 and 3), were used to
establish the relationships between broadband vegetation indices
and corresponding laboratory-measured aerial N concentration
and uptake. Experiment 1 was performed at the Dürnast Research
Station of the TUM in Freising, Germany, in 2008/2009. The soil was
a Cambisol-type silty loam with a mineral N content of 56 kg ha−1 ,
CAL-P of 5 mg/100 g soil, CAL-K of 20 mg/100 g soil and pH value
of 6.2 in the 0–30 cm layer. Three German winter wheat cultivars
(Solitär, Ellvis and Tommi) and a Chinese cultivar (Nongda318)
were planted on October 14, 2008. Nitrogen fertiliser applications
with urea were split at three growth stages, i.e., GS 22, 32 and 47
(Zadoks et al., 1974), using eight rates (0, 60, 120, 180, 240, 300, 360
and 420 kg N ha−1 ). The high rates were chosen to over-fertilisation
as manifested in Chinese agriculture. The plot area was 4 m × 10 m
with three replications. At the Quzhou experimental station of the
CAU in 2009/2010, one German cultivar (Tommi) and two local
cultivars (Heng4399 and Kenong9204) were used in experiment
2 with seven N rates (0, 60, 120, 180, 240, 300, 360 kg N ha−1 )
based on residual soil mineral N previously assessed by a quick-test
method (Schmidhalter, 2005). One Chinese wheat cultivar, Liangxing99, was used in experiment 3; the ﬁve N treatments were control
(no N was applied), 50% of optimum N rate (Opt), 150% of Opt
and conventional N rate (Con). The Opt was based on the aerial
N requirement and the soil N supply for the two growing periods
(sowing to shooting, shooting to harvest) (see Chen et al., 2006 for
more details). The conventional N treatment represents the local
farmers’ practice, with 150 kg N ha−1 applied before sowing and
150 kg N ha−1 at the shooting stage as top-dressed fertiliser. All
plots in experiments 2 and 3 received 54 kg P ha−1 as triple superphosphate and 75 kg K ha−1 as potassium sulphate before sowing.
The soil in experiments 2 and 3 was a silt loam. The plot size was
4 m × 9 m with three replications in experiment 2 and 4 m × 10 m
with four replications in experiment 3, respectively. The winter
wheat Chinese cultivar Nongda318 was harvested on July 13, and
the three German cultivars (Solitär, Ellvis and Tommi) were harvested on August 6, in 2009. In 2010, the two Chinese cultivars
(Heng4399, Kenong9204) were harvested on June 18, and the German cultivar Tommi was harvested on July 7.
2.2.2. Validation experiments
Two farmers’ ﬁelds grown with winter wheat at Gründerzentrum and Schafhof near the Dürnast Research Station of the TUM in
2007/2008 and ﬁve farmers’ ﬁelds at Baizai Village near the Quzhou
experimental station of the CAU in 2009/2010 were selected to
validate the relationships between broadband vegetation indices
and aerial N concentration and uptake. The experimental design in
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Table 1
Spectral indices used in this study.
Vegetation index

Deﬁnition

Reference

Ratio vegetation index (RVI)
Normalized difference vegetation index (NDVI)
Normalized difference red edge index (NDRE)
Optimized soil-adjusted vegetation index (OSAVI)
Wide dynamic range vegetation index (WDRVI)
Red edge chlorophyll index (CIred edge )
Second modiﬁed triangular vegetation index (MTVI2)

RVI = NIR/R
NDVI = (NIR − R)/(NIR + R)
NDRE = (NIR − RE)/(NIR + RE)
OSAVI = (1 + 0.16)(NIR − R)/(NIR + R + 0.16)
WDRVI = (a × NIR −R )/(a × NIR + R) (a = 0.12)
CIred edge = NIR/RE − 1
MTVI2 = 1.5[1.2(NIR − G) − 2.5(R − G)]/[(2NIR + 1)2
− (6NIR − 5R1/2 ) − 0.5]1/2
MCARI = [(RE − R) − 0.2 × (RE − G)](RE/R)
TCARI = 3 × [(RE − R) − 0.2 × (RE − G)(RE/R)]
MCARI/OSAVI
TCARI/OSAVI
MCARI/MTVI2
CCCI = (NDRE − NDREMIN )/(NDREMAX − NDREMIN )
NPDI = (CIred edge − CIred edge MIN )/(CIred edge MAX − CIred edge MIN )

Jordan (1969)
Rouse et al. (1974)
Barnes et al. (2000)
Rondeaux et al. (1996)
Gitelson (2004)
Gitelson et al. (2005)
Haboudane et al. (2004)

Modiﬁed chlorophyll absorption in reﬂectance index (MCARI)
Transformed chlorophyll absorption in reﬂectance index (TCARI)
MCARI/OSAVI
TCARI/OSAVI
MCARI/MTVI2
Canopy chlorophyll content index (CCCI)
Nitrogen planar domain index (NPDI)

Gründerzentrum and Schafhof consisted of eight N rates (0, 60, 120,
180, 240, 300, 360 and 420 kg N ha−1 ) with four replicates. The winter wheat cultivars used were Solitär, Pegasus, Ludwig and Cubus.
six N rates (0, 60, 120, 180, 240, 300, 360 kg N ha−1 ) were applied
in selected farmers’ ﬁelds in Baizai Village. The different farmers’
ﬁelds were used as replications. Local cultivars were used, and the
ﬁelds were managed by the farmers.
2.3. Spectral measurements
A passive spectrometer (tec5, Oberursel, Germany) was used in
2008, 2009 and 2010 (Mistele and Schmidhalter, 2010). In 2008, the
device was mounted on a tractor to collect the reﬂectance information of winter wheat canopy (see Erdle et al., 2011 for more
details). In 2009 and 2010, canopy spectral reﬂectance was measured using a Handy-Spec® ﬁeld spectrometer. The measuring head
of this device consists of two optics: the upper one is used to quantify the incoming light as reference, and the lower one records the
reﬂectance from the vegetation and ground. The sensors can measure 256 bands with a spectral detection range from 300 to 1150 nm
and have a bandwidth of 3.3 nm. Depending on the length of the
plots, we measured reﬂectance in the winter wheat by holding the
sensor approximately 0.8–1.0 m above the canopy and walking at
the same speed in each plot. Before biomass sampling, the sensing
was performed in all wheat plots, and the sensor path was parallel
to the sowing rows.
Because we were considering using satellite image based broadband vegetation indices to detect crop N status at the regional scale
in the future, we calculated the average of the reﬂectance measurements at the canopy scale according to WorldView-2 and RapidEye
satellite bands: 510–580 and 520–590 nm as green (G), 630–690

Daughtry et al. (2000)
Haboudane et al. (2002)
Daughtry et al. (2000)
Haboudane et al. (2002)
Eitel et al. (2007)
Barnes et al. (2000)
This study

and 630–685 nm as red (R), 705–745 and 690–730 nm as red edge
(RE) and 770–895 and 760–850 nm as near infrared (NIR) bands,
respectively. Nine single indices (RVI, NDVI, NDRE, OSAVI, WDRVI,
CIred edge , MTVI2, MCARI and TCARI) and ﬁve combined indices
(MCARI/OSAVI, TCARI/OSAVI, MCARI/MTVI2, CCCI and NPDI) were
then calculated and are presented in Table 1. Similar to the canopy
chlorophyll content index (CCCI) (Fitzgerald et al., 2010), the N planar domain index (NPDI) is a two-dimensional index determined by
the planar domain index approach reported by Clarke et al. (2001)
(Fig. 1). The NPDI uses the NDVI to estimate the percentage of crop
cover and the red edge chlorophyll index (CIred edge ), which is sensitive to the plant nitrogen status. The NPDI was calculated as follows

NDVI =

NIR − R
NIR + R

CIred edge =

NDPI =

NIR
−1
RE

Measured CIred edge − CIred edge MIN
CIred edge MAX − CIred edge MIN

where CIred edge MIN is the value of CIred edge expected at a given
crop cover (NDVI) for minimum canopy plant N or chlorophyll concentrations; and CIred edge MAX is the CIred edge value expected at a
given crop cover for maximum plant N or chlorophyll concentrations.

Fig. 1. Relationship between NDRE, CIred edge and NDVI used to derive the CCCIi and NPDIi from the NDVI, NDRE and CIred edge .
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2.4. Plant sampling and measurements
Above ground biomass was destructively sampled by randomly
cutting ﬁve 1 m consecutive rows in each plot or farmer’s ﬁeld
within the scanned areas immediately after reﬂectance measurements. All plant samples were oven dried at 70 ◦ C to constant
weight and then weighed and ground for chemical analysis later.
A subsample was taken from the ground samples for Kjeldahl-N
determination. The aerial N uptake was determined by multiplying
aerial N concentration by dry biomass.
2.5. Statistical analysis
The correlations between plant N nutrient indicators and broadband vegetation indices were analysed using SAS software (SAS
Institute, 1990). Data collected from validation experiments were
used mainly for developing the regression models to establish the
relationships of vegetation indices of the canopy with aerial N concentration and aerial N uptake, and data collected from validation
experiments were used to validate the regression models under different cultivation conditions. The overall performance of the model
was estimated by comparing the differences in the coefﬁcient of
determination (R2 ), root mean square error (RMSE) and relative
error (RE, %) of prediction. The higher the R2 and the lower the
RMSE and RE, the higher the precision and accuracy of the model
will be for predicting aerial N uptake and concentration. Sensitivity of the different spectral vegetation indices to detect changes in
aerial N concentration and uptake was tested through the use of the
noise equivalent (NE) as the method reported by Viña and Gitelson
(2005) and Viña et al. (2011).



NE =

RMSE VI vs. aerial N concentration or uptake



d (VI)/d (aerial N concentration or uptake)

where d(VI)/d(aerial N concentration or uptake) is the ﬁrst derivative of the best-ﬁt function of the relationship “spectral indices vs.
aerial N concentration and uptake”. The NE can conduct a comparison among different spectral indices in dynamic ranges.
3. Results
3.1. Variations in plant N and spectral data
As expected, different winter wheat cultivars, phenological stages and N fertiliser management strategies (from 0 to
420 kg N ha−1 ), together with different sites and years, caused considerable variation in the above ground aerial N uptake and aerial N
concentration. In each of the datasets taken from different growth
stages, sites and years, aerial N uptake varied more than 42-fold
and aerial N concentration varied more than 8-fold in the calibration experiments, while varying more than 11-fold for aerial
N uptake and eight-fold for aerial N concentration in the validation experiments (Table 2). The high variation of aerial N uptake

and concentration in the investigated ﬁelds resulted in datasets
that were suitable for developing and validating regression models between broadband indices and plant N-related indicators. In
addition, reﬂectance at G particular at RE are sensitive to aerial N
uptake within a wide range of its variation compared with the R
and NIR bands (Fig. 2).
3.2. Relationships between vegetation indices and aerial N
concentration and uptake
The German winter wheat cultivars are awnless, taller and
ripened later compared with the Chinese cultivars. To understand
the effects of growth stages and cultivars on the relationships
between spectral indices and aerial N concentration and uptake,
we performed regression correlations controlling for vegetative (before heading) and reproductive (after heading) growth
periods and for the growth environments in Southeast Germany
and the North China Plain. According to the values of the R2
in Table 3, the broadband vegetation indices calculated from
simulated WorldView-2 satellite bands having the strongest correlations with aerial N uptake were NPDIi (R2 = 0.76), CCCIi (R2 = 0.75)
and then CIred edge (R2 = 0.68) and NDRE (R2 = 0.61), regardless
of cultivars. However, better correlations between indices and
aerial N uptake were observed only for German cultivars at
the reproductive growth period, indicating that a difference in
canopy structure of cultivars after heading affected the relationships between the indices and aerial N uptake. For aerial N
concentration, vegetation indices generally were better correlated
at the reproductive growth period than those at the vegetative
growth period. Similarly, vegetation indices NPDIi, CCCIi, CIred edge
and NDRE were more closely related to aerial N concentration
compared with the other indices at the reproductive growth
period.
Regression results from the different sites at different years
showed that the R2 values for relationship between the vegetation indices NPDIi, CCCIi, CIred edge and NDRE and aerial N uptake
were generally higher than those for the relationship between
vegetation indices and aerial N concentration (Table 3). In comparison, regression results for the single indices OSAVI, TCARI, MCARI
and MTVI2 and combined indices TVARI/OSAVI, MCARI/OSAVI
and MCARI/MTVI2 showed poor relationships (R2 ∼ 0), which may
result from broadband information confounding the spectral resolution or from the broad range of cultivars, growth conditions and
growing seasons.
Across all growth stages, cultivars, sites and years, red edge
based vegetation indices CIred edge (R2 = 0.59), NDRE (R2 = 0.54),
CCCIi (R2 = 0.71) and the newly proposed index NPDIi (R2 = 0.67)
were more strongly correlated with aerial N uptake than the other
vegetation indices (Table 3). Overall, red edge based indices generally were more correlated with plant N status indicators than red
light based vegetation indices because red edge, to a degree, was
more sensitive than other parts of the bands when quantifying plant
N status.

Table 2
Descriptive statistics of aerial N concentration and N uptake for calibration and validation experiments in vegetative (GS 30–55) and reproductive (GS 59–75) growth periods.
n

Calibration experiments
Vegetative growth period
Reproductive growth period
All
Validation experiments
Vegetative growth period
Reproductive growth period
All

Aerial N uptake (kg N ha−1 )

Aerial N concentration (%)

Range

Mean

SD

CV(%)

389
234
623

9–292
37–386
9–386

82
170
118

58
71
76

70.3
42.0
66.4

183
115
298

30–248
44–328
30–328

118
182
143

50
78
70

42.8
43.1
49.1

Range

Mean

SD

CV(%)

1.1–5.6
0.7–3.4
0.7–5.6

3.4
1.9
2.8

0.88
0.53
1.04

25.8
27.5
36.3

1.4–4.8
0.6–2.1
0.6–4.8

3.0
1.3
2.4

0.81
0.42
1.08

26.6
32.4
45.9
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3.3. Model establishment

3.4. Evaluation and validation of the model

Nitrogen nutrient management at the vegetative growth
period plays an important role during the wheat growth period
because wheat plants take up the most N before heading.
Thus, real-time detection of aerial N uptake before heading
will be useful for developing N fertiliser management strategies
for winter wheat. However, monitoring aerial N concentration after heading is important for guiding agricultural practice
(Eitel et al., 2008) and decreasing the risk of environmental
pollution.
On the basis of the R2 , relationships established between vegetation indices and the aerial N concentration and uptake (Table 3),
we plotted the four best performing indices – NPDIi, CCCIi, CIred edge
and NDRE calculated by using WorldView-2 and RapidEye satellite data – together with the aerial N uptake at the vegetative
growth period and with the aerial N concentration at the reproductive growth period. As illustrated in Fig. 3, all four spectral
indices were quadratic related to aerial nitrogen uptake regardless
of the cultivar and phenological properties. Compared with NDRE
and CIred edge , the R2 for CCCIi and NPDIi increased by 9.5–22.4%
and 5.4–5.7%, respectively. The results indicate that normalising
using the planar domain theory, as illustrated by Clarke et al.
(2001), greatly improved the prediction of aerial N uptake. However, plots of broadband indices NDRE, CIred edge , CCCIi and NPDIi
against aerial N concentration (Fig. 4) did not show an obviously
improved response of CCCIi and NPDIi over that of NDRE and
CIred edge .

Except R2 as a statistical characteristic for the established model,
it is important to assess sensitivity of each performing well spectral
index to aerial N concentration and uptake. In order to evaluate
how sensitive of VIs to aerial N concentration and uptake, we used
the method of the noise equivalent (NE) as mentioned by Viña and
Gitelson (2005) and Viña et al. (2011) to compare the NE of NDRE,
CIred edge , CCCIi and NPDIi. As illustrated in Fig. 5, The NE of NPDIi
in aerial N uptake was the lowest among the four VIs tested. For NE
in aerial N concentration, NDRE and CCCIi had much higher noise
equivalent when aerial N concentration exceeded 2%.
To test the robustness of predicting N status by using selected
broadband spectral indices, an established model for detecting crop
N uptake and concentration should be applied over wide phenological and cultural conditions. Thus, the evaluation was based on
a comparison of the aerial N uptake and N concentration predicted
by the best performing indices, with aerial N uptake and concentration measured analytically for independent datasets involving
different German and Chinese wheat cultivars from farmers’ ﬁelds
of southeastern Germany and the North China Plain.
The validation results according to the statistical analysis for
the best performing indices, CIred edge , NDRE, CCCIi and the newly
proposed index NPDIi, are shown in Figs. 6 and 7. For N uptake
varying from 30 to 248 kg N ha−1 at the vegetative growth period
(Table 2), the RMSE and RE of aerial N uptake prediction using
simulated WorldView-2 satellite data did not exceed 35 kg N ha−1
and 30%, respectively, which is acceptable under heterogeneous

Fig. 2. Relationship between aerial N uptake and wheat canopy reﬂectance in R (630–690 nm), G (510–580 nm), RE (705–745 nm) and NIR (770–895 nm) bands across
cultivars, sites and years.
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Table 3
Coefﬁcient of determination (R2 ) for relationships between spectral indices (calculated from WorldView-2 satellite bands) and aerial N concentration and uptake across cultivars, growth stages, sites and years.
Spectral indices

*

Freising, Germany (2008/2009)

Combined

German
cultivar

Chinese
cultivar

Combined

German
cultivar

Chinese
cultivar

Combined

German
cultivar

Chinese
cultivar

Combined

0.24**
0.18**
0.22**
0.24**
0.25**
0.04
0.05
0.07
0.02
0.06
0.04
0.06
0.18**
0.24**

0.02
0.06**
0.03
0.06**
0.03
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.02

0.66**
0.63**
0.67**
0.67**
0.70**
0.64**
0.47**
0.48**
0.62**
0.42**
0.49**
0.34**
0.45**
0.61**

0.29**
0.40**
0.41**
0.37**
0.37**
0.12*
0.08
0.15*
0.13*
0.15*
0.14*
0.20**
0.32**
0.35**

0.52**
0.37**
0.46**
0.44**
0.49**
0.23**
0.38**
0.36**
0.24**
0.34**
0.39**
0.33**
0.39**
0.47**

0.02
0.00
0.03
0.00
0.02
0.15**
0.07*
0.19**
0.13**
0.19**
0.07*
0.19**
0.07*
0.04

0.24**
0.39**
0.13**
0.34**
0.10*
0.62**
0.26**
0.58**
0.68**
0.57**
0.33**
0.53**
0.02
0.01

0.08*
0.07*
0.00
0.07*
0.00
0.27**
0.12**
0.28**
0.27**
0.29**
0.13**
0.27**
0.02
0.00

0.28**
0.40**
0.32**
0.38**
0.30**
0.17**
0.30**
0.17**
0.13**
0.18**
0.36**
0.27**
0.13**
0.23**

0.31**
0.21**
0.27**
0.29**
0.30**
0.02
0.29**
0.01
0.02
0.01
0.26**
0.11*
0.21**
0.28**

0.20**
0.24****
0.25**
0.26**
0.25**
0.02
0.18**
0.02
0.01
0.01
0.21**
0.06
0.16**
0.22**

0.00
0.04
0.06
0.03
0.06
0.02
0.01
0.04
0.01
0.05
0.01
0.05
0.09**
0.07*

0.45**
0.44**
0.63**
0.47**
0.64**
0.00
0.02
0.00
0.00
0.01
0.02
0.00
0.64**
0.66**

0.46**
0.32**
0.61**
0.40**
0.68**
0.15**
0.04
0.02
0.18**
0.04
0.09**
0.02
0.75**
0.76**

0.27**
0.31**
0.65**
0.30**
0.68**
0.39**
0.09*
0.14**
0.45**
0.09*
0.10*
0.04
0.70**
0.72**

0.01
0.00
0.02
0.00
0.02
0.13*
0.00
0.08
0.15*
0.06
0.00
0.00
0.13*
0.03

0.24**
0.12*
0.29**
0.17**
0.33**
0.37**
0.12**
0.33**
0.42**
0.28**
0.11**
0.15**
0.42**
0.39**

0.18**
0.22**
0.67**
0.21**
0.70**
0.04*
0.00
0.05*
0.06*
0.07*
0.00
0.11**
0.81**
0.78**

0.00
0.03
0.11**
0.01
0.13**
0.20**
0.07*
0.43**
0.25**
0.47**
0.08*
0.49**
0.70**
0.37**

0.14**
0.09**
0.50**
0.12**
0.55**
0.00
0.00
0.05
0.01
0.08*
0.00
0.12**
0.79**
0.69**

0.83**
0.54**
0.75**
0.68**
0.81**
0.30**
0.73**
0.40**
0.29**
0.40**
0.72**
0.49**
0.81**
0.85**

0.70**
0.66**
0.76**
0.72**
0.77**
0.01
0.58**
0.07
0.02
0.07
0.65**
0.16*
0.67**
0.74**

0.75**
0.53**
0.67**
0.64**
0.71**
0.17**
0.67**
0.26**
0.18**
0.25**
0.68**
0.35**
0.63**
0.71**

0.33**
0.25**
0.54**
0.30**
0.59**
0.12**
0.04
0.02
0.15**
0.01
0.06
0.01
0.71**
0.67**

Signiﬁcant at the 0.05 probability level.
Signiﬁcant at the 0.01 probability level.
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Fig. 3. Relationships between WorldView2-NDRE (a), WorldView2-CIred edge (b), WorldView2-CCCI (c) and WorldView2-NPDI (d), RapidEye-NDRE (e), RapidEye-CIred edge (f),
RapidEye-CCCI (g), RapidEye-NPDI (h) and aerial N uptake before heading stage across cultivars, sites and years.

ﬁeld conditions. The R2 between estimated aerial N uptake and
observed aerial N uptake was generally greater than 0.60. In
comparison, the predicted N uptake by CIred edge and NDRE deviated much more from the 1:1 line (underestimation of N uptake)
at higher N uptake, while for the aerial N concentration at the
reproductive growth period, the validation performance for NPDIi
and CCCIi was no better than CIred edge and NDRE (Fig. 7).
4. Discussion
The present study shows that the newly proposed twodimensional NPDIi was strongly related to the ground-measured
N status parameters, independent of the growing season, growth

stage, study area and phenological properties. Of particular importance is that the relationships obtained between NPDIi and ground
data were geographically transferable between completely different climate conditions (Figs. 8 and 9), i.e., fairly cool and wet in
southeastern Germany and hot and dry in the North China Plain
during the winter wheat growing period. Furthermore, the relationship developed was validated using independent datasets with
local German cultivars (awnless and taller) and Chinese cultivars
(awny and smaller) representing a wide range of cultivars grown
on complex and heterogeneous farmers’ ﬁelds in both southeastern
Germany and the North China Plain. As shown in previous studies
(El-Shikha et al., 2007, 2008; Rodriguez et al., 2006; Tilling et al.,
2007; Fitzgerald et al., 2006, 2010), red edge indices developed
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Fig. 4. Relationships between worldview2-NDRE (a), WorldView2-CIred edge (b), WorldView2-CCCI (c) and WorldView2-NPDI (d), RapidEye-NDRE (e), RapidEye-CIred edge (f),
RapidEye-CCCI (g), RapidEye-NPDI (h) and aerial N concentration after heading stage across cultivars, sites and years.

with a two-dimensional approach (Clarke et al., 2001) were more
sensitive and robust in deriving plant N-status-related parameters
compared with red light based single and combined indices. A difference in the present study is that the two-dimensional indices
were structured by using the broadband simulated WorldView2 and RapidEye satellite data rather than narrow or short bands.
The ﬁndings of Eitel et al. (2007, 2008) indicated that indices by
broadband data reduced the predicting power of N status indicators because of a decreased spectral resolution. The results in this
study show that normalisation by NDVI improved the response of
two-dimensional broadband indices CCCIi and NPDIi over single
and combined indices, suggesting that the planar domain theory

mentioned by Barnes et al. (2000) and Clarke et al. (2001) increased
the potential of using red edge based broadband satellite data.
The main goal of using multispectral satellite data to derive
aerial N status indicators is to increase the sensitivity to N-related
indicators of plants, while reducing the variation due to the crop
canopy structure, aerial biomass and soil background reﬂectance.
Thus, it is most important to select suitable vegetation index formulas and band combinations. In this study, selected broadband
indices were poorly or not at all related to the aerial N concentration at Zadoks growth stages 30–55 combining all site-years or at
the whole growing period in the same site-years (Table 3), which
is in agreement with ﬁndings by Flowers et al. (2003) and Li et al.
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Fig. 5. Noise equivalent of aerial N concentration and uptake estimation by the broadband spectral indices of WorldView2-NDRE, WorldView2-CIred edge , WorldView2-CCCI,
WorldView2-NPDI, RapidEye-NDRE, RapidEye-CIred edge , RapidEye-CCCI and RapidEye-NPDI.

Fig. 6. Relationship between estimated and observed aerial N uptake for the data from farmers’ ﬁelds before heading stage (a, b, c, d, e, f, g and h stand for WorldView2-NDRE,
WorldView2-CIred edge , WorldView2-CCCI, WorldView2-NPDI, RapidEye-NDRE, RapidEye-CIred edge , RapidEye-CCCI and RapidEye-NPDI estimated value, respectively).
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Fig. 7. Relationship between estimated and observed aerial N concentration for the data from farmer’s ﬁelds after heading stage (a, b, c, d, e, f, g and h stand for WorldView2NDRE, WorldView2-CIred edge , WorldView2-CCCI, WorldView2-NPDI, RapidEye-NDRE, RapidEye- CIred edge , RapidEye-CCCI and RapidEye-NPDI estimated value, respectively).

(2008). The ﬁndings indicate that variation of the leaf area index
(LAI) and above ground biomass at different growth stages negatively affects the relationship between the indices and aerial N
concentration. Before heading in particular, the growth stage has
an important effect on the relationship between vegetation indices
and aerial N concentration because aerial N uptake cannot keep
pace with the aerial biomass increment (Table 3). Because crop
canopy reﬂectance is a function of plant N and biomass, it is difﬁcult
to identify the plant N signature remotely using the biomass information. Furthermore, the aerial biomass of crops rapidly increased
during the vegetative growth period, and the effects of the signature
of aerial biomass on spectral reﬂectance were stronger compared
with that of plant N before heading. The “dilution effect” of N
may result in some inconsistency in extracting aerial N concentration using spectra-based information at periods when biomass

is increasing rapidly (Flowers et al., 2003; Eitel et al., 2007). Thus,
it is best to derive aerial N concentration using spectral vegetation indices at clearly deﬁned growth stages before heading. Even
though optimising narrow band vegetation indices to estimate the
aerial N concentration was used to cover different growth stages
before heading, the relationship between the selected vegetation
indices and the aerial N concentration was negative and nonlinear,
and the relationship was not robust compared with the aerial N
uptake (Hansen and Schjoerring, 2003; Stroppiana et al., 2009)
As in the current study, Eitel et al. (2007, 2008) reported a significant correlation between aerial N concentration and the combined
index MCARI/MTVI2 computed either by handheld CropScan multispectra data or by simulated RapidEyeTM satellite data at Zadoks
growth stages 57–60 in three dryland spring wheat ﬁelds. However, they did not indicate whether the correlation was strong
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Fig. 8. Relationships between NPDI (calculated from simulated WorldView-2 satellite bands) and aerial N uptake covering all datasets at Dürnast (southeast Germany)
and Quzhou (North China Plain) experimental stations.

before the heading stage. Our research shows that a signiﬁcant
relationship exists between selected indices and the whole aerial
N concentration after the heading stage combining all site-years.
An explanation for the relationship is that maximum above ground
biomass was obtained at the heading stage, when the effect of dilution (Justes et al., 1994) diminishes. Thus, aerial N concentration has
a more important effect on reﬂectance patterns than biomass does.
The results reported by Bausch et al. (2008) for maize and Cohen
et al. (2010) for potato further conﬁrm the stronger relationships
between satellite based broadband indices and leaf N concentration under dense canopies at late growth stages when the aerial
biomass reaches constant values. In addition, better relationships
were observed for the red edge based indices than for the red based
indices.
In the current study, traditional single indices (i.e., NDVI, OSAVI,
WDRVI, MTVI2, MCARI and TCARI) and combined indices (i.e.,
MCARI/OSAVI, TVARI/OSAVI and MCARI/MTVI2) using green or red
light reﬂectance showed a poor relationship with aerial N uptake
for all dataset formations (Table 3). The explanation for this is
probably that NDVI-like broadband vegetation indices obtained by
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traditional multispectral satellite bands are mostly based on the red
light region, which loses sensitivity in predicting agronomic variables at moderate to high canopy cover or aerial biomass (Viña et al.,
2004; Gitelson et al., 2003, 2005, 2006; Haboudane et al., 2008;
Herrmann et al., 2011), thus limiting the usefulness of these broadband vegetation indices under high aerial N uptake (Flowers et al.,
2003; Li et al., 2010). In contrast, Hively et al. (2009) reported that
broadband NDVI derived from multispectral satellite SPOT 5 images
effectively predicted aerial N uptake for rye, barley and wheat, but
these results were based on a prediction of low aerial N uptake values at early growth stages. Similar to the ﬁndings of Li et al. (2008),
broadband RVI based on simulated Quickbird satellite data was
strongly related to aerial N uptake. In this study, however, the better
performing broadband spectral indices were red edge based single indices NDRE, CIred edge and two-dimensional combined indices
CCCIi and NPDIi. These ﬁndings suggest that the red edge region was
the important spectral region in deriving aerial N status parameters when selecting a suitable spectral indices formula. A limitation
is that the broadband CCCIi and NPDIi were tested only by using
WorldView-2 and RapidEye satellites data. The red edge bands
selection in different satellite data may affect the performance of
indices in deriving aerial N status of wheat. In future, identifying
optimal red edge band and its range for aerial N estimation need
further to be conducted using bands optimum algorithm (Peng and
Gitelson, 2011, 2012). Thus, depending speciﬁc satellite data, we
can better use of new red edge based proposed spectral indices and
performs further investigation with other crops. With the launch of
high temporal-spatial resolution satellites involving the red edge
region, the long-standing reliance on red light based broadband
NDVI-like spectral indices is reduced.
In conclusion, our ﬁndings conﬁrm that the two-dimensional
broadband combined index CCCIi and, particularly, the newly proposed broadband index NPDIi were relatively stable and powerful
indices for deriving aerial N uptake before the heading stage and
aerial N concentration after the heading stage across sites, years,
cultivars and phenological properties. Our results also provide useful insight for using satellite remote sensing to guide producers in
managing their N application in the critical growth stages, such as at
GS 30–36, for an enhanced N fertilizer use efﬁciency and to reduce
the pollution potential by monitoring N concentrations after the
heading stage. Further validation and testing will be needed to estimate the stability and transferability of the best performing spectral
indices at heterogeneous wheat production agro-ecosystems using
real satellite data involving red edge in the future.
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