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ARTICLE INFO ABSTRACT

Article history: Background: Spectroradiometric studies involving the collection of vegetative material
Received 12 October 2017 in the field and subsequent radiometric measurements in the laboratory are susceptible
Accepted 22 November 2017 to limitations due to the loss of information related to the temporal lapse between
Available online 6 December 2017 collection and analysis. Objective: Thus, the objective of this study is to identify which

spectral intervals and which vegetation indices present higher sensitivity to the post-
harvest time of leaves extracted from an individual of the species Eucalyptus saligna
Smith.Material and Methods: The material was collected in the field, and the

Keywords: radiometric measurements were performed in laboratory using a FieldSpec®3
vegetation indexes, spectral response, spectroradiometer, with an interval of 15 minutes, during 10 hours of observation.
radiometric measurement, vegetative Epectral bands and indexes with frequent use in vegetation studies that evolve both in
vigor. situ spectroradiometry techniques and orbital sensor surveys were selected. For each of

the variables, were computed the averages of the 40 observations over the time and
Tukey's test of means comparison was applied pair by pair. Results:In general, bands
and indices that respond directly by vegetative vigor and photosynthetic activity
showed higher latency on significance in relation to the beginning of the observations,
as showed by SR, NDVI and REP, with 5, 5, 25, 9.75 hours respectively. However, the
variables related to the internal scattering due to the tissue rupture and water loss were
more sensitive to the experiment, especially the TVI index and the NIR band, which
demonstrated significant results after 1.25 and 1.5 hours of the beginning of the
measurements. Conclusion:The listed variables allowed the detection of foliar
degradation over time after collection at different levels of sensitivity. For the latter it is
recommended that in similar experiments it is timely to observe the waiting time
between the extraction of leaves and the performance of the radiometric measurements
in order to avoid possible loss of information.

INTRODUCTION

The growing demand for forest products causes the productive sector to seek technologies that provide
more information about the characteristics of the plots, since these areas require periodic monitoring in order to
obtain a quality product (Bonete et al., 2016; Trevisan et al., 2016). Over the last decades, remote sensing tools
have aided in the understanding of natural phenomena, especially in the characterization of the interaction
processes between the vegetation and the surrounding environment. The study of the interaction between the
electromagnetic energy used in the spectral characterization of the vegetation cover has been carried out in
different types of approach that involve from surveys from orbital sensors, such as in loco measurements with
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spectroradiometers. According to Silva et al. (2012), spectroradiometry proves to be a tool that allows the
detection of spectral response through direct contact with the target, and can be performed in the laboratory,
minimizing the interference of the environmental factors present in the surveys of other types of sensors.

Several applications of foliar spectrometry have been developed, such as the study of plant phytosanity
(Jusoff et al., 2010; Lippert et al., 2015), nutritional assessment (Mokhele & Ahmed, 2010; Kakani & Reddy,
2010) (Gamron et al., 2008), besides the evaluation of physiological parameters (Garriga et al., 2014, Fernandez
et al., 2015). According to Tsai & Philpot (1998), the spectroradiometry data collected in the laboratory
environment have controlled conditions of intensity and spectral distribution of illumination, as well as
visualization of the geometry, and the sample is generally prepared to improve the detection of the target
substance.

At times, the target of interest is located in distant locations that are difficult to access relative to
radiometric measurements place, which involves the extraction of leaves from the mother plant and,
consequently, a time gap between collection and readings. According to Sanches et al. (2003), after being
extracted from the mother plant, the leaf begins a senescence process, characterized by loss of water,
degradation of the cellular constituents and modifications of the foliar mesophyll structure.

Some experiments attest the use of spectroradiometric data in the detection of foliar degradation after
collection of the mother plant. Goergen et al. (2009), found significant differences for the visible and near
infrared bands at 0, 4, 8 and 72 hours after collection of Erythrina crista-galli L. leaves. For the same spectral
intervals, Pinto et al. (2011) obtained significant differences during the process of senescence of elephantgrass
(Pennisetum purpureum Schum.), with interval of 3 measurements in the first 6 hours and after 20, 22 and 24
hours of leaf collection. Sanches et al. (2003) found significant changes in reflectance, transmittance and
absortance values in different spectral bands over time (0, 7 and 72 hours) in ligustum (Ligustrum sp.) and
fedegoso (Cassia sp.). Like Sousa et al. (1996) for Eucalyptus grandis at times 0, 3, 5, 6, 7, 8, 23 and 27 hours
after collection.

The fact that foliar degradation due to leaf extraction is significant under the spectroradiometric approach
raises the interest in the evaluation of the time variable as a factor that may cause the loss of information about
the objects under analysis. This type of inference can diagnose the possible limitations in spectroradiometric
studies involving the collection and displacement of field material for laboratory analysis. In this context, the
present study aims to identify which spectral intervals and which vegetation indices present higher sensitivity to
the time after collection of leaves extracted from an individual of the species Eucalyptus saligna.

MATERIALS AND METHODS

Location of the study area:
The vegetative material analyzed was collected at the Campus of the Federal University of Santa Maria -
UFSM (RS), located between the coordinates 53°43°05”W, 29°43°05”’S e 53°43°00”W, 29°43°10”S.

Materials:

Radiometric measurements were performed using the FieldSpec®3 spectroradiometer coupled to the RTS-
3ZC3 integrating sphere, internally coated by Spectralon material that resembles a perfectly diffused reflectance
Lambertian surface.The readings were recorded and stored by a microcomputer connected to the
spectroradiometer.

The original file from the spectroradiometer consists of a binary extension containing the reflectance factors
across the range of recorded spectrum (350 to 2500 nm). These files were converted by ASD WiewSpec Pro
software (version 4.05) in text format, for later processing and analysis in R software (version 3.3.3).

Methods:
Material collection and radiometric measurements:

A representative adult adult of the species Eucalyptus saligna was selected, with good sanitary and
nutritional characteristics. They were collected, in the periphery of the canopy, branches located along the four
quadrants, in relation to sun exposure. These were packed in plastic bags and taken to the laboratory. The
collection was performed at the highest turgor stage of the leaves, at the beginning of the morning, at
approximately 7h. In the laboratory, a sample of 30 healthy leaves with the same stage of development was
selected for the readings.

The radiometric measurements were performed by the Remote Sensing Laboratory of UFSM. Preliminary
to spectrum measurements, the spectroradiometer was calibrated with Spectralon-type plates coupled to the
recording terminals of the integrator sphere.

During the measurements, the leaves were positioned in such a way that only the adaxial leaf blade
remained exposed to the reading terminal of the sphere, avoiding measurements on the central rib of the same.
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For each of the 30 samples, three measurements were performed at different positions on the ventral surface.
This procedure was repeated every 15 minutes for the period of 10 hours, totaling 40 observations.

Analyzes of spectroradiometric variables:

In the R software, the reflectance spectra were segmented according to the bands shown in Table 1. The
mathematical procedure to obtain vegetation indices took into account the definitions presented in Table 2. The
selection criterion for such bands and indices was the frequent use of these variables in vegetation studies
involving both in situ spectroradiometric techniques and orbital sensor surveys.

For each of the variables, the averages of the 40 observations were computed over time and Tukey's test of
means comparison was applied pair by pair. This procedure returned as a result the time corresponding to the
lowest mean significantly different from the first measurement (indicator used to evaluate the response of the
variables to the experiment).

Table 1: Spectral bands used in data analysis.

Bands Spectral reange (nm) Autor

Blue 450 2 520 (Jensen, 2011)

Green 520 a 600 (Jensen, 2011)

Red 630 2690 (Jensen, 2011)

NIR (Near Infrared) 700 a 1100 (Meneses & Netto, 2001)
SWIR 1 (Short Wavelenght Infrared 1) 1100 a 1350 (Meneses & Netto, 2001)
SWIR?2 (Short Wavelenght Infrared 2) 1400 a 1800 (Meneses & Netto, 2001)

Table 2: Vegetation indices used in data analysis.

Index Mathematical equation Author
Ay Broge &
Triangular TVI = 0,5(120( 750nm — 550 nm)) — 200(670 nm — 550,,) Leb?anc (2000)
Vegetation Index
TCARI _ P700 :
Reflectance  Index  for TCARL = 3[(p70g = Pez) = 02(Prog ~ Psso) (@) Klgg4 et al
Chlorophyll Absorption (1994)
LWCI _ In[1-(Pyo0Pig00)]
Relative Content Index of Lwer = [ 1-(pgy-Ptioy)] Hunt &
Leaf Water 820 71600 Rock.(1989)
pfT ,= Folha completamente tiirgida
NVI Prry = Prr Gupta et al.
New Vegetation Index NVI = o (2001)
673
SR SR = Prir Birth &
Simple Ratio Pred NcVey(1968)
NDVI -
Normalized Difference NDVI = Pair " Prea ?1(;17546) et al
Vegetation Index Prir ™ Pred
REP = 700 + 40[=eize  Pro0
REP T
Red-edge Positi Far Clevers (1994)
ed-edge Position Perot Prso
pred edge = 2

RESULTS AND DISCUSSIONS

In order to aid in the interpretation of the statistical analyzes, the absolute and relative increment curves of
the reflectance of the Eucalyptus saligna leaves, as well as the trends observed in the different measurement
periods for the vegetation indices are presented.
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The exploratory analysis of the spectral response curves allows to clearly detect the increase in the
reflectance factor of the leaves over time, along the spectral range recorded by the spectroradiometer. Figure 1
shows the reflectance curves for the readings for the times Oh, 01h, 5h and 10h after the leaves were collected.
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Fig. 1: Reflectance curves of Eucalyptus saligna leaves at different times post-collection.

The Figure 2 shows the relative increase of reflectance in each of the spectral bands of the visible region,
near infrared and medium infrared. The curve exposed by the SWIR2 band presented a pattern that dissociates
from the others since the beginning of the measurements. The bands of blue, green, red, NIR and SWIR2
showed similarities in the growth trends up to 4 hours after leaf collection, from which, evidenced differences in
the behavior of the curves. In an intermediate range, the bands of the visible region are observed, which
presented values between 130 and 160%. The smallest increments were verified for the NIR band with 50% and
SWIR1 with 60%.

Relative increase of reflectance

Post-collection time (hours)

——8—Blue —@—Green —@—Red —8—NIR —@—5SWIR1 —8—SWIR2

Fig. 2: Relative increase in reflectance of different spectral bands throughout the experiment.

Regarding vegetation indexes, Figure 3 shows the mean results for each of the 40 observations. The results
evidenced clear trends with patterns described by specific mathematical adjustments, with the exception of the
TVI and NVI indexes, which presented a less uniform behavior over time and, therefore, a low degree of
adjustment.
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Fig. 3: Average results of vegetation indices over the 10 hours of the experiment.

When analyzing the trend curve of the LWCI index, it was observed the decrease of the index values,
especially in the first hour of observation (although the significance occurred after 3 hours), and could be related
to the loss of water, since this index expresses the water content in the leaves.

In Table 3, the results of the statistical analyzes of the spectral variables evaluated (spectral bands and
vegetation indices) are presented. The TVI index presented a more sensitive response to the experiment, with a
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significant difference after 1 hour and 15 min of the beginning of the measurements, followed by the NIR band,
with 1 hour and 30 min.

The bands that make up the visible region presented significance after 3 hours. The SR and NDVI indices
showed similarities, with a significant difference in 5 hours and 5 hours and 15 min, respectively. The REP
index, on the other hand, presented lower sensitivity to the time after the leaves' collection, with significance
from 9 hours and 15 min.

Table 3: Statistical analysis of the spectral variables evaluated.

Vegetation index Fvalue* Significant difference (Horas)
TVI 26,20 1,25
NIR 35,31 1,50
TCARI 41,73 2,15
SWIR1 45,48 2,50
LWCI 6,420 3,00
NVI 5,489 3,00
Azul 31,02 3,00
Verde 35,52 3,00
Vermelho 32,62 3,00
SWIR2 67,52 3,00
SR 27,42 5,00
NDVI 28,96 5,25
REP 8,009 9,25

*Pr(>F):<2x10™® (Probability of tabular value to be greater than F)

It was observed that, during the experiment, the values of reflectance were increased, especially in the near
and middle infrared region (SWIR1 and SWIR2), accompanied by smoothing the water absorption features
centered at 900, 1200, 1500 and between 1900 and 2000 nm.

The Eucalyptus saligna spectral response showed an increase in the reflectance values with the increase in
time after the leaves were collected. This behavior was observed along the spectral range used. This result
corroborates a study carried out by Carter (1991), who, when analyzing the influence of water on leaves of
Magnolia grandiflora, observed a higher reflectance in the range of 400 to 2500 nm as the leaf moisture content
decreased.

The reduction of the energy absorption in the visible region is associated with reduced photosynthesis, since
this region is controlled by leaf pigments responsible for this process, such as chlorophyll a and b, and
carotenoids (Jensen, 2011; Ponzoni et al., 2012). However, the decrease in chlorophyll quantification in stressed
plants may be a response caused by water deficiency, which degrades the photosynthetic pigments (Genc et al.,
2013).

In this sense, Genc et al. (2013) define that changes in foliar morphology, being these in the concentrations
and amount of foliar pigments have a strong influence on the foliar spectral properties. According to Ponzoni et
al. (2012) chemically it is expected that the decrease of the amount of water causes the degradation of proteins
and photosynthetic pigments, which makes the leaf less able to absorb electromagnetic radiation in the visible
region and, consequently, reduction of photosynthesis.

Water stress in plants causes changes in the chemical-pigment concentrations, area and cellular structure of
the affected plant tissues (Mirik, 2012). Thus, the internal structure of the leaves is responsible for the high
reflectance in the near infrared region, due to internal scattering (Jensen, 2011). Ponzoni et al. (2012) emphasize
that the decrease in the water content of the cells makes them more prismatic, which contributes to the formation
of faces critical to the deviation of the electromagnetic radiation trajectory, besides leaving the internal structure
less compact, increasing the scattering and, consequently, reflectance of the leaves in this region.

The average infrared region is controlled by the leaf water content, so as the time between leaf collection
and spectral response readings increased, the portion of the reflected electromagnetic radiation was higher in the
medium infrared region, especially from 1300 nm, showing gradual losses of water inside the cells after the leaf
collection. According to Jensen (2011), as the leaf water decreases, more intense the incident energy in the
medium infrared is spread, resulting in higher reflectance values in that region.

The SWIR2 band, which comprises the spectral range from 1400 to 1800 nm, showed a higher reflectance
increment when compared to the other bands, showing larger changes as a function of the time of collection of
the leaves under the spectral response. Similar behavior was obtained by Carter (1991), who observed that the
average infrared region in the range of 1300-2500 nm showed the highest reflectance, caused by loss of leaf
moisture when compared to the visible and near infrared region.

The TVI vegetation index describes the energy absorbed by the pigments, including the green, red and NIR
bands. The combination of three different bands resulted in a greater sensitivity in relation to the collection time
of Eucalyptus saligna leaves. According to Jensen (2011), the TVI index relates the absorption of chlorophyll in
green and red with the high reflectance of near infrared. The same reasoning can be applied to the TCARI,
which, although it is used to translate the amount of chlorophyll in the leaves, in its design, besides the
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absorption bands of the visible, also relates the reflectance of the near infrared start in the 700 nm range. On the
other hand, the REP index presented a lower sensitivity to the time after harvesting of the leaves of Eucalyptus
saligna, demonstrating a smaller loss of information contained in the spectral response of the target, when
compared to the other spectral variables. The NIR and SWIR1 bands presented significance in a shorter time,
while the blue, green, red and SWIR2 bands, which were identified as the highest percentages of reflectance
increase, showed significant differences over a longer analysis time, being less sensitive to the material
collection time.

Visible bands and indices that respond directly to vegetative vigor and photosynthetic activity (SR, NDVI
and REP) took longer to produce significant results. This latency can be explained by the defense mechanisms
of plants. According to Taiz & Zeiger (2004), in the initial stages of water stress, the efficiency of water use
may increase with the closure of stomata, with a higher amount of CO? absorbed per unit of transpirated water,
since stomatal closure inhibits transpiration more than decreasing intercellular CO? concentrations. However, as
the cell dehydration becomes more severe, the metabolism of the mesophyll is impaired and the efficiency of
water use decreases and, as a consequence, photosynthesis is inhibited.

Sousa et al. (1996), when evaluating the influence of time and type of storage of Eucalyptus grandis leaves
extracted from the mother plants on their spectral response, detected a similar pattern for significance. At
ambient temperature, the stress in the near infrared region began to be detected after 3 hours of collection,
whereas in the visible, significant differences were noted only 23 hours later.

Conclusion:

The proposed experimental design allowed the detection of foliar degradation over time after the collection
of the mother plant at different levels of sensitivity. In general, the bands and indices known to be related to the
internal scattering as a function of tissue disintegration and water loss, were more sensitive to the experiment.
On the other hand, the variables that respond directly by vegetative vigor and photosynthetic activity showed a
higher latency for significance.

At the operational level, in similar experiments, it is opportune to observe the waiting time between the
extraction of the leaves and the accomplishment of the radiometric measurements, especially in the case of the
TVI index and the NIR band, which were the most time sensitive variables post-collection, translated by the
short period into the significant results. For NDVI, SR and mainly REP, there is a greater time frame until there
is a significant loss of information.
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