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ABSTRACT

The aims of this study were to determine the impact of different nitrogen rates and water
levels on biophysical (Leaf area index — LAI) and spectral parameters obtained with continuum
removal (band depth and area) of bean crop and to determine the growth stage that spectral
parameters best correlated with LAI. Absorption band, positioned at 665 nm, was analyzed in
depth and width. 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), three nitrogen rates (0;
80 and 160 kg ha—1) and four replicates. The N had no effect on either absorption band area (Ag)
or the absorption band depth (Pg) of the absorption band centered at 665 nm (chlorophyll) for the
all growth stages. On the other hand, the irrigation level significantly affected these spectral
parameters in most growth stages. The best correlations between LAI and absorption band
parameters were observed at R6 stage.

Keywords: Phaseolus vulgaris, remote sensing, spectroradiometry, hyperspectral, continuum
removal

MONITORAMENTO DA CULTURA DO FEIJAO COM DIFERENTES LAMINAS DE
IRRIGACAO E DOSAGENS DE NITROGENIO POR PARAMETROS ESPECTRAIS

RESUMO

O objetivo deste trabalho foi analisar o impacto de diferentes doses de nitrogénio e
laminas de irrigacdo sobre os parametros biofisicos (Iindice de Area Foliar - IAF) e espectrais
obtidos com 0 método da remoc&o de feigdes espectrais continuas (profundidade e area de banda)
sobre a cultura do feijdo e determinar o estadio de desenvolvimento da cultura que melhor se
correlacionou com o IAF. A banda de absorg¢do, na regido do visivel posicionada em 665 nm, foi
analisada em termos de profundidade e largura de banda. Medidas de reflectancia foram
adquiridas ao longo de seis estadios fenoldgicos da cultura em 48 parcelas, com quatro laminas
de irrigacdo (179,5; 256,5; 357,5 e 406,2 mm), trés doses de N (0; 80 e 160 kg ha-1) e quatro
repeticBes. Os diferentes tratamentos mostraram que o0 aumento da concentracdo de nitrogénio
ndo proporcionou o aumento da area da banda de absorcdo (Ag), como também a profundidade
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da banda de absorc¢éo (Pg). Por outro lado, as laminas de irrigacdo afetaram tanto a Ag quanto a
Pg, para praticamente todos os estadios de desenvolvimento da cultura. As melhores correlagdes
entre o IAF e os parametros da banda de absorcdo foram observadas no estadio R®6.

Palavras-chave: Phaseolus vulgaris, sensoriamento remoto, espectroradiometria, hiperespectral,

remocdo do continuo

INTRODUCTION

Bean plant is highly dependent on
nutrient, mainly because of its short-depth
root system and short life cycle (90-110
days) (DOURADO NETO & FANCELLI,
2007). So, nitrogen fertilization is an
important management technique necessary
to achieve high yield potential in irrigated
agricultural systems (SANT’ANA et al.,
2011).

Bean yield is also widely affected by
water conditions of the soil. Deficiency or
excess of water, in different stages of the
crop’s cycle causes productivity reduction in
different proportions (SOUSA et al., 2009).
Therefore, the knowledge of water
consumption crop obtained by
evapotranspiration is important information
to adequate water management (PIVETTA,
etal., 2010).

An increase in the N concentration
and the water conditions of crops produces
spectral reflectance changes that may be
detected by remote sensing instruments, as
demonstrated by several researchers
(TILLING, et al., 2007; FENG et al., 2008).

Most of the studies to determine
biophysical parameters of crops are based on
vegetation indices (WU et al., 2008,
GALVAO et al., 2009), such as normalized
difference  vegetation index (NDVI).
However, the major limitation of using
NDVI is that it approaches a saturation level
asymptotically for a certain range of biomass
(THENKABALIL et al., 2000).

Therefore, methods that consider
continuum and individual profile of
reflectance spectra have been developed
(MEER, 2000). Absorption bands associated
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with specific parameter like chlorophyll (665
nm) can be extracted from spectra using the
continuum removal method (CLARK &
ROUSH, 1984), which allow the
determination of their depth (Pg) and area
(Ag). This methodology can be applied by
laboratory, field, airborne or orbital
spectrometers. Only a few studies have
addressed spectral feature analysis for
determine biophysical parameter (ADAMI et
al., 2010).

The objectives of this field
experiment were to evaluate the impact of
different water levels and N rates on
biophysical (LAI) and spectral parameters
obtained by continuum removal technique
(depth and area of the absorption band) of
bean and to determine the growth stage at
those spectral parameters best correlated
with LAL

MATERIAL AND METHODS

This experiment was conducted at the
research farm located in the Piracicaba
municipally, Sdo Paulo State, Brazil (22° 42'
30" S and 47° 38' 39" W). Bean canopies
(Phaseolus vulgaris L., “Pérola” cultivar,
variety LR 720982 CPL 53) were grown
from September to December of 2007.
According to the Koppen classification, the
climate of this region is Cwa (humid
subtropical with rain summer and dry
winter).

During the growing season, the mean
temperatures were 22.7, 24.0, 22.2 and
23.9°C in September, October, November
and December, respectively. The
precipitation amounts during the
experimental months were 168.3 mm. The
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average water demand for bean was
approximately 3.5 mm day™, so water was
complemented or supplemented  with
irrigation. The experimental site had been
under fallow for two years and then cropped
under the conventional tillage system.

The soil of the experimental site was
an Oxisol. Chemical properties of soil of the
0-0.2 m-layer (RAIJ et al., 1997) are the
following: pH 5.3 (in CaCl2), K 4.5 mmolc
dm™, Ca 42 mmolc dm™, Mg 9 mmolc dm=,
H+Al 34 mmolc dm?®, P 16 mmolc 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™.

The treatment composition was by
water and N factorial, and 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; DOURADO NETO &
FANCELLLI, 2007), denoted as W1, W2, W3
and W4, and subplots included three
nitrogen rates at 0, 80 and 160 kg ha™
(BARBOSA FILHO et al., 2005), denoted as
NO, N1 and N2, respectively, totalizing 12
treatments. Treatments were arranged in four
blocks  (replications),  totalizing 48
experimental plots. Bean was sown on
September 4th, 2007 with approximately 14
viable seeds per linear meter of row and
seedlings emerged on September 10th, 2007.
Planting rows were oriented north-south and
spaced 0.5 m with seven rows per plot. Plots
were 3.2 m long and 2.2 m wide.

Irrigation was applied using line
source sprinkler system, according to Hans
et al. (1976). An estimate of crop
evapotranspiration was carried out Dby
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
water level. The amount of water applied in

the initial crop stage was the same for all
treatments (38.3 mm). Fifty days after
sowing, there was a period of approximately
25 days in which there were considerable
effective precipitations and therefore there
was no need for irrigation.

Nitrogen fertilizer was ammonium
sulfate, applied manually according to the
fertilizer recommendations. One third of the
total N dosage was applied in the seeding
furrow, and the remaining was top-dressed at
two equal rates on September 17th and
October 06th, 2007, respectively, 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™ K20) and single superphosphate
(100 Kg ha* P205).

Reflectance factor and leaf area index

Remote sensing data consisted of
conical-directional reflectance factor spectra
collected using SPECTRON  SE-590
portable field spectroradiometer, which
operates from 350 to 1100 nm wavelengths
of the electromagnetic spectrum. A 15°
IFOV (Instantaneous Field of View) lens
was used, positioned at nadir 3 m above the
canopy, maintained at a constant height
irrespective of the plant growth stage,
defining an area of approximately 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 carried when weather
conditions were favorable (Table 1), that is,
cloud-free days using the spectron SE-590.

Therefore,  measurements  were
conducted between 11h00 and 13h00 (local
time), the period in which the soil was
almost totally illuminated (JACKSON et al.,
1979), within approximately 2 hours off
solar noon, attempting to standardize light
conditions.
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Table 1. Radiometric measurements dates, corresponding days after sowing (DAS) and
corresponding bean growth stages during experimental period.

M Date of DAS  Growth Stage * Short Name
easurements

Sep 18", 2007 14  Plants recent emerged with one leaf V2

Sep 29", 2007 25  The first trifoliolate leaf unfolded V3

Oct 10", 2007 36  The third trifoliolate leaf unfolded V4

Oct 29", 2007 55 First flowers developed R6
Nov 18", 2007 75  Pods with fully developed seeds RS
Nov 23", 2007 80  50% of pods changed colors (physiological maturity) R9a
Nov 30", 2007 87  80% of pods changed colors and the leaves fall R9b

(harvest maturity)

* 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 (2009).

Radiometric  measurements  were
taken using the following protocol: (i) For
each plot, two pairs of spectrums (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 reading; (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).

Non-destructive LAl 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) October 01, 2007 (V3); 2)
October 10, 2007 (V4); 3) November 1,
2007 (R6); 4) November 19, 2007 (R8); 5)
November 24, 2007 (R9 — physiological
maturity) and 6) December 1, 2007 when
(R9 — harvest maturity), according to the
growth stage description for bean given by
Fancelli (2009).

Continuum removal

Continuum removal technique is
used to evaluate hyperspectral reflectance
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spectra. This technigque consists on removing
continuum profiles of spectrum, where the
continuum is a linear function used to isolate
specific absorption bands of reflectance
spectrum, improving the spectral analyses
(CLARK & ROUSH, 1984) (Figure 1). This
technique highlights the absorption features,
minimizing the influence of external factors.

For this study, the absorption band
was set between 550 and 800 nm and the
central A chosen as reference was positioned
at 665 nm (Figure 1B), according to Gao
(1996), Curran et al. (2001) and Galvao et
al. (2005). The selected region is mainly
influenced by chlorophyll  absorption
(JACQUEMOUD et al., 1996). Due to the
characteristics of SPECTRON SE-590 can
only consider this absorption band. Other
absorption bands, e.g. leaf water content
(950 to 1015 nm) are positioned in a spectral
region where the measurements have noise
or not performed by this unit.

After continuum removal, two
spectral parameters (band depth Pg and band
area Ag) can be obtained. Absorption band
depth (Pg) is related to the quantity of energy
demanded by the element that caused
absorption.



Monitoring common bean development with different water and nitrogen levels by spectral properties

(A)

80
70 I~
60}
50 }

40 ¢

Reflectance (%)

30

10 & \
O 1 11 ! ! ! 1

400 800 900 1000 1200 1400 1600 1800 2000 2200 2400 2600

Wavelenght (nm)

(B)

030 [~ Continuun line I
020
0.10 }

0.06

Reflectance

0.04

0.02

550 600 650 700
Wavelenght (nm)

(©)

1.0
0.9

Band depth

0.7
0.6
0.5
04
0.3
0.2
0.1

Wavelenght (nm)

* 665nm \

550 600 650 700

Normalized Reflectance Factor

Figure 1. Schematic representation of continuum removal. Reflectance spectrum of green
vegetation (A); Continuum lines delimiting the edge of the studied absorption band
(chlorophyll at 665 nm) (B); Normalized reflectance spectrum after continuum
removal to isolate the absorption band and to allow the calculation of their depth and
area (C). Adapted from Pu et al. (2003).
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The absorption band was positioned
at A 665 nm, based on former studies Gao
(1996) and Curran et al. (2001). Eq. 1
(KOKALY & CLARK, 1999; ADAMI et
al., 2010) is used for the calculus of Pg.

Pg = (1_ Pcr ) 1)

where:
the pcry IS the reflectance factor with the
spectral continuum features removed.

Absorption band area (Ag) was
calculated by numerical proximity given by
Eq. 2, which considers the area of the
trapezoid in each interval of A measured by
the sensor between the limits m (550 nm)
and M (800 nm).

Absorption band width is given by
determining previous and posterior positions
with A of higher depth referring to half of the
maximum (PU et al., 2003; ADAMI et al.,
2010).

M

AB = ZW(& _}"i—l) (2)

I=m

where:

Ag Is the absorption band area, i represents
the A interval measured by the sensor along
the spectrum between the absorption band
limits m and M (550 and 800 nm,
respectively).

The p is the normalized conical-directional
reflectance factor and the A interval is
defined by spectral resolution of the sensor

To evaluate the impact of the water
levels and N rates on the biophysical (LAI)
and spectral parameters (Ag and Pg), the
following statistical procedures were used:
(i) ANOVA to determine whether treatment
means differed from each other, and (ii) F
test (p<0.05 and p<0.01). The SAS statistical
software was used.
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RESULTS AND DISCUSSION

Effects of treatments on biophysical
parameter

The ANOVA of the LAI values
showed that only the water factor affected
the mean values (Table 2). Therefore the
relatively large variations observed in the
LAl are mainly attributed to different
irrigation treatments. Water affected LAI in
every bean growth stages, except on V2
stage. N did not affect LAI during all
analyzed growth stages, whereas Adami et
al. (2010) found that N affected the LAI
values in comparison with treatments
without N input.

This behavior was probably due to
the fact that the experimental area has gone
through a under fallow period by two years
and other experiments with legume 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
fallow soil for two or more years or in soil
with a previous legume crop, according to
Raij et al. (1997). The interaction between N
and W had not affected the LAI in any bean
growth stages.

Leaf area index (LAI) ranged from
1.39 m? m™ to 8.30 m* m?, 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 IAF value was 8.6 m?> m? and by
Urchei et al. (2000) that the highest values
of LAI were at 58 DAS.

Effects of treatments on spectral
parameters (Ag and Pg)

The analysis of variance also
revealed that absorption band area (Ag) and
the absorption band depth (Pg) were
influenced just by water factor.
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Tables 3 and 4 show results from the
analysis of variance applied to Ag and to Pg
of the absorption band centered at 665 nm
(chlorophyll), for the growth stages of V2
(September 18, 2007), V3 (September 29,
2007), V4 (October 10, 2007), R6 (October
29, 2007), R8 (November 18, 2007), R9a
(November 23, 2007) and R9b (November
30, 2007).

The N had no significant effect on
Ag and Pg. These results are different than
expected that present a widening and
deepening of the absorption feature with an
increase in nitrogen supply. According to
Adami et al, (2010), during initial
development, plant growth is positively
affected by increased N availability,
producing more green biomass and LAIL. A
possible explanation to this behavior is that
the soil already had a sufficient supply of N
to the crop due to the under fallow period
and by legume crop residues previously
sown. These crop residues have high levels
of N and consequently low C/N ratio causing
a relatively fast decomposition, with
significant availability of nitrogen to
subsequent crops (AITA et al., 2004).

On the other hand, water levels
showed significant effects on these spectral
parameters in all seven growth stages
analyzed, except on V2 stage for Ag (Table
3) and R8 stage for Pg (Table 4). The
interaction between nitrogen (N) and water
(W) had effect on Ag for V4 and R6 stages
and had effect on Pg for V4 stage. The
unfolding of the N source of variation in

each water level show that N influenced
Ag V4 at all water levels, Ag R6 at W; =
180 mm and W, = 406 mm and Pg_V4 at W3
= 358 mm. Water treatments influenced
Ag V4, AgR6 and PgV4 in all N
treatments. These results agree with results
early reports in other crops (MUTANGA et
al., 2004; ADAMI et al., 2010).

Values of Ag and Pg were smaller
during the initial stages (V2 and V3), in
which bean was in initial stage and R9 stages
(R9a and R9b), in which bean onset in
senescence (ADAMI et al., 2010;
MONTEIRO et al., 2012). The behavior for
the chlorophyll absorption band (665 nm)
presented slightly larger Pg and Ag values in
R6 stage than in the V4 stage. This fact
might be attributed to the adequate water
content for the plant that promoted the
photosynthetic activity and a LAI increase.
During the R9a and R9b stages, 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 to reduce multiple
scattering (ADAMI et al., 2010), which
reduced the Ag and Pg values.

Results for the association of LAl
with Ag and Pg values showed that the Pg is
related to the energy absorbed in a specific
wavelength, whereas Ag comprise all the
energy absorbed by crops in a broad spectral
interval around the feature (CLARK &
ROUSH, 1984; KOKALY & CLARK,
1999) .

Table 2. Analysis of variance of leaf area index (LAI) under irrigation levels and N doses.

Days after sowing

Eactors 21(V3) 28(V3) 37(V4) 59(R6) 77(R8) 82(R9%) 89 (RIDb)
Mean

Irigation ()  1.53°  9.00%*  88.95%% 147.27** 48.74**  74.62**  24.50%*

Nitrogen (b) 0.65™ 0.16™ 1.47™ 3.32™ 1.15™ 1.89™ 2.94**

Interaction 0.78™ 0.56™ 1.84"™ 5.51%* 1.36™ 0.75™ 5.30**

(@*b)

** Significant at the 5% and 1% levels, respectively; ns — not significant
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Table 3. Analysis of variance for area (Ag) values of the absoption band centered at 665 nm.

Days after sowing

cactors 14(V2) 25(V3) 36(V4)  55(R6) 75(RE) 80 (R9%) 87 (R9b)
Mean
Irrigation 1.60* 4.10** 2408.97** 1068.80** 4.38* 15.88** 87.51**
Nitrogen 1.16™ 2.98" 0.48™ 0.43™ 3.12™ 1.17™ 0.32"™
Interaction 2.76™ 2.18™ 13.28** 5.45%* 0.57™ 0.48™ 0.42"™

** Significant at the 5% and 1% levels, respectively; ns — not significant

Table 4. Analysis of variance for deph (Pg) values of the absoption band centered at 665 nm.

Days after sowing

actors 14 (V2) 25(V3) 36 (V4) 55(R6)  75(R8) 80 (R9a) 87 (R9b)
Mean
Irrigation 3.51™ 3.87* 103.31** 1076.06** 3.41™ 9.87** 91.58**
Nitrogen 1.59 "™ 2.97™ 1.16™ 0.39™ 1.35™ 0.93™ 0.05"™
Interaction 2.05™ 2.18™ 4.35%* 2.14™ 0.52"™ 0.44™ 0.36™

** Significant at the 5% and 1% levels, respectively; ns — not significant

According to previous  studies
(MUTANGA et al., 2004; ADAMI et al.,
2010; MONTEIRO et al., 2012), best
correlations were observed at later
reproductive stages (V4 to R6) than at earlier
stages of bean development (V2 to V3). In
the present study, this behavior was
observed showing increase values from V4
to R6 stage and decrease from R8 to R9
stages. Correlations of LAI with Pg and Ag
were better in the R6 stage (average of 0.87
and 0.89, respectively) than in the V4 stage
(average of 0.86 and 0.88, respectively). In
the R6 stage, the range of correlation
coefficients was less variable than in the
other stages. So, in agreement with previous
results, higher values of average correlation
coefficients were observed in the R6 stage
for the relationships of LAl with spectral
parameters (Ag and Pg). Figure 2 shows the
continuum removal in the spectral interval
between 550 and 800 nm, changing greatly
with different growth stages and between
treatments. Vegetation presents a smaller
amount of green biomass at initial, V2 to V3
stages, and higher amount of green biomass
at later stages, V4 to R9a. Therefore, Figure
2 shows the stages with higher amount of
green biomass (V4, R6, R8, R9a and R9b)
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presenting a better differentiation among
treatments. The width of this absorption
band is directly associated with the quantity
of energy absorbed to make photosynthesis
and with the chlorophyll  content
(JACQUEMOUD et al., 1996).

At fourteen days after sowing (DAS),
vegetation was in its initial stage (V2) of
development and had 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
absorption stage were greater than in other
dates. Twenty-five DAS, V3 stage, the
differentiation in the level of water applied
occurred. The absorption band starts to show
a greater depth with the increasing irrigation
level. The greater band depth means the
higher electromagnetic radiation absorption
because of the increase in plant foliar area
and its concentration of chlorophyll. Such an
increase resulted in larger values of band
depth and band width and in better-defined
chlorophyll absorption bands because these
features are also sensitive to LAl (GAO,
1996). Therefore, treatments receiving a
larger amount of water presented a greater
depth and area of the absorption band
(Figures 2A and 2B).
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Figure 2. Continuum removal applied between 550 and 800 nm in different growth stages of
bean crop for 12 treatments: T1 (W1=180 mm and no N); T2 (W1=180 mm and
N1=80 kg ha); T3 (W1=180 mm and N2=160 kg ha™); T4 (W2=257 mm and no
N); T5 (W2=257 mm and N1=80 kg ha®); T6 (W2=257 mm and N2= 160 kg ha™);
T7 (W3=358 mm and no N); T8 (W3=358 mm and N1=80 kg ha™); T9 (W3=358
mm and N2=160 kg ha'); T10 (W4=406 mm and no N); T11 (W4=406 mm and
N1=80 kg ha™); T12 (W4=406 mm and N2=160 kg ha™).

On the contrary, treatments receiving
less water, independent of the N rate showed
a lower absorption (Figure 2A and 2B)
explained by a lower development of plant
biomass and chlorophyll content and
consequently a higher percentage of exposed
soil which influence canopy spectral
properties, confirming previous literature
(ADAMI et al., 2010; MONTEIRO et al.,
2012).

After 50 DAS all treatments received
the same amount of water, so treatments
receiving lower quantities of water showed
good recovery (Figure 2D). All treatments
presented increased electromagnetic
radiation absorption (Figure 2D) when
compared to the previous date (Figure 2C).

Even with a period of effective
precipitation there was a delay in the bean
cycle for treatments that received lower
amounts of water. These plants had a longer
cycle, resulting in a late harvest of the plots.
These treatments (T1 to T6) continued the
process of photosynthesis while the others
already were in senescence (Figure 2E).

CONCLUSIONS

The evaluation of the impact of
different water levels and N treatments on
spectral parameters (Ag and Pg) of bean
canopy showed that water levels were the
limiting  factor.  Spectral  parameters
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presented increased values from V4 to R8
stages in response to water levels.

The performance of absorption band
parameters is considered good to estimate
biophysical parameters at 665 nm.

The best correlations between LAI
and absorption band parameters were
observed at R6 stage, indicating that it is the
best time to acquire remote sensing data to
estimate grain yield.

Overall, the successful use of
absorption features for predicting
biophysical variables at field level is an
important step towards the remote sensing
on the forecasting crop yield. These results
have important implications for agriculture
not only for crop vyield but also for
understanding the canopy biochemical
concentration in growth stages of the crops.
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