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ABSTRACT: Recently high spectral resolution sensors have been developed, which allow new
and more advanced applications in agriculture. Motivated by the increasing importance of hyper-
spectral remote sensing data, the need for research is important to define optimal wavebands
to estimate biophysical parameters of crop. The use of narrow band vegetation indices (VI)
derived from hyperspectral measurements acquired by a field spectrometer was evaluated to
estimate bean (Phaseolus vulgaris L.) grain yield, plant height and leaf area index (LAI). Field
canopy reflectance measurements were acquired at six bean growth stages over 48 plots with
four water levels (179.5; 256.5; 357.5 and 406.2 mm) and tree nitrogen rates (0; 80 and 160
kg ha™) and four replicates. The following VI was analyzed: OSNBR (optimum simple narrow-band
reflectivity); NB_NDVI (narrow-band normalized difference vegetation index) and NDVI (normalized
difference index). The vegetation indices investigated (OSNBR, NB_NDVI and NDVI) were efficient
to estimate LAI, plant height and grain yield. During all crop development, the best correlations
between biophysical variables and spectral variables were observed on V4 (the third trifoliolate
leaves were unfolded in 50 % of plants) and R6 (plants developed first flowers in 50 % of plants)
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Introduction

The monitoring of agricultural crops during
the development cycle is important to food security.
When decrease in yield can be predicted as soon as
possible, such as due to climatic factors, it is possible
to take measures to ensure that the population is not
affected by shortages. Monitoring can be done observ-
ing the biophysical variables. One of these biophysical
variables that deserves attention is the leaf area index
(LAI), that is related with evapotranspiration and crop
yield (Sellers et al., 1997; Xavier et al., 2006). One way
to estimate these biophysical parameters is by vegeta-
tion indices (VI). VI's are mathematical functions of
reflected radiant flux in different spectral bands of re-
mote sensing data (Jensen, 2007).

Spectral vegetation behavior usually shows that
plants absorb more solar energy in the visible region
with increasing biomass. The most frequently used
VI are broad bands in red and near-infrared regions,
because of the absorption of energy in the red region
by leaves and reflectance and transmission of multiple
energy scattering that occur on individual leaves and
on plant canopy in near-infrared region (Goel, 1988).
Therefore, vegetation indices such as normalized veg-
etation index (NDVI), the most frequently used vegeta-
tion index, are usually correlated with LAI and crop
yield (Aparicio et al., 2000; Eitel et al., 2008; Elwadie et
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stages, according to the variable analyzed.
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al., 2005; Galvao et al., 2009; Raun et al., 2008; Serrano
et al., 2000; Thenkabail et al., 2000).

Hyperspectral remote sensing data has the poten-
tial to detect more variations on vegetation than multi-
spectral data, because it uses narrow spectral channels
of less than 10 nm (Stagakis et al., 2010; Thenkabail
et al., 2000). These narrow channels allow the detec-
tion of detailed features, which could otherwise be
disguised by broadband (Schmidt and Skidmore, 2003).
Advances in the hyperspectral remote sensing technol-
ogy are driving the development of new methods to
analyze spectral reflectance data. For example, Then-
kabail et al. (2000) developed the narrow-band NDVI
(NB_NDVI) in which bands are numbered from 1 to 252
allowing several combinations of NB_NDVI for each
biophysical variable, such as LAI and yield. Therefore,
bean spectral reflectance measurement were analyzed
in terms of narrow band vegetation indices (NDVI and
NB_NDVI) to estimate biophysical parameters (grain
yield, LAI and plant height) at several growth stages
during crop cycle and to evaluate the impact of differ-
ent water levels and N rates on these biophysical and
spectral parameters.

Materials and Methods

This experiment was conducted at the research
farm located in the Piracicaba, Sdo Paulo State, Brazil
(22°42'30" S, 47°38'39" W). The soil of the experimental
site was an Oxisol. Chemical properties of soil of the
0-0.2 m-layer (Raij et al., 2001) are the following: pH
5.3 (in CaCl), K 4.5 mmol dm®, Ca 42 mmol dm,
Mg 9 mmol, dm™®, H+ Al 34 mmol dm™, P 16 mmol_
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dm™, organic matter 21 g dm and base saturation 62
%. The granulometric analysis indicated 360 g kg™ clay,
37 g kg ' silt, and 27 g kg sand, respectively. Soil bulk
density was 1.49 kg dm~3.

The bean (Phaseolus vulgaris L.) cultivar was "Péro-
la", variety LR 720982 CPL 53. Bean plants were grown
from September to December 2007. According to the
Koppen classification, the climate of this region is Cwa
(humid and subtropical with dry winters). During the
growing season, the mean temperature was 23 °C and the
minimum and maximum temperatures were 16 °C and 28
°C. The effective rainfall during this period was of 168.2
mm. This pattern was close to normal conditions for this
region. The water was supplemented with irrigation. Can-
opy reflectance was collected for each bean plot treated
with water depths and N rates combination.

The experimental design was in randomized
blocks with plots subdivided (split-plot design); plots
included all four water levels (179.5; 256.5; 357.5 and
406.2 mm of water, according to Gomes et al., 2000;
Guerra et al., 2000; Fancelli and Dourado Neto, 2007,
denoted as W,, W,, W, and W,, and subplots includ-
ed three nitrogen rates at 0, 80 and 160 kg ha™ (Car-
valho et al., 2003; Barbosa Filho et al., 2004, 2005),
denoted as NO, N1 and N2, respectively, totalizing 12
treatments. Treatments were arranged in four blocks
(replications), totalizing 48 experimental plots (Figure
1). Bean was sown on 4 Sep. 2007 with approximately
14 viable seeds per linear meter of row and seedlings
emerged on 10 Sep. 2007. Planting rows were oriented
north-south and spaced on 0.5 m with seven rows per
plot. Plots were 3.2 m long and 2.2 m wide.

Nitrogen fertilizer was ammonium sulfate applied
manually and according to the fertilizer recommenda-
tions, one third of the total N dosage was applied in
the seeding furrow, and the remaining was top-dressed
at two equal rates on 17 Sep. and 6 Oct. 2007, respec-
tively, as sidedressing in a shallow furrow at 0.20 m
from the planting row. Basic fertilization, potassium (K)
and phosphorus (P), was done manually on the seeding
furrow using KCI (90 Kg ha™ K,O) and single super-
phosphate (100 Kg ha™ P,0O,).

Irrigation was applied using line source sprinkler
system, according to Hans et al. (1976). An estimate

of crop evapotranspiration was carried out by Penman-
Monteith method (Allen et al., 1998) to determine crop
water consumption and to compare it with the total
amount applied during experimental period, in each wa-
ter level. The amount of water applied in the initial crop
stage was the same for all treatments (38.3 mm). After
50 DAS, there was a period of approximately 25 days in
which there were considerable effective precipitations
and therefore there was no need for irrigation.

Final grain yield and plant height were measured at
maturity. To eliminate 'edge-effects’ a central area of 7.0
m? was harvested in each plot. Bean grains were oven-
dried until 16 % humidity was reached (Elias et al., 1999).
Three plants per plot were used to estimate the average
of final plant height. Non-destructive LAI measurements
were performed early in the morning, when there was
more diffuse and less direct solar radiation, with a LAI-
2000 Plant Canopy Analyzer. LAl measurements were
made on six dates: 1) 1 Oct. 2007 (V3); 2) 10 Oct. 2007
(V4); 3) 1 Nov. 2007 (R6); 4) 19 Nov. 2007 (R8); 5) 24 Nov.
2007 (R9 - physiological maturity) and 6) 1 Dec. 2007
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Figure 1 — Experimental area — Piracicaba, SP, 2007.
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Table 1 — Radiometric measurements dates, corresponding days after sowing (DAS) and corresponding bean growth stages during experimental

period.
Date of Measurements DAS Growth Stage* Short Name
18 Sep. 2007 14 Plants recent emerged with one leaf V2
29 Sep. 2007 25 The first trifoliolate leaf unfolded V3
10 Oct 2007 36 The third trifoliolate leaf unfolded \Z
29 Oct. 2007 55 First flowers developed R6
18 Nov. 2007 75 Pods with fully developed seeds R8
23 Nov. 2007 80 50 % of pods changed colors (physiological maturity) R9a
30 Nov. 2007 87 80 % of pods changed colors and the leaves fall (harvest maturity) R9b

*The description of all phenological stages is from characteristics observed in 50 % of plants, according to the growth stage description for bean given by

Fancelli (2007).
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when (R9 - harvest maturity), according to the growth
stage description for bean given by Fancelli (2007).

Radiometric measurements were carried when
weather conditions were favorable (Table 1), that is, cloud-
free days using the spectron SE-590, as recommended by
Moreira et al. (1999). Therefore, measurements were con-
ducted between 11h00 and 13h00 (local time), the period
in which the soil was almost totally illuminated (Jackson
et al., 1979), within approximately 2 h off solar noon, at-
tempting to standardize light conditions.

Remote sensing data consisted of conical-direc-
tional reflectance factor spectra collected using SPEC-
TRON SE-590 portable field spectroradiometer, which
operates from 350 to 1100 nm wavelengths of the elec-
tromagnetic spectrum. A 15° IFOV (Instantaneous Field
of View) lens was used, positioned at nadir 3 m above
the canopy, maintain a constant height irrespective of
the plant growth stage, defining an area of approxi-
mately 0.48 m? above the canopy. Original reflectance
data were resampled with a band interval of about 2.7
nm, resulting in 252 bands.

Radiometric measurements were taken using the
following protocol: i) for each plot, two pairs of spec-
trums (sample and reference) were collected, that is,
four radiance measurements, two of the canopy and
two of the reference plate (barium sulfate), obtaining a
reflectance factor in each plot at the end of each read-
ing; ii) the reflectance factor was obtained by the ratio
between the spectral radiance of the canopy and the
spectral radiance of the reference plate, maintained
under the same conditions of illumination and target
geometry (Milton, 1987).

Vegetation indices were calculated by reflectance
measurements. Three remote sensing techniques were
used in this work: i) optimum single narrow-band reflec-
tivity (OSNBR, Thenkabalil et al., 2004), ii) narrow-band
NDVI (NB_NDVI; Thenkabail et al., 2000), defined as
Eq. 1, and, iii) the NDVI described by Daughtry et al.
(2000) and Chen et al. (2010), defined as Eq. 2. The OS-
NBR is that band that presented the best relationship
with the biophysical variable analyzed.

NBi — NBj .

NB_NDVIjj = :
NBi + NBj

(1)

where i and j are band numbers from 1 to 252 allow-
ing 252 x 252 = 63504 combinations of NB_NDVI for
each biophysical variable. Regression coefficients R? be-
tween all possible narrow-bands and biophysical vari-
ables were determined using a routine developed with
MatLab (MatLab, 2010), that verified for each growth
stage the two narrow-band combinations that provided
highest R? values.

NDVI= #Zs0”Pen (2)
pxU] + p(ﬂi)

where p801 and p670 represent the reflectance factors

measured at band-center wavelength of 801 nm and of
670 nm, respectively.

To evaluate the impact of the water levels and N
rates on the biophysical (plant height and grain yield)
and vegetation indices (NDVI and NB_NDVI)J, the sta-
tistical procedures were used ANOVA and F test (p <
0.05 and p < 0.01). The SAS statistical software was
used (SAS, 1996). Relationships between the biophysi-
cal variables and remote sensing data were done by
simple regression analysis. Results were analyzed by
means of coefficient of determination (R?) and p-value.

To improve the precision of the correlations be-
tween biophysical and spectral parameters without us-
ing assumption for sample distribution, the bootstrapping
technique (Efron, 1982) was used with 10,000 random
repetitions with replacement (combinations of the 48
plots). The bootstrap statistics consists in the random
collection of a predetermined number of samples from a
population for n times, yielding n statistic of R?, with the
objective of reducing error associated with the collection
of a non-representative sample. For each remote sensing
VIs and biophysical variable used in this study, the data
of the stage that had the highest value of R? was selected
to be compared using bootstrap technique. With those
data, the estimative of theirs 95 % bootstrap confidence
interval (CI) of R? were determinate. The procedure steps
for bootstrap CI calculation consisted in (Ohtani, 2000;
Martinez and Martines, 2008): i) given the data, calculate
the statistic R?; ii) bootstrap sample collection and with
replacement from original data; iii) calculate the statistic
R? using the bootstrap sample found in step "ii"; iv) re-
peated steps "b” and "c" (10,000 times); v) the lower and
upper endpoint of the confidence interval were given
from (o = 0.05) quantiles of the bootstrap replicates. To
verify if the remote sensing techniques analyzed would
have the same ability to estimate the biophysical vari-
ables, were constructed the confidence intervals for the
difference of bootstrap R?> means were also constructed
at 0.95 confidences (Moore and McCabe, 2006). In this
analysis, for each remote sensing technique and bio-
physical variable, the data used in the bootstrap analysis
were those regarding the highest R? values period.

Results and Discussion

The ANOVA of the biophysical parameters (grain
yield, LAI and plant height) values showed that only the
water factor affected the mean values. Therefore the
relatively large variations observed in these parameters
are mainly attributed to different water treatments. No
biophysical parameters were affected by N all analyzed
growth stages. This behavior was probably due because
the experimental area has gone through a under fal-
low period by two years and other experiments with le-
gume crops were conducted at this experimental area,
so the soil could have a reasonable amount of N when
the bean crop was sown. The low response is expected
to nitrogen applied in under fallow soil for two or more
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Figure 2 — Boxplot of grain yield (a), LAl (b) and plant height (c) for each growth stage.

years or in soil with a previous legume crop, according
to Raij et al. (1997). No interaction between N and W
for grain yield, LAI and plant height was observed dur-
ing all bean growth stages.

Figure 2a-c summarizes the bean grain yield, LAI
and plant height for each growth stage, respectively.
The best correlation coefficient (r) between biophysical
variables were observed on stage R6 (r = 0.85) for grain
yield, LAI and plant height; between grain yield and
plant height on stage R8 (r = 0.80); and between LAI
and plant height on stage R6 (r = 0.88).

Bean grain yield ranged from 1,004 kg ha to
3,986 kg ha'. Leaf area index (LAI) and plant height
ranged from 1.39 m? m™ to 8.30 m? m?, and from 27.25
cm to 57.4 cm, respectively, on R6 stage (58 DAS) which
is a greater vegetative growing stage. These results are
similar to those found by Gomes et al. (2000) in which
the maximum LAI value was 8.6 m? m2. According to
Urchei et al. (2000) the highest values of green leaf area
index were at 58 DAS.

Spectral variations among curves are mainly re-
lated to differences in crop growth stages (Figure 3). In
near infrared wavelengths (NIR; A ~ 700 - 950 nm), the
lowest reflectance values were observed in the early de-
velopmental stage (V2), in which there was a smaller
amount of green biomass, resulting in reflectance with a
lot of influence from the soil and, therefore, the values
of reflectance in this stage are lower than in other dates.
Maximum reflectance in the NIR was observed in the
R8 stage, which has the highest values of green leaf area
index, consequently low reflectance of solar radiation in
red wavelengths and high scattering of solar radiation in
NIR (Jensen, 2007; Moreira et al., 1999). At R9a and R9b
stages reflectance in visible (VIS; L ~ 350 - 700 nm) and
NIR regions increase and decrease, respectively, when
compared to the previous growth stages, which is main-
ly caused by the increase of senescent leaves.

The ANOVA of the spectral parameters (NDVI and
NB_NDVI) values showed that only the water factor af-
fected the mean values. The N had no effect on NDVI
or NB_NDVI. On the other hand, W treatments affected
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Figure 3 — Spectral reflectance characteristics of bean at distinct
growth stages.

these spectral parameters in all analyzed growth stages,
excepted on V2 stage. During initial development, plant
growth was positively affected by increased W availabil-
ity, producing more green biomass and LAI (Serrano
et al., 2000). Such an increase resulted in larger values
of NDVI and NB_NDVI because these features are also
sensitive to LAI. Although the most prominent water
bands are situated at 1,400 and 1,900 nm (Pefiuelas et
al., 1997), water stress can be detected by lower develop-
ment of biomass and consequently a higher percentage
of exposed soil which influence canopy spectral proper-
ties, confirming previous literature (Gitelson, 2004).
The vegetation indices values increased in the V4
and R6 stage, as expected. This fact might be attrib-
uted to the W effect observed during both these stages,
predicting a greater LAI. During the R8 and R9 stage,
in which bean onset its senescence (Mutanga et al.,
2003), the spectral reflectance of bean canopy tends to
increase in the red band due to reduce photosynthetic
activity of the leaves and decrease in the near infrared
range due to reduce multiple scattering (Goel, 1988;
Mutanga et al., 2003), which reduced the NDVI and
NB_NDVI values.
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Figure 4 — Correlation coefficients between spectral reflectance of narrow-bands and: (a) LAI; (b) plant height; and (c) grain yield for different

growth stages.

The correlation coefficients (r) between each nar-
row-band and LAI (Figure 4a), plant height (Figure 4b)
and grain yield (Figure 4c) at different growth stage are
shown in Figure 4. The pattern of r curves for LAI,
plant height and grain yield, at different growth stages,
were similar, although, r in absolute values for grain
yield were smaller than those for LAI and plant height.
The greatest positive r values were obtained with re-
flectance between 740 - 960 nm wavelengths. Greater
positive r for LAI was 0.91 (A = 950 nm) at V4 stage;
for plant height 0.89 (A = 956 nm) at V4 stage; and for
grain yield 0.88 (A = 915 nm) at R6 stage.

The maximum negative r values were observed
at V2 stage as a result of low crop development at this
growth stage. Maximum negative r values were observed
at R6 stage for all biophysical variables approximately at
680 nm, as observed by Xavier et al. (2006), which cor-
respond to high solar radiation absorption by chlorophyll
pigments. For the red-edge region (A ~ 630 - 793 nm), a
high increase of r values was observed, which correspond
to the reflectance increase of vegetation in this region (Fig-
ure 2). The best OSNBR for LAI, plant height and grain
yield were bands at 950 nm (R?> = 0.83), 959 nm (R? =
0.79) and 687 nm (R? = 0.77), respectively. Similar results
were also observed by Stagakis et al. (2010), Thenkabail
(2000), Xavier et al. (2006) and Yang and Chen (2004).

Table 2 summarized the R? for the relationship
between biophysical variables and NB_NDVI and NDVI
at different growth stages. In general, greater R? values
were observed at full crop development during V4 and
R6 stages, for all independent variables. The lowest R?
values were observed at V2, V3 and R9b stages, be-
cause vegetation was in its initial and senescence stage
of development and therefore had a smaller amount of
green biomass (Mutanga et al., 2003).

The NB_NDVI and NDVI presented increased R?
values with the development crop and with increasing
biomass. Best regression for grain yield (R? = 0.84),
LAI (R? = 0.87) and plant height (R? = 0.87) were ob-
tained with NB_NDVI index at R6, R6 and V4 stages,
respectively (Table 2). The NDVI index explained up
to 78 % of LAI variation, up to 82 % of plant height
variation and up to 81 % of grain yield variation for R6,

Table 2 — Coefficients of determination (R?) and wavelength for
relationship between biophysical variables (grain yield, LAl and
plant height) and NB_NDVI and NDVI indices at different growth
stages.

Independent variable
NDVI

Dependent Growth NB_NDVI Band - 670; 801 nm
variable  stage
Band centers R2 R
nm
V2 425; 435 0.32 0.01
V3 404; 433 0.42 0.15
\Z 762; 783 0.63 0.54
Grainyield R6 759; 765 0.84 0.81
R8 792; 823 0.68 0.14
R9a 829; 839 0.62 0.01
R9b 539; 726 0.60 0.27
V2 839; 855 0.16 0.01
V3 407; 469 0.50 0.22
V4 611; 714 0.83 0.77
LAI R6 508; 643 0.87 0.78
R8 420; 942 0.42 0.35
R9a 759; 783 0.61 0.46
R9b 611; 614 0.57 0.43
V2 469; 483 0.28 0.03
V3 753; 762 0.44 0.15
V4 561; 732 0.87 0.82
Plant height R6 593; 608 0.81 0.68
R8 533; 550 0.57 0.13
R9a 829; 839 0.46 0.13
R9b 792; 810 0.40 0.12

R9 - a: physiological maturity; R9 — b: harvest maturity; R? — coefficient of
determination; *Bold numbers are those that presented highest R? at each
growth stage.

V4 and R6 stages, respectively. Best results were ob-
served for bands in the visible (VIS) region for LAI and
plant height and in the near infrared (NIR) region for
grain yield. The expectative is that plants with higher
production capacity have higher LAI values and conse-
quently higher vegetation indices values.

Figure 5 presents contour plots of the resulting
R? values, plotted diagonally, for grain yield (Figure 5a),
LAI (Figure 5b) and plant height (Figure 5c). The stages
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Figure 5 — Contour maps of coefficients of determination (R?) NB_NDVI and grain yield, LAl and plant height.

showed those presented maximum R? (Table 2). Grey
scale legend indicates the class value of R? between the
two-band indices. Bands that showed the greatest po-
tential for estimating biophysical variables at different
stages are presented in Table 2.

The behavior pattern of R? values for the biophysi-
cal variables analyzed are similar to each other and simi-
lar to those reported by Thenkabail et al, (2000), that
studied crop characteristics including wet biomass, leaf
area index, plant height and yield; Gong, et al. (2003) for
forest LAI; Stagakis et al. (2010) for LAI. Such behavior
is explained by the correlation between the biophysical
variables. The highest R? values are located between 600
and 1200 nm, corresponding spectral region: red region
(A ~ 600 nm a A ~ 700 nm), which corresponds to high
solar radiation absorption by chlorophyll pigments; red-
edgeregion (A ~ 705nmaX ~ 735nm), a high reflectance
increase, being sensitive to vegetation stress (Thenkabail
et al., 2004); and near infrared region, that the high dif-
fuse reflectance from plant leaves is due to the internal
scattering at the cell wall-air interfaces within the leaf.
These regions includes NIR and VIS indicating the rel-
evance of the combined use of spectral bands from these
two regions for vegetation studies (Thenkabail, 2000;
2004) and are used by several sensors such as TM, TM +,
HRYV e MODIS (Jensen, 2007). Therefore, variables stud-
ied in this work can be estimated with high accuracy
level from these sensors (Stagakis et al., 2010).

The R? confidence intervals for the relationships of
biophysical variables and VIs were calculated for stages
with higher R? (Table 2 in bold) using bootstrap tech-
nique. Figure 6 shows, for each biophysical variable, the
confidence interval ranges of R? calculated using data of
NDVI, NB_NDVI and OSNBR with circle, triangle and
square symbols, respectively. Although an overlap was
observed in the CIs, the means may be different from
one another. Taking into account the construction of CI
to mean difference of R? (95 % bootstrap confidence in-
terval), we can not reject the null hypothesis that the
group means are the same, i.e., R? are not different.
Therefore, it is expected that the three vegetation indi-
ces have the same potential to estimate the biophysical
variables at stages analyzed.

Sci. Agric. v.69, n.2, p.87-94, March/April 2012

2 2
i %% Plant height - V4 i
ant nel =
07 . o00 g 0.7
0.6 = 800 0.6
0.5 EC’ 0.5
04 B 700 0.4
03 2 600! 0.3
>
02 & 4o 0.2
0.1 0.1
_ 400} -
800 1000 400 600 800 1000
Wavelength (nm) 1
1
o9 1
[e]
© L |
e 0.8
2
£07 1
Q
2
o 0.6
-:g °© NDVI
80.5A NB_NDVI 1
o OSNBR
0.4 : - ——
LAI Plant height  Grain yield

Figure 6 — Correlation coefficients between spectral indices (NDVI;
NB_NDVI and simple band) and biophysical variables LAl; plant
height; and grain yield.

Hyperspectral vegetation indices OSNBR, NB_
NDVI and NDVI were efficient to estimate bean crop
biophysical variables. OSNBR, NB_NDVI, NDVI have
the same potential to estimate the biophysical vari-
ables. V4 and R6 are the best growth stages to estimate
biophysical variables from spectral reflectance mea-
surements and also monitor crop.
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