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Abstract

There is an ample literature on spectral indices as estimators of the crop’s chlorophyll concentration, and, by extension,
of the nitrogen concentration. In this line, the suitability of 21 of these indices was evaluated as nitrogen concentration
indicators for the dual-purpose (fodder and grain) triticale (X Triticosecale Wittmack). The interval of interest was
the one in that it would be possible to intervene to correct the deficiency of nitrogen (defined according to practical
criteria); one peculiarity of this study is that it only develops a model for that period; more developments complicate
the profitability, because the annual stability is not guaranteed and calibration studies are expensive. The results showed
that, although there are significant correlations between the greenness indices and the crop’s nitrogen concentration,
for none of the spectral indices the relationship can reach acceptable values that encourage their use in the new
techniques of precision agriculture of low cost. One solution for improving the effectiveness and reduce costs could
be to use the information contained in the spectral signature beyond what is easily explicable by biochemistry and
biophysics, in other words, using data mining in the search for new spectral indices directly related to the concentration
of nitrogen in plant and stable throughout crop development. At present, the squared correlation coefficient (R?) of
the best fits reach 0.5 for the later phenological stages, this mark is reduced to 0.3 with an approach of low cost.
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Resumen

Evaluacion de indices de vegetacion espectrales para la estimacion de la concentracion de nitrégeno
en triticale de doble aptitud (forraje y grano)

Existe una extensa literatura que describe el potencial de los indices espectrales como indicadores de la concen-
tracion de clorofila en el cultivo y, por extension, de la concentracion de nitrégeno. En esta linea se encuentra este tra-
bajo, donde se evalta la idoneidad de los 21 indices espectrales mas usados para realizar estimaciones en triticale (X
Triticosecale Wittmack) de doble proposito (forraje-grano). El intervalo fenoldgico de interés se define siguiendo cri-
terios practicos, es aquel durante el cual se puede actuar para corregir una deficiencia de nitrogeno. Una peculiaridad
es que solo se desarrolla un modelo para todo ese periodo; mas desarrollos complicarian la rentabilidad, ya que la es-
tabilidad de los modelos no esta garantizada y las calibraciones son costosas. Los resultados mostraron que, aunque
existe correlacion significativa entre los indices de verdor y la concentracion de nitrégeno, para ninguno de los indi-
ces espectrales la relacion alcanza valores que animen a su uso en las metodologias de bajo coste. Para mejorar la efec-
tividad y reducir costes se podria usar la informacion contenida en la firma espectral mas alla de lo que es facilmen-
te explicable por la bioquimica-biofisica, en otras palabras, usar la mineria de datos en la busqueda de indices espectrales
directamente relacionados con la concentracion de nitrogeno y estables a lo largo del desarrollo del cultivo. El coefi-
ciente de correlacion al cuadrado (R?) del mejor de los ajustes existentes alcanza un valor de 0,5 para los ultimos es-
tadios fenoldgicos, marca que se reduce a 0,3 al emplear una metodologia de bajo coste.

Palabras clave adicionales: agricultura de precision; cereales; estado nutricional; radiometria; reflectancia de la
hoja; teledeteccion.
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Introduction

Reflectance measurements can be used to obtain the
values of the most widely used spectral indices (revie-
wed in Ustin et al., 2004) as indicators of chlorophyll
concentration. These indices, together with the canopy
radiative transfer models, allow one to estimate the
state of the vegetation from satellite and aerial images.
Our ultimate goal is to make this approach a reality in
agriculture and the action plan begins with identifying
the most appropriate spectral index and estimating the
magnitude of its relationship with nitrogen concentra-
tion. This study assesses the potential of the methodo-
logy in easily reproducible conditions on farms. The
immediate objective is to determine if the spectral in-
dices keep the effectiveness reported by other authors
when implementation costs are reduced (only a model
for relating reflectance and nutritional status by cam-
paigning on a stage with high variability), which is
necessary to facilitate the transfer.

Some of the spectral indices commonly used as in-
dicators of chlorophyll concentrations include correc-
tions for the effect of the soil on the measurements of
the canopy reflectance (Huete, 1988; Rondeaux et al.,
1996; Zarco-Tejada et al., 2004), unnecessary precau-
tions in this study because it works with reflectance
measurements of the leaf.

This work is in line with that described by Heege et
al. (2008). They related the measurements of greenness,
obtained by sensors mounted on farm equipment, with
the dose of nitrogen fertilizer. They used fluorescence
and reflectance measurements, in the case of reflec-
tance; they tested the determination of the red-edge
inflexion point both numerically and empirically.

The work of Li ef al. (2010), although similar to this
one, differs in that in this study is limited to one the
number of models that relate the spectral index and the
nitrogen concentration in the plant throughout the
development, instead of looking for relationships for
specific growth stages, that is what has been done so
far because the plant changes during its development
(Marschner, 1995; Azcon-Bieto and Talon, 2003) com-
plicate another approach.

With the dual-purpose triticale, one has the possibi-
lity of allowing livestock to graze more than once
without ruining the harvest. After each grazing by li-
vestock the plant has to regenerate the above-ground
part and with it the ability to synthesize chlorophyll,
but the below-ground part is unaffected so that the plant’s
nitrogen absorbing capacity remains intact. The result

is an imbalance in the first weeks after each cutting
which is manifest in a yellowing of the plant. This is
not a symptom of nitrogen deficiency, since there has
been neither a decrease in the concentration of this ele-
ment nor an interruption in plant growth. This charac-
teristic is a major additional obstacle to the transfe-
rence of radiometric technology to the dual-purpose
triticale case.

Material and methods

As part of a study at the «La Orden-Valdesequera»
Research Centre aimed at determining the optimal
combination of seeding density, number of grazing and
doses of nitrogenous fertilizers for growing triticale
(X Triticosecale Wittmack), the reflectance of the
leaves throughout the growth of the crop was measured.

The experimental design was a split-split-plot with
four replicates. The first factor was the seeding density
(400, 500 and 600 plants m2), the second the number
of times the crop was cut to simulate grazing (0, 1 and
2 grazing by livestock) and the third the dose of nit-
rogenous fertilizer (0, 75 and 125 kg ha™!). Each factor
had three levels, so that there were 108 experimental
plots in total, each of 30 m2. The leaf reflectance mea-
surements were made at 80, 117, 132, and 164 days
after seeding (campaign 2009). Together with these
measurements, crop samples were taken and sent to
the laboratory for the determination of the concentra-
tion of total nitrogen by the Kjeldahl method.

The weather is a key factor in plant growth and
climate variability is sufficient to cause changes in the
evolution of the crop year after year; for this reason,
more important than the number of days from sowing
is to indicate the phenological stage in which was the
plant. Table 1 shows the correspondence between the
number of days after seeding, the crop’s phenological
stage and the description of growth stage.

The growth stages were determined using the Zadoks
(Zadoks et al., 1974) and Feekes scales (Feekes, 1941;
Large, 1954). On this matter illustrative charts can be
found in the book of Rawson and Gémez Macpherson
(2000).

The influence of each factor on the nitrogen concen-
tration measured for each of the 108 plots on each
sampling day was analyzed (it is unknown whether all
the factors at all levels have an effect on the concentra-
tion of nitrogen in plant). The analysis of variance for
factorial designs (statistical analysis that corresponds
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Table 1. Correspondence between the number of days after seeding and the crop's phenologi-

cal stage (triticale)

Phenological stage

Days after s
. Description
seeding Zadoks scale Feekes scale
80 35 7-8 Stem elongation (5™ node detectable)
117 40 9 Booting
132 46 10 Booting (flag leaf sheath opening)
164 65 10.5.2 Anthesis half-way

to the split-split-plot design) determines a grouping of
the elementary experimental plots according to the
nitrogen content on each of the four sampling dates.
All calculations were done using R 2.9 (R Develop-
ment Core Team, 2004).

The crop’s spectral signature is sensitive to pheno-
logical changes; this is a good reason to test the relation
between the spectral index and the nitrogen concen-
tration for each sampling date. This approach suffers
from a serious handicap, a commercial application is
difficult since in that case calibration studies would be
needed for each growth stage, which compromises the
economic viability of this technique. This is the reason
because in this work, the restriction that only one model
should cover the entire period of interest was established.

On each sampling date, 20 leaves at random were
collected in each of the 108 elementary plots. Ten
estimates of the reflectance (each averaging 50 rea-
dings) were made of these samples, using the ASD
FieldSpec 3 spectroradiometer for this. This device has
a spectral range of 350-2,500 nm, a sampling interval
of 1.4 nm for the range 350-1,000 nm and 2 nm for the
range 1,000-2,500 nm, and a spectral resolution of
3 nm at 700 nm and 10 nm from 1400 nm to 2100 nm.
Readings were performed using a plant probe plus leaf
clip. The light source of the plant probe is a halogen
bulb with a colour temperature of 2,901 £ 10 K.

For each of the different groups of elementary plots
defined according to their concentration of nitrogen
on each sampling date, the mean reflectance was cal-

Table 2. Spectral indexes related to the content in chlorophyll used

Spectral index

Formulation'

Author

Green NDVI?
Green reflectance R550
Logarithm of reciprocal reflectance log(1/R737)

Modified chlorophyll absorption in reflectance index
Modified red-edge normalized difference vegetation index
Modified red-edge ratio

Near infrared reflection

Normalized difference vegetation index

Pigment specific normalized difference a

Pigment specific normalized difference b

R800

Pigment specific simple ratio a R800/R675

Pigment specific simple ratio b R800/R650

Ratio analysis of reflectance spectra a R675/R700

Ratio analysis of reflectance spectra b R675/(R650*R700)
Ratio of near infrared to green R800/R550

Ratio of near infrared to red R800/R670
Reciprocal reflectance 1/R700

Red edge inflect point
Red reflectance
Red-edge NDVI
Zarco-Tejada & Miller

R670

R750/R710

(R780-R550)/(R780+R550)

[(R700-R670) — 0.2 * (R700—R550)] * (R700/R670)
(R750-R705)/(R750+ R705 -2 * R445)
(R750-R445)/ (R705 - R445)

(R800-R670)/ (R800 +R670)

(R800-R675)/ (R800 +R675)
(R800-R650)/ (R800 +R650)

(700+40) * {[(R670 +R780)/2] ~R700} / (R740 ~R700)

(R750-R705)/(R750+R705)

Gitelson and Merzlyak (1996)
Biochemical deduction
Yoder and Pettigrew-Crosby (1995)
Daughtry et al. (2000)
Sims and Gamon (2002)
Sims and Gamon (2002)
Biochemical deduction
Deering (1978)
Blackburn (1998)
Blackburn (1998)

Sims and Gamon (2002)
Sims and Gamon (2002)
Blackburn (1999)
Blackburn (1999)
Biochemical deduction
Biochemical deduction
Gitelson et al. (1999)
Guyot et al. (1988)
Biochemical deduction
Sims and Gamon (2002)
Zarco-Tejada et al. (2001)

! R +number: reflectance at number nm. 2 NDVI: normalized difference vegetation index.
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Average concentration of nitrogen in plant
at each of the 108 elementary plots

Sampling Sampling Sampling Sampling
No. 1 No. 2 No. 3 No. 4

v

Split-split-plot ANOVA + Pairwise Comparisons
(Fisher’s LSD Procedure)
Identify the factors-levels that have significant
effect on plant nitrogen concentration
(level of significance 0.05)

v

In the data of 108 experimental plots and the 4 days
of sampling, 432 determinations of nitrogen in plant,
found only 14 different values. Number of uses
(livestock) and fertilizer dose with effect, but not
different at all levels. The planting density without
effect

v

Dependent variable:
plant nitrogen concentration (%)

432 spectral signatures
could have a significant (108 experimental plots

effect at a given time and not and 4 days of sampling)

have it in another, the analysis

is performed by sampling day |

A certain factor-level

Calculation of the spectral

signatures representative of
each level for nitrogen con-
centration by
averaging all the spectral
signatures of the plots
at that level

Those parcels that differ
from each other by a factor
or level without effect are
repetitions of the same
configuration

Looking for a valid model Calculation of spectral

for the 4 days of sampling, index
so gather the data in a single
set
v

Independent variable:
spectral index

v

Calculation of linear regression: spectral index = a x nitrogen concentration (%) + b
Relationship evaluated by the correlation coefficient squared, the adjusted squared correlation
coefficient, the statistical significance of the model, and the square root of the mean square error

Figure 1. Flow chart that summarizes the experiment design and data processing methods.

culated by averaging the readings taken in their respec-
tive elementary plots. The average spectral signature
for each of the groups identified during the growth of
the crop was then used to determine the value of each
of the selected spectral indices given in Table 2.

The relationship between the different spectral
indices and the nitrogen concentrations was evaluated
by calculating the correlation coefficient squared (R?),
the adjusted squared correlation coefficient (aR?), the
square root of the mean square error (RMSE) and the
statistical significance (p-value) of the model (analysis
of the variance explained as against the residual). Fi-
gure 1 is a flowchart that summarizes the whole process.

Results and discussion

Table 3 shows that all the models, except the one deve-
loped for the modified chlorophyll absorption in reflec-

tance index, explained a significant portion of the varian-
ce of the plant’s nitrogen concentration, but in none of the
cases the magnitude of the relationship was enough for
developing a profitable methodology. The highest R?
was 0.31, and corresponded to the green reflectance index.

This study determines the reduction in the effec-
tiveness if one tries to estimate the concentration of
nitrogen in the plant by a low-cost approach. The re-
duction is 38% (the value of R? is reduced from 0.5 to
0.31), a significant reduction received with a positive
evaluation because of the complexity involved in deve-
loping a single model for different phenological stages
and the enormous handicap which entails the double
duality of the crop. It is understood that this reduction
in effectiveness is the highest possible and that’s not
enough to discard the approach of a precision agricul-
ture of low cost, at least remains to evaluate the poten-
tial of data mining in the exploitation of the informa-
tion contained in spectral signature.
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Table 3. Goodness of the fit between spectral indices and the concentration of nitrogen

. ) Adjusted p-values !
Spectral index R R for model RMSE
Green NDVI? 0.235 0.233 0.000 0.691
Green reflectance 0.315 0.314 0.000 0.653
Logarithm of reciprocal reflectance 0.179 0.177 0.000 0.715
Modified chlorophyll absorption in reflectance index 0.008 0.006 0.065 0.786
Modified red-edge normalized difference vegetation index 0.058 0.056 0.000 0.766
Modified red-edge ratio 0.047 0.045 0.000 0.771
Near infrared reflection 0.122 0.120 0.000 0.740
Normalized difference vegetation index 0.139 0.137 0.000 0.732
Pigment specific normalized difference a 0.123 0.121 0.000 0.739
Pigment specific normalized difference b 0.231 0.229 0.000 0.692
Pigment specific simple ratio a 0.115 0.113 0.000 0.743
Pigment specific simple ratio b 0.208 0.206 0.000 0.703
Ratio analysis of reflectance spectra a 0.027 0.025 0.001 0.779
Ratio analysis of reflectance spectra b 0.252 0.250 0.000 0.683
Ratio of near infrared to green 0.213 0.211 0.000 0.700
Ratio of near infrared to red 0.131 0.128 0.000 0.736
Reciprocal reflectance 0.226 0.224 0.000 0.695
Red edge inflect point 0.032 0.030 0.000 0.777
Red reflectance 0.173 0.171 0.000 0.718
Red-edge NDVI 0.156 0.154 0.000 0.725
Zarco-Tejada & Miller 0.134 0.132 0.000 0.735

! RMSE: square root of the mean square error. 2 NDVI: normalized difference vegetation index.

The spectral signature of a leaf is extremely sensitive
to the conditions affecting the leaf itself and to the
conditions under which the measurements are made.
These conditions vary considerably throughout the pe-
riod during which it would be possible to act to correct
a possible nitrogen deficiency in the crop, for this
reason the models were specific to a growth stage,
something that complicates the profitability and thus
the transfer of technology, this study explores this field
and its conclusion suggests that the cost of using a
single model is not as high as could be expected.

In light of the results, exactly of the results of F test
and associated p-value for significance of the model,
one can say that the independent variables, spectral
indices, are important in explaining the observed va-
riation in dependent variable, concentration of nitrogen
in plant. These indices have a biochemical and biophy-
sical basis, the existence of that relationship was expec-
ted, different is the magnitude of'it, so small that makes
one think about the weakness of using non-specific
index for the concentration of nitrogen in plant.

It is confirmed that, in cultivating dual-purpose tri-
ticale, calculations based solely on a greenness measu-
rement, such as the green reflectance index (the index
which gave the best correlation in this study), would

lead to obtaining erroneous estimates of the nitrogen
concentration.

The single model developed for the entire period of
interest —from stem elongation (when tillering has
ended) through booting and heading to flowering—
gave lower correlations between the vegetation spectral
indices and the crop’s nitrogen concentration than those
reported in similar studies in which different pheno-
logical intervals were modeled separately (Heege et
al.,2008; Liet al.,2010). In particular, the value of R?
was reduced by about 40%, from 0.5 for the final
growth stages (Li ef al., 2010) to the value of 0.3 for
the entire period of crop growth.

The techniques of precision agriculture have to
reach to the cultivation of the dual-purpose triticale.
Since nitrogen’s role in a plant is not restricted to be a
component of chlorophyll and the spectral signature
of the leaf is function of its composition and configura-
tion, it has to be possible to derive new spectral indices
which estimate nitrogen concentrations based on other
variables besides of the greenness of the plant.

The results do not provide reliable indications of
spectral features of those indices which best correlate
with the crop’s nitrogen concentration. Some authors,
among others, the already cited Heege et al. (2008)



686 F Rodriguez-Moreno and F. Llera-Cid / Span J Agric Res (2011) 9(3), 681-686

and Li et al. (2010), have attempted to find relation-
ships between the various spectral indices to explain
their rank in terms of suitability (greater R?). The lack
of correspondence between the different rankings
might be considered a further reason for not addressing
this issue.
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