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The present study explored the use of narrow-band indices formulated in the visible spectral region at leaf
and canopy levels to estimate carotenoid content. The research area was a pine forest affected by decline pro-
cesses. Spectral reflectance and pigment content including chlorophylls a and b (Ca + b), carotenoid (Cx +c)
and xanthophyll cycle pigments (VAZ) were measured in needles for two consecutive years. The study was
conducted using radiative transfer modeling methods and high-resolution airborne imagery acquired at
10 nm FWHM bandwidth. Airborne data consisted of high spatial resolution imagery acquired with a
narrow-band multispectral camera on board an unmanned aerial vehicle (UAV). The imagery had 50 cm res-
olution and six spectral bands in the 500-800 nm range, enabling the identification of pure crowns to obtain
the reflectance of individual trees. The indices evaluated were traditional formulations and new simple ratios
Radiative transfer developed by combining bands sensitive to Cx + ¢ absorption in the 500-600 nm region. The PROSPECT-5
Airborne remote sensing model was coupled with the Discrete Anisotropic Radiative Transfer (DART) model to explore the perfor-
UAV ) mance of Cx + c-sensitive vegetation indices at leaf and canopy levels. The sensitivity of these indices to struc-
Heterogeneous conifer forest tural effects was assessed to study the potential scaling-up of Cx+c-related vegetation indices on
heterogeneous canopies. Coefficients of determination between Cx + ¢ content and narrow-band vegetation
indices revealed that traditional indices were highly related with Cx-c content at leaf level (r>>0.90;
P<0.001 for the CRI index (1/Rsqs5)-(1/Rss0)) but highly affected by structural parameters at crown level
(r>>0.44; P<0.001). A new simple-ratio vegetation index proposed in this study (Rs;s/Rs7) was found to
be significantly related with Cx+ c content both at leaf (r>>0.72; P<0.001) and canopy levels (r*>0.71;
P<0.001). Remote sensing cameras on board UAV platforms can provide very high multispectral and
hyperspectral imagery for mapping biochemical constituents in heterogeneous forest canopies. This study
demonstrates the feasibility of mapping carotenoid content to assess the physiological condition of forests.

© 2012 Elsevier Inc. All rights reserved.
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and energy transfer (Frank & Cogdell, 1996; Ritz et al., 2000), as
well as quenching of Ca+b excited state and photoprotection
(Demmig-Adams & Adams, 1996; Thayer & Bjorkman, 1990; Young

1. Introduction

Carotenoid and chlorophyll pigment content provide valuable in-

formation about the physiological status of plants (Demmig-Adams
& Adams, 1992). Chlorophylls - C, and C, - are essential pigments to
absorb the energy of light and convert it to store chemical energy
(Carter, 1994; Lichtenhaler, 1998). Total carotenoid pigments
(Cx+c) (xanthophylls and carotenes) are usually represented by
two (a- and 3-) carotenes and five xanthophylls (lutein, zeaxanthin,
violaxanthin, antheraxanthin and neoxanthin) (Demmig-Adams &
Adams, 1992). Carotenoids have several physiological functions asso-
ciated with photosynthesis, including a structural role in the organiza-
tion of photosynthetic membranes, participation in light harvesting
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& Britton, 1990). Carotenoid content is known to be correlated with
plant stress and photosynthetic capacity. For example, it has been ob-
served that some carotenoids increase under high irradiance levels
and high temperature environments (Kirchgebner et al., 2003) or at
the onset of leaf senescence (Munné-Bosch & Pefiuelas, 2003;
Pefiuelas et al., 1994). Some xanthophylls have been found to be in-
volved in the non-photochemical quenching of chlorophyll fluores-
cence (CF), an important photoprotective process (Demmig-Adams
& Adams, 1992). The xanthophylls involved in this process dissipate
excess energy. This is commonly referred to as the xanthophyll cycle
(Young et al., 1997).

The photoprotection system plays a critical role in plants adapted
to the Mediterranean climate (Faria et al., 1996; Hernandez-Clemente
et al.,, 2011) because many Mediterranean environments are associat-
ed with high summer temperatures, high irradiation levels and
drought. Thus, leaf pigment content has considerable importance as
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a physiological indicator of plant growth and stress in the Mediterra-
nean forest.

Recent studies have focused on retrieving leaf pigment content
from remote sensing data (Malenovsky et al., 2007; Meggio et al.,
2008; Wu et al., 2008; Zarco-Tejada et al., 2004). Nevertheless, the
overlapping absorption exhibited by chlorophyll and carotenoids in
the visible region makes it difficult to retrieve Ca+ b and Cx + ¢ con-
tent independently (Feret et al., 2011). Several studies have success-
fully estimated Ca+b for chlorosis detection in vegetation using
visible ratios (Datt, 1998), visible/NIR ratios (Gitelson et al., 2003,
2006; Haboudane et al., 2002), red edge reflectance-ratio indices
(Carter & Spiering, 2002; Gitelson et al., 2003; le Maire et al., 2004;
Richardson & Berlyn, 2002; Sims & Gamon, 2002), spectral and deriv-
ative red edge indices (Miller et al., 1990) and scaling-up and model in-
version methods with narrow bands in forest canopies (Zarco-Tejada
et al., 2001).

Most methods have focused on retrieving Ca + b content (Main et
al., 2011), but only a few studies have focused on estimating Cx +c
(Gitelson et al., 2002). In fact, research conducted at canopy level
using high-resolution narrow-band imagery is very limited or nonex-
istent. Candidate Cx + c optical indices have been grouped into two
main categories based on the spectral region used: visible ratios
(Gamon et al.,, 1992; Garrity et al,, 2011; Gitelson et al., 2003, 2006;
Hernandez-Clemente et al., 2011) and visible/NIR ratios (Blackburn,
1998; Chappelle et al, 1992; Datt, 1998; Merzlyak et al., 1999;
Pefiuelas et al., 1995). Gitelson et al. (2002) developed indices within
the visible region and showed that carotenoid absorption was related
to a prominent spectral peak located at 520 nm corresponding to
senescing and mature leaves. The same authors showed that the sen-
sitivity of reciprocal reflectance to Cx+ ¢ content was maximal in a
spectral range around 510 nm, proposing the Carotenoid Content
Index as (1/Rs15)-(1/Rss0) and (1/Rsy5)-(1/Ry00) (Gitelson et al.,
2002). The 550 and 700 nm reflectance bands were used in their
study to minimize the effect of chlorophylls in this spectral range. In
other studies, the Photochemical Reflectance Index (PRI) (Gamon et
al., 1992), originally developed to estimate changes in the xantho-
phyll cycle pigments, has been successfully related to the Cx+c/
Ca+ b ratio at leaf level (Garrity et al.,, 2011; Sims & Gamon, 2002).
In particular, Garrity et al. (2011) found significant relationships be-
tween the PRI-[(R760/R700) '] and the Cx + c/Ca + b ratio.

The main spectral bands proposed for Cx 4+ c estimation in the
visible/NIR region are the following: i) combinations of bands around
the 700 nm region (678, 708 and 760 nm) and bands in the green re-
gion (500, 550 nm) (Chappelle et al., 1992; Merzlyak et al., 1999);

(a)

(b)
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and ii) combinations of Rggg with visible bands (470, 680, 635 nm)
(Blackburn, 1998; Pefiuelas et al., 1995). Chappelle et al. (1992) ana-
lyzed different ratios of leaf reflectance spectra to identify bands cor-
responding to the absorption of Ca + b and Cx + c. They found that the
Cx +c fraction had a maximum absorption peak at 500 nm and pro-
posed the R;g0/Rs00 ratio as a quantitative measure of this pigment
at leaf level. Successful scaling-up of such results to the canopy level
required additional studies focused on the effects of the structure
and background on the indices proposed for Cx + ¢ and Ca + b estima-
tion, such as the Rys0/R710 index (Zarco-Tejada et al., 2001). Recent
studies have demonstrated that hyperspectral indices for Ca + b esti-
mation in leaves cannot be readily applied to imagery due to the large
structural effects present in heterogeneous canopies (Wu et al., 2008;
Zarco-Tejada et al., 2004). In particular, Malenovsky et al. (2007) pro-
posed a new optical index defined as the Area under curve Normal-
ized to Maximal Band depth between 650 and 725 nm (ANMB
650-725) to estimate the chlorophyll concentration of a Norway
spruce crown.

These scaling-up studies are even more important in forest cano-
pies because bidirectional and background effects increase in conifer
forests under sparse and open conditions (Zarco-Tejada et al.,
2004). While some studies have used the inversion of physically
based models (Malenovsky et al., 2008), others have used simple sta-
tistical relationships with a variety of optical spectral indices or com-
bined empirical relationships coupled with radiative transfer
simulation models (Broge & Leblanc, 2001; Gastellu-Etchegorry &
Bruniquel-Pinel, 2001). With the development of PROSPECT-5 (Féret
et al,, 2008; Jacquemoud & Baret, 1990), it is possible to explore the
validation of carotenoid content retrieval at leaf level in a wide num-
ber of species (Féret et al., 2011). At canopy level, models such as the
3-dimensional Discrete Anisotropic Radiative Transfer (DART) model
(Gastellu-Etchegorry et al., 1996, 2004) can be used to model com-
plex structures and canopy architectures to simulate coniferous
canopies.

The simulation of forest canopy reflectance is used as well to per-
form sensitivity analyses of canopy structure, viewing geometry and
background effects. An example is the assessment of physiological in-
dices such as the PRI, which was found to be highly affected by back-
ground and structural variables (Hernandez-Clemente et al., 2011;
Sudrez et al., 2009, 2008). Meggio et al. (2010) showed that
Cx + c-related vegetation indices such as the Gitelson-Cx + ¢ index
and the Gitelson-anthocyanin index were highly affected by canopy
structure and soil background. In addition, Malenovsky et al. (2008)
analyzed the effect of woody elements introduced into DART and
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Fig. 1. (a) Example of imagery acquired with the high resolution narrow-band airborne multispectral camera on board the UAV platform; (b) spectral reflectance extracted from the

imagery for pure tree crown, shadow and soil pixels.



Table 1
Hyperspectral vegetation and physiological indices proposed in other studies.

Index Index ID Formula Reference Scale

Leaf Area Index

Normalized difference vegetation index NDVI (Rgoo—Re70)/(Rgoo + Re70) Rouse et al. (1974) Leaf/canopy

Chlorophyll estimation

Structure insensitive pigment index SIPI (Rsoo — Raas) / (Rsoo + Reso) Pefiuelas et al. (1995) Leaf
Gitelson and Merzlyak (1996); Zarco-Tejada Leaf/canopy
et al. (2004)

Chlorophyll index red edge Clred edge R750/R710 Haboudane, Miller, Tremblay, Zarco-Tejada, & Dextraze (2002); Leaf/canopy
Meggio et al. (2010)

Transformed Cab absorption in reflectance index TCARI 3x[(R700 — Re70) — 0.2 % (R700 — Rs50) * (R700/Re70) Rondeaux et al. (1996); Meggio et al. (2010) Leaf/canopy

Optimized soil-adjusted vegetation index OSAVI (140.16) % (Rgoo — Re70) / (Rgoo + Rs70 +0.16) Haboudane, Miller, Tremblay, Zarco-Tejada, & Dextraze (2002); Leaf/canopy

TCARI/OSAVI 3#[(R700 — Re70) — 0.2 % (R700 — Rss0) # (R700/Re70) / Meggio et al. (2010) Leaf/canopy
(1.16 (Rgoo — Re70) / (Rgoo + Re70 + 0.16))

Carotenoid concentration

Ratio analysis of reflectance spectra RARS R746/R513 Chappelle et al. (1992) Leaf

Pigment-specific simple ratio PSSRa Rsoo/Reso Blackburn (1998) Leaf/canopy

Pigment-specific simple ratio PSSRb Rgoo/Ré35 Blackburn (1998) Leaf/canopy

Pigment-specific simple ratio PSSRc Rsoo/Ra70 Blackburn (1998) Leaf/canopy

Pigment-specific normalized difference PSNDc (Rgoo — R470) /(Rgoo + Ra70) Blackburn (1998) Leaf/canopy

Carotenoid concentration index CRls50 (1/Rs15)-(1/Rss0) Gitelson et al. (2003, 2006) Leaf

Carotenoid concentration index CRI700 (1/Rs15)-(1/R700) Gitelson et al. (2003, 2006) Leaf

Carotenoid concentration index RNIR*CRIssq (1/Rs10) — (1/Rs50) *R770 Gitelson et al. (2003, 2006) Leaf

Carotenoid concentration index RNIR*CRI;g9 (1/Rs10) — (1/R700) *R770 Gitelson et al. (2003, 2006) Leaf

Modified photochemical reflectance index PRIm1 (Rs15—Rs30)/(Rs15+ Rs30) Hernandez-Clemente et al. (2011) Leaf/canopy

Photochemical reflectance index PRI (Rs70—Rs30)/(Rs70+ Rs30) ((Rs70—Rs30)/(Rs70+ Rs30)) Gamon et al. (1992) Leaf

#((Rzgo/Rzo0) — 1)

Carotenoid/chlorophyll ratio index PRI*CI (Reso—Rs00) /R7s0 Garrity et al. (2011) Leaf

Plant senescencing reflectance Index PSRI Re72/(Rss50%3R708) Merzlyak et al. (1999) Leaf

Reflectance band ratio index Datt-CabCx + ¢ Rseo/ (Rss0*R70s) Datt (1998) Leaf

Reflectance band ratio index DattNIRCabCx + ¢ Datt (1998) Leaf
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performed a sensitivity analysis of two spectral vegetation indices,
the Normalized Difference Vegetation Index (NDVI) and the Angular
Vegetation Index (AVI). Despite the efforts made to analyze
Cx + c-related vegetation indices, further research should focus on
understanding structural effects on Cx + c-related vegetation indices
at canopy level.

The aim of the present study was to assess the estimation of carot-
enoid content in a complex conifer forest using high spatial and spec-
tral resolution imagery and 3D canopy modeling methods. A
combined observation and modeling approach was applied to assess
the influence of leaf and canopy parameters on various narrow-
band vegetation indices proposed to estimate carotenoid content.
The specific objectives of the analysis were the following: i) assess
the influence of carotenoid and chlorophyll content on the indices
proposed, ii) evaluate the performance of existing narrow-band ca-
rotenoid indices at both leaf and canopy scales, iii) evaluate the sen-
sitivity of Cx + c-related vegetation indices to canopy structure, and
iv) propose a new formulation for Cx + ¢ estimation at canopy level,
assessing its performance with high-resolution airborne imagery.

2. Materials and methods
2.1. Study site description

The experimental area was located in the Sierra de los Filabres
mountain range (Almeria province, southeastern Spain) (37° 13’ 27" N,
2° 32" 54" W) (Fig. 1), the driest region in Western Europe. The study
area has an elevation ranging from 1540 to 2000 m above sea level and
an annual rainfall between 300 and 400 mm. The annual average tem-
perature is 11 °C, reaching a maximum of 32 °C in summer and a mini-
mum of —8 °C in winter. The vegetation is a 40-year-old mixed pine
afforestation of Pinus sylvestris L. Within the forest stands, the ground is
partially covered by sparse evergreen shrub vegetation (Adenocarpus
decorticans Boiss. and Cistus laurifolius L.). Parent material is composed
of siliceous rock with quartz micaschists, forming eutric cambisol-rego-
sol soils.

The study areas were located in seven different plots (Fig. 1). Leaf
measurements were obtained from two consecutive field campaigns
in July 2008 and August 2009. In 2008, needles were collected from
a total of 21 trees, measuring Ca+ b, Cx+c, the xanthophyll cycle
(VAZ) pigment content and leaf reflectance. For 2009, needles collect-
ed from 35 trees were measured, analyzing pigment content (Ca+ b,
Cx+o).

2.2. Leaf measurements

Mean crown pigment and spectral measurements were obtained
from a total of 5 young needles (one year-old needles) collected
from the top of the crown. Analyses were performed on young
needles to avoid non-representative outliers in current and mature
needles. Needle pigment concentration was determined as reported
by Abadia and Abadia (1993). Pigment extracts were obtained from
a mixed sample of 5 cm of needle material, using 1 linear cm per nee-
dle. The area was calculated by assuming that the needle was a half
cylinder and the diameter was the measured width of each needle.
Needle diameter was measured with a digital caliper precision instru-
ment. Five additional needle samples were used to take structural
measurements (thickness and width) and determine water content
and dry mass. The needles were ground in a mortar on ice with liquid
nitrogen and diluted in acetone up to 5 ml (in the presence of Na ascor-
bate). After that, the extracts were filtered through a 0.45 um filter to
separate the pigment extracts from the Na ascorbate. Spectrophotomet-
ric and High-Performance Liquid Chromatography (HPLC) determina-
tions were conducted simultaneously on the same extracts. A total of
20 pl was injected into the HPLC, and 1 ml was inserted into the spec-
trophotometer. The pigment extractions and HPLC measurements

were undertaken concurrently to avoid pigment degradation. Absorp-
tion at 470, 644.8 and 661.6 nm was measured with the spectro-
photometer to derive chlorophylls a and b and total carotenoid
concentrations (Abadia & Abadia, 1993). Total chlorophyll and caroten-
oid concentration were related linearly with a mean coefficient of deter-
mination value of 0.59 per plot. Pigment extracts were analyzed using an
isocratic HPLC method (Larbi et al., 2004). Samples were injected into a
100x 8 mm Waters Novapak C18 radial compression column (4 um
particle size) with a 20 pl loop, and mobile phases were pumped by
a Waters M45 high pressure pump at a flow of 1.7 ml/min. The EPS
ratio between the pigment concentration was calculated as (V+0.5A)/
(V4+A+2Z) (Thayer & Bjorkman, 1990), where V is violaxanthin, A is
antheraxanthin and Z is zeaxanthin.

Needle spectral reflectance at wavelenghts from 306 to 1138 nm
was also measured with a UniSpec Spectral Analysis System (PP Sys-
tems, Herts, UK), following a similar procedure to that described by
Richardson and Berlyn (2002). The UniSpec measurements were
conducted in the field minutes before the needles were collected. The
instrument has a resolution of <10 nm and 256 bands spaced at
3.3 nm intervals. The instrument was configured using a mini bifurcat-
ed fiberoptic and a mini leaf clip capable of measured spectral reflec-
tance on tiny samples (<1 mm). A Spectralon reflectance standard
was regularly referenced and scans were corrected for the instrument's
dark current. The reflectance spectrum for each scan was calculated as a
ratio of leaf radiance to standard radiance at wavelength \. Six separate
measurements were made in a 1-cm diameter area and average of those
spectra was used for subsequent analyses. Needle reflectance obtained
from the field was used to evaluate the relationships between
hyperspectral indices and pigment content at the leaf level.

2.3. Airborne campaigns

An unmanned aerial vehicle (UAV) platform for remote sensing
research was developed at the Laboratory for Research Methods in
Quantitative Remote Sensing (QuantaLab, IAS-CSIC, Spain) to carry
a payload with narrow-band multispectral imaging sensors (Berni
et al, 2009; Zarco-Tejada et al., 2009). The UAV was a 2-m
fixed-wing platform capable of carrying a 3.5 kg payload. It had
1 hour endurance and 5.8 kg take-off weight (TOW) (mX-SIGHT,
UAV Services and Systems, Germany). The UAV was controlled by
an autopilot for autonomous flight (AP04, UAV Navigation, Madrid,
Spain) to follow a flight plan using waypoints. The autopilot
consisted of a dual CPU that controlled an integrated Attitude
Heading Reference System (AHRS) based on a L1 GPS board,
3-axis accelerometers, yaw rate gyros and a 3-axis magnetometer
(Berni et al., 2009). Communication with the ground was
conducted through a radio link where position, attitude and status
data were transmitted at 20 Hz frequency; this also acted as a com-
munication link for operating remote sensing multispectral cam-
eras on board the UAV.

The multispectral sensor used in this study was a 6-band multi-
spectral camera (MCA-6, Tetracam, Inc., California, USA). The camera
consisted of 6 independent image sensors and optics with user-
configurable spectral filters. The image had a resolution of 1280x
1024 pixels with 10-bit radiometric resolution and an optical focal
length of 8.5 mm, yielding an angular FOV of 42.8°x34.7° and

Table 2

Nominal values range of parameters used for leaf modeling with PROSPECT-5.
Prospect-5 input variables Value Unit
Ca+ Db (varied parameter) 10-60 pgcm—2
Cx+c (varied parameter) 2-16 pgcm—2
Cw 0.03 cm
Cm 0.01 gcm?
N 2
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15 cm pixel spatial resolution at 150 m flight altitude. The detector
used was a CMOS sensor with ~5.2 um pixel size and 6.66 mm x
5.32 mm image area operated in a progressive scan mode at 54 dB
signal-to-noise ratio, with 0.03% fixed pattern noise, 28 mV/s dark
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current and 60 dB dynamic range. Different bandsets were selected
depending on the objectives of the remote sensing study, including
25 mm diameter bandpass filters of 10 nm FWHM (Andover Corpora-
tion, NH, USA), with center wavelengths at 515 nm, 530 nm, 570 nm,
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Fig. 2. Leaf-level modeling simulations conducted with the PROSPECT-5 model to assess the effects of Cx 4 ¢ and Ca + b contents on the spectral signature in the 400-700 nm spec-
tral range. Simulations performed for Cx + ¢ variation between 2 and 16 pg cm~2 for mean Ca + b values of 10, 30 and 60 pg cm™~2 (a,b,c). Simulations conducted for Ca + b vari-
ation between 10 and 60 pg cm ™2 for mean Cx +c values of 6, 8 and 14 pg cm~2 (d.e,f).
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670 nm, 700 nm, and 800 nm bands. The 10 nm filter measurements
yielded ca. 60% transmission and 10.4 nm FWHM.

Multispectral imagery was radiometrically calibrated using coeffi-
cients derived from measurements taken with a calibrated uniform
light source (integrating sphere, CSTM-USS-2000C Uniform Source
System, LabSphere, NH, USA) at four different levels of illumination
and six different integration times. Radiance values were later
converted to reflectance using the total incoming irradiance simulat-
ed with the SMARTS model developed by the National Renewable En-
ergy Laboratory of the US Department of Energy (Gueymard, 1995,
2001) using aerosol optical depth measured with a Micro-Tops II
sun photometer (Solar LIGHT Co., Philadelphia, PA, USA) collected in
the study areas at the time of the flights. SMARTS computes
clear-sky spectral irradiance, including direct beam, circumsolar,
hemispherical diffuse and total irradiance on a tilted or horizontal
plane in specific atmospheric conditions. This radiative transfer
model has previously been used in other studies to perform the atmo-
spheric correction of narrow-band multispectral imagery (Suarez et
al., 2010; Zarco-Tejada et al., 2012). The calibrated multispectral re-
flectance imagery obtained at 10 nm FWHM is shown in Fig. 1b,
targeting pure components such as crowns, shaded and sunlit soil
spectra (Fig. 1b). Each individual pure tree crown in the entire forest
canopy was identified using automatic object-based crown-detection
algorithms (Ardila et al., 2012; Kurtz et al., 2012) based on the Nor-
malized Difference Vegetation Index (NDVI) calculated from the
high spatial resolution image using the 670 and 800 nm spectral
bands. This made it possible to extract the mean crown reflectance.

Field sampling campaigns were conducted concurrently with UAV
overflights in the last week of August 2009. The flight campaigns
were performed at 10 am. (GMT). A total of 35 individuals of
P. sylvestris were subjected to field and airborne monitoring (Fig. 1).
The measurements were taken on trees of a similar age (~40 years
old) and height (~10 m) growing in low slope areas (<10%) and
therefore with a similar sun/shade fraction.

2.4. Optical indices for Cx + c estimation

The purpose of this analysis was to evaluate the performance of a
set of hyperspectral vegetation indices in carotenoid content estima-
tion. The performance of each vegetation index was evaluated based
on simulation analysis and field measurements. Vegetation indices
calculated from simulation analysis at the leaf level were compared
to the results obtained from field measurements. At the canopy
level, vegetation indices calculated from reflectance simulations
were compared to results obtained from the image reflectance ac-
quired with a narrow-band multispectral camera. A detailed summa-
ry of the narrow-band vegetation indices applied in this study is
shown in Table 1. The narrow-band vegetation indices selected from
previous studies for Cx + c estimation were combinations of bands lo-
cated in the visible and visible/NIR region. In previous studies, PRI
was calculated with the 570 nm band as a reference (PRIs;) and
later with the 515 nm band as a reference (PRIs;s5) and has been
found to minimize structural effects (Hernandez-Clemente et al.,
2011). Similar wavelengths have been selected by Gitelson et al.
(2003, 2006) to formulate the Carotenoid Content Index (CRIssq).
Other indices have been formulated as a combination of bands around
Rs10-515 and R700-770- A few examples are CRI;qo, RNIR*CR1550 and
RNIR*CRI;qg, proposed by Gitelson et al. (2003, 2006); the Ratio Anal-
ysis of Reflectance Spectra, proposed by Chappelle et al. (1992) as
RARS; the Carotenoid/Chlorophyll Ratio Index (PRI*CI), analyzed by
Garrity et al. (2011); the Reflectance Band Ratio Index (RBRI), pro-
posed by Datt (1998) and the Plant Senescence Reflectance Index
(PSRI), proposed by Merzlyak et al. (1999). The last group of
Cx + c-related optical indices previously published is combinations
of visible bands with the bands Rggg or Rggo. Some examples are the

Pigment-Specific Simple Ratio (PSSRa, PSSRb, PSSRc, PSNDc), ana-
lyzed by Blackburn (1998), and the RBRI yig, analyzed by Datt (1998).

New narrow-band ratio indices in the 500-600 nm regions were
also assessed at both leaf and crown levels for sensitivity to Cx +c.
Narrow-band ratio indices were formulated based on relationships
to the absorption of Cx 4 c concentration (the blue region from 450
to 555 nm) divided by the immediately contiguous bands located in
the green region (560 and 570 nm reference bands).

2.5. Simulations with PROSPECT-5 and DART models

A model simulation analysis was conducted to assess the sensi-
tivity of the carotenoid-related optical indices on heterogeneous
coniferous forest canopy images and to test the performance of
new formulations. Radiative transfer modeling methods were ap-
plied with the leaf optical PROperties SPECTra (PROSPECT-5)
model (Féret et al., 2008; Jacquemoud & Baret, 1990) coupled
with the 3-dimensional Discrete Anisotropic Radiative Transfer
(DART) model.

PROSPECT-5 was selected for the leaf-level simulations. This
model simulates leaf directional-hemispherical reflectance and
transmittance from the 400 to the 2500 nm spectral region with
five input variables: Ca+b, Cx+c, leaf dry matter content (Cm),
equivalent water thickness (Cw) and leaf structure parameter (N)
(Féret et al., 2008). Although the PROSPECT model was originally de-
veloped for broad leaves, it has been validated and is widely used for
needles (Malenovsky et al., 2007; Moorthy et al., 2008; Zarco-Tejada
etal, 2004). Leaf-level simulations with PROSPECT-5 were performed
to assess the effect of Cx+4c and Ca+b content variations on the
spectral signature in the 400-800 nm region and on the optical
indices proposed, both at leaf and canopy levels when coupled with
the DART model. Nominal values and input parameter ranges used
for the leaf modeling are summarized in Table 2. Fixed values
for Cw, Cm and N and the variation range for Cx+c and Ca+b
were set based on previous studies carried out on conifer species
(Hernandez-Clemente et al, 2011; Moorthy et al, 2008). Fig. 2
shows an example of the spectral variation derived from the simula-
tions performed had a range of 2-16 pg cm 2 for Cx + ¢ and a mean
Ca+ b value of 10, 30 and 50 pg cm 2 (Fig. 2a, b, ¢). Additional sim-
ulations showed Ca-+b variation, ranging from 10 to 60 ug cm ™2
along with Cx + ¢ values of 6, 8 and 14 pg cm ™2 (Fig. 2d, e, f).

At crown level, DART was chosen because it simulates the radia-
tive transfer in complex structures. This model was used in this

Table 3

Nominal values range of parameters used for canopy modeling with DART.
DART input variables Value Unit
Central wavelength 400-800 nm
Spectral bandwidth 10 nm

Scene parameters

Cell size 0.5 m
Scene dimensions 50x50 m
Spatial distribution Random

Canopy parameters

Number of trees 1200 trees ha~!

Probability of presence 0.8

Leaf area index (varied parameter) 1-10

Crown shape Truncated cone

Crown height (mean) 6 m
Crown height (std dev) 0.9 m
Height below crown (mean) 4 m
Height below crown (std dev) 0.8 m
Diameter below crown (mean) 0.4 m
Diameter below crown (std dev) 0.1 m
Height within the tree crown 5 m
Diameter within the tree crown 0.35 m
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study to generate coniferous canopy architectures at high spatial res-
olution. DART was developed by Gastellu-Etchegorry et al. (1996) on
the basis of the discrete ordinate method (DOM). DART has been used
to simulate heterogeneous coniferous forest canopies (Malenovsky et
al.,, 2008) and has been validated for this use (Pinty et al., 2001;
Widlowski et al., 2007). In order to simulate the forest canopy archi-
tecture of the study sites, the DART model was parameterized based
on detailed field measurements.

The coupled PROSPECT and DART models were used to simulate
the spectral reflectance of P. sylvestris forest stands assuming ran-
dom variations of Ca+b and Cx+c content under two different

Reflectance

Reflectance

Reflectance

scenarios: i) considering a random variation in LAI (Leaf Area Index)
(1-10); ii) considering variations in both LAI (1-10) and tree density
(800-1600 trees ha='). In both cases, PROSPECT simulations were
based on random Cx+ ¢ (2-16 ug cm~2) and Ca+b (10-60 pg cm™2)
values. Nominal values and the parameter range used for crown
modeling are summarized in Table 3. Canopy level simulations were
performed using the hemispherical reflectance simulated at the leaf
level with PROSPECT. An example of the canopy reflectance simulated
with PROSPECT coupled with DART is shown in Fig. 3. Fig. 4 shows
the crown reflectance of trees with low (LAI=1) and high (LAI=5)
LAI values simulated with DART based on leaf reflectance and
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Fig. 3. High-resolution multispectral image acquired from the UAV platform (a) and the PROSPECT-5 + DART simulated image for the same study site (b); zoomed-in image detail of
the multispectral image (right) and the simulated image (left) (c); tree crown (d), bare soil (e) and shaded crown (f) spectral reflectance extracted from the multispectral image

and the simulated scenes.
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Fig. 4. Canopy reflectance simulated with PROSPECT-5 + DART models considering low
LAI (LAI=1) and high LAI values (LAI=5) for different concentrations of Cx+c
(4, 8 and 12 pg cm~2) and a mean Ca+ b value of 35 pg cm ™2,

transmittance. Leaf reflectance and transmittance were simulated
with PROSPECT-5 considering different values of carotenoid content
(4, 8 and 12 pg m~2) and a mean value of chlorophyll content
(35 ug m~2).

3. Results
3.1. Leaf-level simulation results

Simulations conducted with the PROSPECT-5 model assessed the
sensitivity of the various vegetation indices to different values of
Ca+b and Cx + c content. The simulations showed that chlorophylls
a and b have strong absorbance peaks in the blue and red regions of
the spectrum (from 500 to 700 nm) (Fig. 2d, e, f). Carotenoid absor-
bance mainly affected the 450 to 555 nm region (Fig. 2a, b, c),
overlapping chlorophyll absorption peaks from 500 to 555 nm. The
vegetation indices proposed were formulated as a simple ratio be-
tween bands located in the carotenoid and chlorophyll absorbance
spectral range (Fig. 2).

Coefficients of determination (1%) of all the indices studied are pro-
vided in Fig. 5, which shows the relationships found between simula-
ted hyperspectral vegetation indices and pigment content. Most
of the Cx+ c-related vegetation indices tested at leaf level showed
good agreement with Cx+c content. The best relationships were
obtained when the CRIs5o and CRI;qo indices were used. The linear
relationship between such CRI indices and Cx+c was significant
(P<0.001), with a coefficient of determination of r?>0.9. By contrast,
the relationship between these CRI indices and Ca + b had a coefficient

of determination of less than 0.15. These results showed the sensi-
tivity of CRI indices to Cx + c content and their low sensitivity to
chlorophyll content at leaf level. Other indices such as RNIR: CRIssq
and RNIR-CRI ;o9 were found to be highly correlated with Cx +c,
with a coefficient of determination of r>=0.72 and r? = 0.74 respec-
tively, but were more influenced by Ca+b (r>>0.3) (Fig. 5). In the
leaf-level simulations a 1% Gaussian random noise was added to
the leaf simulations (Fig. 5). This step aimed at assessing noise-
sensitive indices as shown in le Maire et al. (2004). According to
the results obtained with and without the Gaussian noise (Fig. 5),
the simulated spectral vegetation indices showed similar sensitivity
to Ca+ b, Cx+ c and to the Ca + b/Cx + c ratio.

The comparative analysis performed by testing a large number of
Cx + cindices identified a new group of indices that were significantly
related to Cx + ¢ (P<0.001) but showed low sensitivity to Ca + b con-
tent (r?<0.15). This was the case of PRI, with a coefficient of deter-
mination of r> = 0.86 and the following ratio indices: Rs;5/Rsgo (1% =
0.80), Rszo/Rseo (r*=0.79), Rsio/Rseo (r*=0.77), Rsis/Rs70 (I°=
0.71), Rsio/Rs70 (r*=0.69), Rszo/Rs70 (r*=0.68) and Rss3o/Rs7o
(r?=0.54).

The relationship between the indices SRsgg (Rs10, Rs15, Rs20 and
Rs30 over Rsgp) and SRs7o (Rsio, Rs1s, Rszo and Rszg over Rszo) and
Cx+c is presented in Fig. 6, which shows the behavior of the new
ratio indices proposed in this study. These indices showed similar
trends and coefficients of determination to Cx +c content, with the
best relationships observed for Rsis/Rs7o (r*>=0.72) (Fig. 6a) and
Rs15/Rs60 (12 = 0.80) (Fig. 6b). Other Cx + c-related vegetation indices
showed significant relationships (P<0.001) with Cx4c content
(r?>0.5), but were more affected by chlorophyll content (r>>0.3).
This was the case of the indices PRI and RARS, as well as the simple
ratios Rsoo/Rse0, R530/Rs70, and Rsao/Rseo-

In the case of Ca-+ b, the best relationships were obtained using
the vegetation indices Clred edge and PSSRb, yielding a coefficient
of determination higher than 0.98 (Fig. 5). Despite using other indices
such us PSSRa, DattNIR-CabCar or TCARI/OSAVI, relationships from
2=0.8 to r*=0.9 were found. In addition, the Cx+ c/Ca+ b ratio
was found to be a variable highly related with a wide range of vege-
tation indices due to the sensitivity of such indices either to Cx+c
or Ca+b concentration (Fig. 5). The best relationship with Cx+c/
Ca+ b was found for indices such as PSRI and PRI, yielding a coeffi-
cient of determination around 0.9.

3.2. Canopy-level simulation results

Simulations conducted with DART at canopy level were used to as-
sess the effect of the structure on the Cx + ¢ indices when targeting
pure crowns. Results of the modeling analysis showed that vegetation
indices behaved differently at leaf and crown level (Fig. 7). These re-
sults show that the closest relationships between Cx + ¢ content and
vegetation indices at crown level were obtained by the indices Rs;s/
Rs70 and Rszo/Rs70, yielding 2 values of 0.70 and 0.71 respectively.
Simple ratios formulated with bands from Rs;¢ to Rs4g and the refer-
ence bands Rseg and Rs;¢ showed significant relationships (P<0.001)
and coefficients of determination greater than 0.55 (Fig. 7). Other
vegetation indices highly correlated with Cx + ¢ content at leaf level
showed high effects due to the structure and did not obtain high co-
efficients of determination at crown level. This was the case of
CRls50 (r>=0.44) and CRl;go (r>=0.43). These results are in agree-
ment with studies that have shown that leaf-level indices may not
work well at canopy level due to the confounding effects of the struc-
ture on the indices. The vegetation indices proposed by Gitelson were
formulated based on spectral bands simulated with 10 and 30 nm
FWHM. This analysis was conducted to assess the effect of consider-
ing different band widths for the 510-520 nm and 540-560 nm
ranges. The results shown in Fig. 8 demonstrate that comparable re-
sults were obtained for (10 and 30 nm FWHM).
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Fig. 5. Relationships obtained between Ca+ b, Cx + ¢ content and the Ca+ b/Cx + c ratio when compared with vegetation indices proposed for Cx + ¢ estimation. Data were simu-
lated at leaf level with PROSPECT-5 model assuming random Cx + ¢ (2-16 pg cm~2) and Ca+ b content (10-60 pg cm~2). When symbols overlap, the r square calculated consid-

ering random noise has precedence.

A comparison of the relationships found in a selection of indices at
both leaf and crown levels is provided in Fig. 9. While Rs;5/Rs57¢
showed similar agreement with Cx+c at leaf and crown levels
(r?=0.7) (Fig. 9a and c), other indices such as CRIsso and CRI;go

showed a high coefficient of determination at leaf level (r>=0.9)
(Fig. 9b) but poorer performance at crown level (r?>=0.44)
(Fig. 9d). These results demonstrate the importance of accounting
for canopy-level effects on the indices and assessing the performance
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Fig. 6. Relationships obtained between Cx + c content and the simple ratio vegetation

indices Rsio/570, Rs15/570, Rs20/570, and Rs3o570 () and Rsio/se0, Rs1s/560, Rszo/560, and
Rs30/560 (b). Simulations conducted at leaf level with the PROSPECT-5 model consider-
ing random Cx+c (2-16 pg cm~2) and Ca+ b content (10-60 pg cm™~2).

at both leaf and canopy levels. These results can be explained by the
different sensitivities of these indices to structural effects. As shown
in Fig. 10, the coefficients of determination between the vegetation
indices CRIsso and CRI;qo and LAI values were r>=0.48 and r’>=
0.45 respectively (Fig. 10a and b). By contrast, the relationship be-
tween simple ratio indices such as Rsi5/Rs79 and Rs4o/Rs69 and LAI
showed coefficients of determination of less than 0.05 (Fig. 10c and
d). These simulation results demonstrate the low effects of LAl varia-
tion on the Cx + c index proposed in this study (Rs;5/Rs7¢), with coef-
ficients of determination of r>=0.72 for Cx+c and r>=0.19 for
Ca+b at leaf level and r>=0.71 for Cx+c and *=0.16 for Ca+b
at canopy level.

A more detailed analysis of the structural variation affecting
Cx + c-related indices was performed normalizing the values of vege-
tation indices to LAI=1. Fig. 11 shows the variations of CRIsso
(Flg 11&), RARS (Flg 11b), R515/R570 (Flg 11C) and R540/R550
(Fig. 11d), considering a range for LAI (1-10) and tree density (800-
2800 trees ha—'). While some vegetation indices such as Rs;s/Rs70

and Rs40/Rs60 Were not affected, the RARS and CRIssq indices showed
higher sensitivity to LAl and tree density variation.

LAl variations also seem to affect the relationships between
Cx + c-related vegetation indices and the Cx + c¢/Ca+ b ratio. Indices
with high coefficient of determination values (>=0.9) at leaf level
such as PSRI or PRI yielded coefficients of determination of r*=0.46
and r?=0.64 at crown level (Fig. 7).

3.3. Relationships between optical indices and Cx + ¢ obtained from leaf
measurements and airborne imagery

The analysis of the leaf measurements showed significant rela-
tionships between Cx + c indices and needle Cx + ¢ content obtained
by destructive sampling. The coefficients of determination calculated
by the linear regression analysis are shown in Fig. 12. The experimen-
tal results agree with the results obtained with model simulations, in
which indices such as CRl7gg (r? = 0.73) or CRIss0 (1> =0.72) (Fig. 12a
and c) showed better results than the Rs;5/Rs70 index (r>=0.57) at
leaf level (Fig. 12b). A further comparison between the Rs;5/Rs7¢ veg-
etation index and the epoxidation state (EPS) of the xanthophyll cycle
yielded a coefficient of determination of r>=0.12 (Fig. 12d). These re-
sults demonstrate that SR (Rs5/Rs79) was correlated with Cx + ¢ con-
tent but was not sensitive to variations in the xanthophyll cycle. The
Rs15/Rs70 index showed a weak relationship with Ca + b content, with
a coefficient of determination of r*=0.10 (Fig. 13a). This result
agrees with the modeling results obtained with PROSPECT-5, where
the relationship between Rs;5/Rs70 and Ca+ b was lower than 0.15.
As expected, the strongest relationships were found between Ca+ b
content and the red edge index R;50/R71¢ (Fig. 13b).

The high spatial resolution imagery (50 cm) obtained with the
narrow-band multispectral camera enabled the identification of
pure crowns and the assessment of pigment measurements by apply-
ing vegetation indices to the crown level. Linear relationships
obtained between Cx+c content and the simple ratio index Rss/
Rs70 showed a significant relationship (p<0.001), with a coefficient
of determination of r? = 0.66 (Fig 14a). Other traditional indices sen-
sitive to Cx + ¢ content at leaf level (CRI) showed weaker relation-
ships at crown level (Fig 14c). These results agree with the results
of coupling PROSPECT-5 with DART simulations, where the Rs;s/
Rs70 index behaved better than the CRI indices at crown level. The re-
lationships obtained between the simple ratio index Rs;s/Rs7¢ and
Ca+b content showed a low coefficient of determination (r*=
0.18) (Fig. 14b). By contrast, Ca + b-related vegetation indices were
found to be highly related with Ca -+ b content (r>=0.71) (Fig. 14d).
These results agree with the findings obtained at leaf level, where
the simple ratio index Rsi5/Rs70 was highly related with Cx + ¢ con-
tent and slightly related with Ca + b, while the Ca + b-related vegeta-
tion index R;g0/Rs70 was highly related with Ca + b content.

The relationship found between Cx + ¢ and Rs;s/Rs7o (Fig. 14a) was
used to map carotene spatial variability at crown level using high-
resolution imagery. Fig. 15 shows a map of the Cx+c content of the
study area aggregated into different classes, where values correspond to
very low Cx+c content (<2 pgcm™2), low Cx-+c content (range
2-4 pg cm~2), below average Cx + c content (range 4-6 g cm™2), aver-
age Cx+c content (range 6-8 ug cm™2), average to above-average
Cx+c content (range 8-10 ug cm™~2), above-average Cx+c content
(range 10-12 pg cm™2), high Cx+c content (range 12-14 pg cm—2)
and very high Cx -+ ¢ content (range 14-16 pg cm ™ 2).

4. Discussion

The quantitative link between foliar carotenoid content and spec-
tral properties constitutes the basis of pigment retrieval analysis. Sev-
eral studies have been conducted at leaf scale (Chappelle et al., 1992;
Gitelson et al., 2002; Merzlyak et al., 1999). The present study in-
cludes a comprehensive review of narrow-band vegetation indices
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Fig. 7. Relationships obtained between Ca + b, Cx+ ¢ content and the Ca+ b/Cx + ¢ ratio when compared with vegetation indices proposed for Cx + ¢ estimation. Data were simu-
lated at crown level with PROSPECT-5 model coupled with DART assuming random variation of leaf Cx+ ¢ (2-16 pg cm~2) and Ca+b (10-60 pg cm™2) and crown LAI ranging

between 1 and 8.

related to carotenoid content based on empirical and modeling
methods. Formulating Cx + c-related vegetation indices is more chal-
lenging than retrieving other biophysical parameters mainly due to
the overlap between the chlorophyll and carotenoid absorption
peaks. Red edge and TCARI/OSAVI vegetation indices obtained from
the simulation analysis showed high sensitivity to Ca+ b at leaf and

canopy levels. These results agree with previous studies that used
red edge vegetation indices in forest canopies (Moorthy et al., 2008;
Zarco-Tejada et al., 2001) and applied combined indices such as
TCARI/OSAVI in tree orchards (Zarco-Tejada et al., 2004) and
vineyards (Meggio et al., 2010). Simulation results performed at leaf
level provide additional information about the sensitivity of these
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indices to Ca + b concentration and the Cx + ¢/Ca + b ratio. The inter-
est of analyzing the relationships between those variables and the re-
sponse of Ca+ b sensitivity to Cx + c-related vegetation indices has
been previously studied for some of the indices included in this
study such as the CRI (Gitelson et al., 2002) and the PRI (Garrity et
al,, 2011). The Cx+c/Ca+b ratio was found to be highly related
with a wide range of Cx+c-related vegetation indices at the leaf
level, although the best relationship was found using the PSRI and
PRI vegetation indices. These results agree with those obtained by
Merzlyak et al. (1999) (PSRI) and Garrity et al. (2011) (PRI) at the
leaf level. However, according to the results obtained at crown level,
these indices seem to be highly affected by structural parameters.

A detailed sensitivity analysis of the effect of structural parame-
ters such as LAI or tree density introduced into the Discrete Aniso-
tropic Radiative Transfer (DART) model was performed to show
the potential scaling-up of Cx + c-related vegetation indices in het-
erogeneous canopies. Coefficients of determination resulting from
the linear relationships between Cx + ¢ content and narrow-band
vegetation indices revealed the ability of simple ratio indices to as-
sess variations in Cx + ¢ content, showing better results than tradi-
tional Cx + c-related vegetation indices at crown level. Traditional
indices formulated as a combination of visible and infrared bands
showed greater sensitivity to structural variable effects than simple
ratio indices formulated as a combination of bands influenced by
Cx+c and Ca+ b absorption.

The new simple ratio vegetation indices proposed in this study
were found to be significantly related with Cx + ¢ content (r*>0.6;
P<0.001) at leaf and crown levels. Nevertheless, this study confirms
the robustness of other indices such as the CRIssq (r2>0.93;
P<0.001) and CRI,g0 (r2>0.91; P>0.001) reported in previous stud-
ies at leaf level (Gitelson et al., 2003, 2006). Model simulations
were validated with detailed laboratory/field leaf pigment content
measurements (Ca+b, Cx+c and xanthophyll pigment content)
and needle spectral reflectance.

Spectral vegetation indices used to estimate biophysical variables
are usually developed to detect changes in the physical or chemical
composition of leaves based on narrow-band optical properties
(Zarco-Tejada et al., 2001). The scaling-up of these results is not al-
ways feasible because of the heterogeneity and geometry of the
crown. In fact, this study demonstrates that most of the spectral indi-
ces related to Cx + c content at leaf level were not directly applicable
to the higher spatial scale of the crown. These results agree with pre-
vious studies that have highlighted the need to assess the structural
and viewing geometry effects to properly scale-up physiological indi-
ces from leaf to crown level (Meggio et al., 2010; Suarez et al., 2008).

5. Conclusions

This study highlights that traditional vegetation indices related to
Cx + c content behave differently at the leaf and at crown level based
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Fig. 9. Relationships obtained between Cx + ¢ and vegetation indices Rs;5/Rs70 (@) and CRI (1/Rs15)-(1/Rss0) (b) at leaf level and crown level (c) and (d). Simulations conducted
considering random variation of leaf Cx+c (2-16 pg cm~2) and Ca+b (10-60 pg cm~2) for crown LAI ranging between 1 and 8.

on radiative transfer modeling and field and airborne data validation.
The study was conducted in a conifer forest, where structure plays an
important role. The modeling simulation analysis showed that a new
narrow-band vegetation index tested in this study (Rsqs/Rs7¢) was
sensitive to Cx + ¢ content variations at leaf level and was the most
robust of all the indices at canopy level. The present study combined
field, laboratory and modeling methods to assess the scaling-up of
Cx + c-related vegetation indices to the canopy level. Results demon-
strated that simple ratios formulated with bands Rs;5 and Rspq using
reference bands Rsgg and Rs;o were sensitive to Cx+c content at
the leaf and crown level. In particular, index Rs;s/Rs7¢ showed the
best relationship with Cx+ c at both leaf and canopy levels and was
the least affected by the canopy structure. The robustness of other in-
dices at leaf level was highly correlated to LAI and tree density values
at crown level. The results obtained in this study show that at stand
level, relationships between the spectral response and leaf chemistry
tend to break down due to confounding factors related to the struc-
ture of the crown and background contributions.

Simulation results were in agreement with empirical results
obtained at leaf and crown levels. The use of narrow-band multispec-
tral cameras on board UAV platforms made it possible to validate this
study and obtain high-resolution image data to map biophysical vari-
ables. These results demonstrate the feasibility of estimating Cx+ ¢

with narrow-band multispectral imagery and confirm the findings
obtained by modeling methods.
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