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Abstract

The retrieval of indicators of vegetation stress from remote sensing imagery is an important
issue for the accurate assessment of forest decline. The Photochemical Reflectance Index
(PRI) has been demonstrated as a physiological index sensitive to the epoxidation state of
the xanthophyll cycle pigments and to photosynthetic efficiency, serving as a proxy for
short-term changes in photosynthetic activity, stress condition, and pigment absorption, but
highly affected by illumination conditions, viewing geometry and canopy structure. In this
study, a diurnal airborne campaign was conducted over Pinus sylvestris and Pinus nigra
forest areas with the Airborne Hyperspectral Scanner (AHS) to evaluate the effects of
canopy structure on PRI when used as an indicator of stress in a conifer forest. The AHS
airborne sensor was flown at two times (8:00 GMT and 12:00 GMT) over forest areas
under varying field-measured stress levels, acquiring 2 m spatial resolution imagery in 80
spectral bands in the 0.43-12.5 um spectral range. Five formulations of PRI (based on Rs3;
as a xanthophyll-sensitive spectral band) were calculated using different reference
wavelengths, such as PRIs7g (reference band Rrgr=Rs7), and the PRI modifications PRI,
(Rrer=Rs12), PRIy (Rrer=Re00), PRIms (Rrer=Re70), and PRImg (Rrer=Rs70, Re70), along
with other structural indices such as NDVI, SR, OSAVI, MSAVI and MTVI2. In addition,
thermal bands were used for the retrieval of the land surface temperature. A radiative
transfer modeling method was conducted using the LIBERTY and INFORM models to
assess the structural effects on the PRI formulations proposed, studying the sensitivity of
PRI, indices to detect stress levels while minimizing the effects caused by the conifer
architecture. The PRI indices were related to stomatal conductance, xanthophyll

epoxidation state (EPS) and crown temperature. The modeling analysis showed that the
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coefficient of variation (CV) for PRI was 50%, whereas the CV for PRIm1 (band R512 as a
reference) was only 20%. Simulation and experimental results demonstrated that PRI,;
(Rrer=Rs12) was less sensitive than PRI (Rrgr=Rs70) to changes in Leaf Area Index (LAI)
and tree densities. PRIs;, was demonstrated to be sensitive to EPS at both leaf (r2=0.59) and
canopy level (1’=0.40), yielding superior performance than PRIs7o (’=0.21) at the canopy
level. In addition, PRIs;, was significantly related to water stress indicators such as
stomatal conductance (Gs; r°=0.45) and water potential (\¥; 1’=0.48), yielding better results
than PRIs7o (Gs, r2=0.21; v, r2=0.21) due to the structural effects found on the PRIs;o index

at the canopy level.

Keywords: forest decline, water stress, photosynthetic pigments, Airborne Hyperspectral
Scanner, photochemical-related indices
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1. Introduction

The Photochemical Reflectance Index (PRI) is a physiological reflectance index sensitive
to the epoxidation state of the xanthophyll cycle pigments and to photosynthetic efficiency
(Gamon et al., 1992). PRI was proposed by Gamon et al. (1992) as a normalized difference
of 530 nm and a reference band at 550 nm, related to photosynthetic processes and affected
by xanthophyll pigment absorption. Several studies report good results using 550 (or 551)
nm as a reference wavelength (Pefuelas et al., 1994 and Middleton et al., 2009). Based on
research on leaves exposed to short-term changes in illumination, several studies (Pefiuelas
et al., 1995; Gamon et al., 1993; and Gamon et al., 1997) found that 570 nm appeared to be
a better reference wavelength. Since then, PRI has been applied by using 570 nm as a
standard reference at leaf and canopy levels (Sims and Gamon, 2002; Sudrez et al., 2010).
For example, the accumulation of de-epoxidated (DEPS) forms of xanthophyll cycle
pigments was found by Peguero-Pina and co-workers in a silver fir stand growing under
Mn deficiency (Peguero-Pina et al., 2007) and Quercus coccifera growing under intense
drought (Peguero-Pina et al., 2008), assessing the stress effects on leaf PRI. Later, Filella et
al. (2009) found significant correlation between PRI and DEPS across seasons and
treatments for Pinus sylvestris and Quercus ilex. PRI was also related to
carotenoid/chlorophyll ratio and b-carotene/chlorophyll ratio. It was only under brief
variations in illumination conditions that PRI was correlated with DEPS, but was not
related to other leaf pigments such as other carotenoids (Car) and chlorophyll a+b (Cab).
Recent work (Sudrez et al., 2009) demonstrated that PRI is a pre-visual water stress
indicator in crops, but suggested that radiative transfer models were required to account for
Cab and LAI effects for estimating the theoretical canopy PRI to help separating between

stress levels. Nevertheless, such work relied on results obtained from tree crowns when
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targeting pure vegetation, thus causing smaller structural effects on PRI than forest canopy
architectures. In addition, assessing plant physiological condition based on PRI at canopy
scale is a difficult approach due to the different factors affecting this index, such as viewing
and illumination geometry effects, crown architecture and shadow/sunlit fraction (Barton
and North, 2001; Hall et al., 2008; Hilker et al., 2008; Middleton et al., 2009; Suarez et al.,

2008).

At the leaf level, additional PRI formulations have been proposed using varying reference
wavelengths (Filella et al., 1996; Gamon et al., 1992; Inoue et al., 2008; Penuelas et al.,
1994). Many studies adopted 570 nm, largely based on the observation that it provided a
good reference wavelength for leaf-level studies (Gamon et al., 1993; Pefiuelas et al., 1995;
Gamon et al., 1997). At canopy scale, Gamon et al. (1992) showed how reflectance at
several wavebands (from 539 to 670 nm) in combination with 531 nm worked rather well,
and that 550 nm was the best overall reference wavelength based on a combination of
statistical tests (regression, principle components analysis). This wavelength seemed to
best correct for "greenness" (i.e., canopy structure) effects. Other studies showed similar
good results with 551 nm as a reference (the nearest MODIS band) (Middleton et al.,
2009). Most authors adopted 570 nm as a reference, although the sensitivity of this index to

structural and illumination effects were demonstrated (Suarez et al., 2008).

Forest decline is expressed through multiple effects due to an array of interacting biotic and
abiotic factors. Assessing stress condition of a forest in decline using PRI is a complex
problem because of the different alterations of the tree at the canopy- and stand-level (e.g.,

changes in Leaf Area Index (LAI), Fraction of Photosynthetically Active Radiation (FPAR)
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and Leaf Angle Distribution (LAD), vegetation cover or stand density); at the leaf level,
with alterations in photosynthetic activity, pigment content, and internal leaf structure; and
at the cell level, with changes in water content, among others (Melzack et al., 1985). In the
past, conifer forests in decline were assessed by changes in vegetation indices related to
canopy structure, such as LAI (Schlerf et al., 2005; Schlerf and Atzberger, 2006), and
chlorophyll concentration (Zarco-Tejada et al., 2004; Moorthy et al., 2008; Zhang et al.,
2008). However, when canopy chlorophyll concentration or total leaf area is affected by
water stress, damage to the plant has already occurred, and plant status is compromised.
The detection of stress in its early phase is normally defined as pre-visual and takes place
before there are structural (visual) effects or consequences of the stress; this is critical
information required for the assessment of forest decline. These processes related to water
stress have affected important areas in Spain and other European countries (Allen et al.,
2010; Martinez-Vilalta et al., 2008; Navarro-Cerrillo et al., 2007; Rebetez and Dobbertin,
2004). Such studies demonstrate that drought plays an important role in Mediterranean
forest decline, especially in species sensitive to water stress like Pinus sylvestris (Martinez-
Vilalta et al., 2008; Poyatos et al., 2008). Research has shown that in an early stage of
stress, before damage has occurred, photosynthesis declines. Under these conditions, the
absorbed light exceeds the photosynthetic demand, and plants react with mechanisms for
dissipating this excess energy non-destructively (Bjorkman and Demmig-Adams, 1994).
One mechanism is linked to xanthophyll cycle activation, where pigment violaxanthin is
converted into antheraxanthin and zeaxanthin via de-epoxidase reactions (Yamamoto,
1979). Several manuscripts have revealed a close correlationship between xanthophyll
pigment conversions and excess energy dissipation in the leaf pigments associated with

photosystem II (PSII) (Demmig-Adams and Adams, 1996). Another stress indicator
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suggested in several studies (proposed by Jackson et al., 1977) is the temperature of the
canopy as an indicator of tree transpiration. Thermal remote sensing of water stress has
been successfully applied to tree crop canopies based on high resolution thermal remote
sensing imagery (Berni et al., 2009), airborne thermal imagery (Sepulcre-Cantd et al.,
2007) and satellite thermal information in combination with 3D radiative transfer models to
understand the effects of scene thermal components on large ASTER pixels (Sepulcre-

Canto et al., 2009).

However, very few references have shown feasible remote sensing methods for
successfully linking remote sensing indices and physiological variables by focusing on the
pre-visual detection of forest decline before damage is visible. At canopy scale, most of this
research has dealt primarily with photosynthetic light use efficiency and carbon dioxide
using satellite images such as the Moderate Resolution Imaging Spectroradiometer data
(MODIS) (Drolet et al., 2005; Garbulsky et al., 2008; Hilker et al., 2009) or EO-1
Hyperion data (Asner et al., 2005). Nevertheless, few of these studies are focused on PRI
and other spectral indices validated with in situ measurements of EPS in heterogeneous
forest ecosystems. Questions need to be answered regarding PRI interpretation on forest
canopies where crown mixture, shadows and tree architecture play a critical role in
physiological remote sensing indices. The present study provides new insights into the
understanding of PRI as an indicator of stress on complex canopies, analyzing the effects
on PRI formulations due to the structure. The study assesses imaged PRI and model-
simulated PRI obtained through radiative transfer simulation of conifer canopies,
evaluating the sensitivity of PRI formulations to EPS while minimizing canopy structural

effects.
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2. Material and Methods

2.1. Study area selection

The experimental area is located in Sierra de Filabres (Almeria province, southeastern
Spain) (37° 13' 27" N, 2° 32' 54" W) (Figure 1), the driest region in Western Europe. The
elevation of the study area ranges from 1540 to 2000 m.a.s.l., and annual rainfall is between
300 and 400 mm. The annual average temperature is 11°C, reaching a maximum of 32°C
during summer and a minimum of -8°C during winter. The vegetation consists of a 40-year-
old mixed pine afforestation of Pinus nigra Arnold and Pinus sylvestris L. (Table 1 and 2).
Within the forest stands, sparse evergreen shrub vegetation (Adenocarpus decorticans
Boiss. and Cistus laurifolius L.) partially covers the ground. Parent material is composed of

siliceous rock with quartz micaschists, forming eutric cambisol-regosol soils.

2.2. Field data collection

Field sampling campaigns were conducted concurrently with airborne overflights during
the last week of July 2008. Two sets of measurements were collected at 8:00 and 12:00
(GMT). The monitored trees consisted of 36 Pinus nigra and 36 Pinus sylvestris, located in
three study areas (12 trees per study areas). Table 3 shows the mean values and the standard
deviation of xanthophyll epoxidation state (EPS), water potential () and stomatal
conductance (Gs) calculated for each study area at 12:00 GMT. To test the null hypothesis
that EPS, water potential, and stomatal conductance were not significantly different among
study areas, a one-way ANOVA analysis was conducted using a significance level of 0.05.

A Tukey’s post-hoc analysis was performed to evaluate differences between study areas. In
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the case of water potential a Kruskal-Wallis (KW) test was applied because the data were
not normally distributed. The variables measured showed significant differences in the
physiological status for each study area (p<0.05).

The measurements were conducted on trees of similar height (Table 2) located in low slope
areas (<10%), therefore with a similar sun/shade fraction. The trees are largely the same
age since they were part of a reforestation program undertaken by the Spanish government

in 1980.

Physiological parameters measured from the selected trees were total concentration of
chlorophyll (chlorophyll a (chl,) and chlorophyll b (chly)), needle water content and dry
mass, stomatal conductance (using a portable gas exchange system CIRAS-1 instrument,
PP Systems, Hitchin Herts, UK) and crown temperature (using an infrared thermometer,
Optris LS, DE). These data were averaged from four measurements per tree during each
period at the time of the AHS imagery acquisition (8:00 and 12:00, GMT). Field Gas
exchange measurements were performed in attached leaves at controlled CO2 external
concentration (Ca = 350 ppm) and ambient relative humidity. Stomatal conductance (Gs)
was estimated using gas exchange data and the total needle area exposed obtained from
photos taken for each measurement. Predawn (‘¥pq, 4:00 GTM) and midday (¥, 12:00
GTM) xylem water potential (pressure chamber, SKPM 1400, Skye Instruments, UK)
(Scholander et al., 1965) were also measured. LAI was estimated with a PCA (Plant

Canopy Analyzer, LAI-2000, LI-COR, Lincoln, NE, USA).

2.3. Leaf-level measurements
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Leaf-level measurements were collected on a total of 15 needles per tree, five needles per
needle age (current-year, n; young, n+1; and mature, n+3), with a total of 540 needles
measured per species. The needles were collected from the top of the crown by selecting
branches of illuminated areas. Two sets of needles were collected from the same shoots at
the time of the AHS flights, 8:00 and 12:00 (GMT). One set was placed under cold storage
in coolers, and the other set was frozen in liquid nitrogen in the field. Both storage
conditions were in darkness, and the needles were harvested and immediately frozen in the
field. The first set was transported directly to the laboratory and used to measure leaf
spectral reflectance and transmittance, and water content. The second set was kept under

-80°C and used for pigment analysis by destructive methods.

Needle pigments were extracted as reported by Abadia and Abadia (1993). Pigment extracts
were obtained from a mixed sample of 5 cm of needle material, 1 linear cm per needle. The
area was calculated by assuming the needle to be a half cylinder and the diameter to be the
measured width of each needle. Needle diameter was measured with a digital caliper
precision instrument. Pigment content was obtained based on this area. Five consecutive
centimeters were also cut for structural measurements (thickness and width), 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 ascorbate). Then, the extracts were filtered
through a 0.45-um filter to separate the pigment extracts from the Na ascorbate. The
spectrophotometric and High-Performance Liquid Chromatography (HPLC) determinations
were carried out simultaneously on the same extracts, 20 pul were injected into the HPLC
and 1 ml was inserted into the spectrophotometer. The extractions and measurements were

undertaken concurrently to avoid pigment degradation. Absorption at 470, 644.8 and 661.6

10
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nm was measured with the spectrophotometer to derive chlorophyll a and b, and total
carotenoid concentrations (Abadia and Abadia, 1993) and pigment extracts were analyzed
using an isocratic HPLC method (Larbi et al., 2004). Samples were injected into a 100x8
mm Waters Novapak C18 radial compression column (4 um particle size) with a 20 pul 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)/(V+A+Z) (Thayer & Bjorkman, 1990), where V is violaxanthin, A is
antheraxanthin and Z is zeaxanthin.

Optical measurements were taken on needles from a total of 42 trees, 21 trees per species.
Needle reflectance and transmittance were measured with a Li-Cor 1800-12 integrating
sphere (Li-Cor, Lincoln, NE, USA) coupled to a fiber optic spectrometer (Ocean Optics
model USB2000 spectrometer, Ocean Optics, Dunedin, FL, USA), using the method
described in Moorthy et al. (2008) and Zarco-Tejada et al. (2004). Needle reflectance and
transmittance measurements of Pinus nigra (Figures 2a and b) and Pinus sylvestris (Figures
2c¢ and d) showed variations in the visible spectral region due to stress levels affecting both
chlorophyll and xanthophyll pigments. Needle spectral reflectance was also measured with
a UniSpec Spectral Analysis System (PP Systems, 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.

2.4. Airborne image acquisitions
The airborne campaign was conducted by the Spanish Aerospace Institute (INTA) with the
Airborne Hyperspectral Scanner AHS (Sensytech Inc., currently Argon St. Inc., Ann Arbor,

MI, USA) during the last week of July 2008. The airborne data acquisition was carried out

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

at 8:00 GMT and 12:00 GMT, acquiring 2 m spatial resolution imagery in 38 bands in the
0.43-12.5 pum spectral range. The Field of View (FOV) and Instantaneous Field of View
(IFOV) of the AHS sensor were 90° and 2.5 mrad respectively, and plots were located in
the central region of the scene in order to avoid edge effects. A¢-sensor radiance processing
and atmospheric correction were performed at the INTA facilities. Atmospheric correction
was conducted with ATCOR4 based on the MODTRAN radiative transfer model (Berk et
al., 1998; 2000) using aerosol optical depth at 550 nm collected with a Micro-Tops II sun
photometer (Solar Light, Philadelphia, PA, USA). Land surface temperature retrieval from
thermal remote sensing data was obtained with the two-channel algorithm proposed by
Sobrino et al. (2002; 2006), taking into account emissivity and water vapor effects. The
emissivity value applied for vegetation was 0.98. A full description of land surface
temperature retrieval from thermal imagery via AHS can be found in Sepulcre-Canto et al.
(2006) and Sobrino et al. (2006) . The mean air temperature during the flight was 20.9°C
(£0.05) at 8:00 GMT and 24.5°C (£0.11) at 12:00 GMT. The temperature data were
collected by the meteorological station at Calar Alto Astronomical Observatory, located
within the study area.

Vegetation indices were calculated to track changes in canopy structure and pigment
concentration as a function of the stress condition. The AHS spectra (Figure 1c) were
extracted from the imagery at windows of 3x3 pixels. Pure vegetation pixels were located
by selecting the pixels with NDVI higher than 0.6 on 3x3 windows. Figure 3 shows one
region of interest extracted for affected and non-affected areas of Pinus nigra and Pinus
sylvestris. The airborne reflectance extracted for each tree, and comparing the spectra for
stressed and non-stressed study areas (SS1 and SS3) of pure crowns and mixed pixels are

shown in Figure 3a and 3b, respectively.

12
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Spectra extracted from the imagery were related to the field data using pure vegetation
pixels (NDVI higher than 0.6). The analysis aimed at assessing the relationships between
EPS, G and ¥ and the different PRI formulations calculated to minimize the structural
effects on PRI. The index PRI was reformulated as derived from Rss3; (adapted to AHS
using band Rsy as in Suarez et al., 2008) using reference bands Rs;; (PRIy;), Reoo (PRLy2),
Re70 (PRIy3), and Re7p and Rsyg (PRI,4) (Table 4). The PRI formulations proposed in this
study (Table 4) were based on the results obtained in previous work (Gamon et al., 1993;
Rouse et al., 1974; Jordan, 1969) and on the spectral trend of the reflectance at the 500-600
nm region. Figure 4a shows the needle spectral reflectance of Pinus sylvestris measured
with a Unispec spectroradiometer for two stress levels at 12:00 GMT. As shown in Figure
4b both regions at 500-520 nm and 570-590 nm could be used as a reference band. Figure
4b also shows the bandwidth corresponding to AHS airborne sensor used to calculate
PRIs79 and PRIs,.

The indices were also normalized by structure-sensitive effects using indices such as NDVI
(Rouse et al., 1974), SR (Jordan, 1969; Rouse et al., 1974), MTVI2 (Haboudane et al.,
2004), OSAVI (Rondeaux et al., 1996) and MSAVI (Haboudane et al., 2004). Indices were

adapted to the AHS bandset using the closest bands available.

2.5. Model simulation with LIBERTY and INFORM

Radiative transfer modeling methods were applied with the Leaf Incorporating
Biochemistry Exhibiting Reflectance and Transmittance Yields (LIBERTY) model (Dawson
et al., 1998) linked to the Invertible Forest Reflectance Model (INFORM) (Atzberger,

2000). LIBERTY was designed to model conifer (particularly pine) needles at the cellular
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scale, based on Melamed’s radiative transfer theory of powders (Melamed, 1963). This
model calculates reflectance and transmittance by assuming the needle structure to be cell
spheres separated by air gaps. The LIBERTY and PROSPECT models were assessed by
Zarco-Tejada et al. (2004) and Moorthy et al. (2008) suggesting that PROSPECT could be
used to model needle optical properties. PROSPECT is a radiative model initially designed
for broad leaves, although it was later adapted to needles (Malenovsky et al., 2006). In a
recent paper, Di Vittorio (2009) enhanced the limitation of LIBERTY to resolve individual
pigments and the gaps in the estimation of in vivo specific absorption coefficients and
model biophysics. At canopy level, INFORM simulates the bi-directional reflectance of
forest stands between 400 and 2500 nm, being a combination of the Forest Light
Interaction Model (FLIM) (Rosema et al., 1992) and Scattering by Arbitrarily Inclined
Leaves (SAILH) (Verhoef, 1984, 1985), coupled with LIBERTY for this study. Neither
FLIM nor INFORM incorporates a correction to account for the fact that, in coniferous
forests, needles are densely clumped into shoots. Such correction has been suggested by
Nilson and Ross (1997) and Smolander and Stenberg (2003). However, INFORM is an
innovative hybrid model with crown transparency, infinite crown reflectance and
understory reflectance simulated using physically based sub-models. Hybrid models are
combinations of geometrical and turbid medium models, therfore with INFORM tree
crowns are not considered opaque but rather treated as a turbid medium. This factor plays
an important role in conifer Mediterranean forests characterized by heterogeneous

structures, thin leafy canopies and mutually shaded crowns.

A total of 125 simulations were performed with the LIBERTY+INFORM coupled model,

varying LAI (1-3), tree density (800-2800 trees/ha), and chlorophyll concentration (100-

14
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500 mg/m?). The simulated spectral reflectance dataset was used to calculate the vegetation
indices under analysis: PRIs7, modified PRI formulations, and PRI indices normalized by
the NDVI, SR, OSAVI, MSAVI and MTVI2 structural indices (Table 4). Model
simulations were conducted for each PRI formulation to assess the effects of the reference
band on PRI. The purpose of the simulation analysis was to assess the effects of the
variability found in a pine forest on the simulated PRI formulations as a function of i) LAI,
i1) fractional cover; and iii) Cab concentration. Model assessments and comparison against

ground-measured EPS both at leaf and canopy levels were conducted.

3. Results

3.1. Model simulations

Model simulations conducted with LIBERTY for Pinus nigra needles using the
PROSPECT chlorophyll absorption coefficient (k,,) revealed good agreement when
compared with needle spectra measured with the integrating sphere (Figure 5). In contrast,
LIBERTY simulations conducted with the original chlorophyll absorption coefficient
(Dawson et al., 1998) reported a significant failure to match the needle reflectance
measured in the 500-700 nm region (Figure 5a and 5b). Input parameters and ranges used
for the coupled LIBERTY+INFORM model (Table 5) were estimated by the inversion of
128 needle spectra measured in the laboratory with the integrating sphere for both species.
At the canopy level, the coupled model was assessed against the reflectance extracted from
the AHS data for study areas from both species. Figure 5S¢ shows good agreement between
the reflectance spectra obtained from the AHS image and those simulated with the

LIBERTY-+INFORM coupled model for one of the study areas.
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The LIBERTY+INFORM coupled model was used to assess the effects of canopy
architecture on PRI and on the proposed PRI formulations (Table 4). A comparison
between the coefficient of variation (CV) for each PRI reference band was conducted to
assess the PRI formulation showing less variation as a function of LAI, tree density and
chlorophyll content. Figure 6 shows the mean, the CV, and the standard deviation of
simulated spectral reflectance for a range of LAI and tree densities. The simulations were
conducted for LAI values of 1 to 3, and tree densities in the range 800 - 2800 trees/ha. The
remaining inputs were set to the mean nominal values (Table 5). The CV obtained from
each reference band (Rsi2, Rs70, Reoo and Rer9) was 4.35%, 5.28%, 5.02% and 13.52%,
respectively. Although the differences among the CV of the reference bands were no
greater than 15%, Rs;; had the lowest value (Figure 6). However, such differences
increased when calculating the CV for PRI formulations, yielding CV=48.98% for PRIs7
and CV=22.05% for PRIs,, demonstrating that PRIs7( had a higher variation than other PRI
formulations such as PRIs;; These theoretical results suggest that PRIs;, is less sensitive to
changes in LAI and tree densities than PRIs7y. The effect of chlorophyll concentration was
also studied by simulating a range of chlorophyll (100-500 mg/m?), in addition to the
variation in LAI (1-3) and tree density (800-2800 trees/ha). In this case, the CV for PRIs7
decreased slightly (CV=30.48%), while PRIs;, remained almost invariant (CV=23.01%).
These results suggest that PRIs;; is less sensitive to structural parameters and chlorophyll

variations than PRIs7o.

The structural effects on PRI formulations are shown as normalized for LAI=1 (Figure 7),
showing the variation in PRIs79 and PRI, for a range of LAI and tree densities (Figure 7 a,

b, c and d). The variation in PRI,; and PRI;,4 was less significant than that of the rest of the
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PRI formulations (PRIs7, PRI, PRIy3). Such differences were even greater when tree
density or LAI increased. The patterns tracked by PRIs;o versus PRI, as simulated for a
range of LAI and tree density values (Figure 8) demonstrates the lower sensitivity of PRI,
to canopy structural changes than PRIs;. These results demonstrate the smaller effect
caused by the tree density on PRIs;, as compared to PRIs.

Model simulations for canopy PRIs;p and PRI, indices were also conducted with
LIBERTY+INFORM for assessing index variation as a function of chlorophyll
concentration (Figure 9). Simulations performed for increasing tree densities (Figure 9a
(800 trees/ha); 9b (1300 trees/ha); 9¢ (1800 trees/ha)) as a function of LAI and Cab
demonstrate that PRIs7, and PRIy, are affected by Cab.

3.2. Experimental results

3.2.1. PRI measurements at the needle level

The assessment to study the relationship between PRIs7y and the epoxidation state of the
xanthophylls pigments (EPS) was conducted on the diurnal dataset acquired at the leaf
level. The comparison between EPS at 8:00 and 12:00 GMT for Pinus sylvestris (Figure
10a) and Pinus nigra (Figure 10b) for each study area demonstrates the differences found
on EPS as a function of the stress level. There were significant differences in EPS between
study areas for both species at 12:00 GMT. Values were not significantly different at 8:00
GMT for P. sylvestris and P. nigra. However, both species displayed a similar pattern, as
diurnal differences in EPS increased on the areas with higher stress.

Based on midday measurements, EPS showed a consistent pattern of decline on needle
PRIs79 and needle PRIs;, data at 10 and 30nm bandwidths for both Pinus sylvestris (Figure
11) and Pinus nigra sites (Figure 12). Results demonstrated a similar sensitivity of both

PRIs7;0 and PRIs;, to EPS, yielding coefficients of determination of #*=0.61 for PRIs79
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(Figure 11a) and /°=0.59 for PRls, (Figure 11b) for Pinus sylvestris, and. 1*=0.62 for
PRIs;o (Figure 12a) and ”=0.61 for PRIs;, (Figure 12b) for Pinus nigra. A higher
concentration of the photosynthetic active pigment violaxanthin over the whole xanthophyll
pool corresponds with higher values of EPS, and consequently smaller stress levels, thus
showing lower PRI values. Similar results were found at the leaf level in Abies alba
(Peguero-Pina et al., 2007) and Pinus sylvestris (Filella et al., 2009) needles, and in
Quercus coccifera (Peguero-Pina et al., 2008) and Prunus persica (Suarez et al., 2010)

leaves.

The PRI formulations were then calculated for a FWHM of 30nm, simulating the airborne
AHS sensor bandwidth. Results showed significant relationships between EPS and indices
PRIs79 and PRIsy, for P. sylvestris and P. nigra (Figures 11 and 12). The coefficients of
determination obtained for both species were similar, #=0.59 for PRIs7o (Figure 11c) and
#*=0.40 for PR1s;, (Figure 11d) for Pinus sylvestris, and *=0.59 for PR1s7, (Figure 12¢) and
#*=0.57 for PRIs, (Figure 12d) for Pinus nigra. The comparison of the relationships
obtained with a FWHM of 10 and 30 nm (Figures 11 and 12) shows that the instrument
FWHM affects the relationships between PRI and EPS, as expected. Nevertheless, results
obtained at 30nm FWHM yielded significant relationships between EPS and both PRIs7
and needle PRIs;,. Consistent relationships were also obtained when aggregating the needle
spectra at the plot level using the FWHM of the airborne AHS sensor (later used to acquire
the imagery). Results of these relationships are shown in Figure 13, yielding coefficients of
determination of #*=0.89 for EPS vs PRIs7 (Figure 13a) and #=0.73 for EPS vs PRIs,

(Figure 13b).
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3.2.2. Results for PRI formulations at the canopy level.

The study conducted to assess the relationships between field-measured EPS and
crown-level PRI indices was conducted by selecting pixels with NDVT higher than 0.6 from
windows of 3x3 pixels with center on the targeted crown. Vegetation indices assessed were
PRIs70, and modified PRI formulations (PRI.,;, PRIy, PRIy3, PRIGg), as well as the
normalized modified PRI,,; indices over structural vegetation indices NDVI, SR, OSAVI,
MSAVI and MTVI,. Results showed that the airborne-level PRI indices were sensitive to
EPS but, as expected were also highly affected by structural parameters. The relationships
between EPS and indices PRIs79, PRIs;», NDVI and T are shown in Figure 14. The index
PRIs;, shows higher relationships with EPS (r2=0.40) than PRIs7o (r2=0.21) (Figure 14a and
b), demonstrating with the EPS vs NDVI relationship that structural effects due to stress
were not the major driver (Figure 14c) (1*=0.13). Significant relationships were also found
between T and EPS, although with lower coefficient of determination (r2=0.37) (Figure
14d). These results show that the relationship between PRIs;, and EPS was stronger than
with PRIs7. In agreement with the modeling results obtained, results show that PRIsy
might be more affected by structural effects than PRIs;;. According to the modeling results
presented in Figure 7, the PRIs;; index seems less affected by structural effects than the
PRIs7 index for high tree densities (Fig. 7c and 7d) and slightly less or equally affected for
low tree densities (Fig. 7a and 7b). Moreover, the normalized results (Figure 8) show less
LALI effects on PRIs;, as compared to PRIs7. Besides the mentioned structural effects, clear
differences can be seen between both indices under varying chlorophyll content (Fig. 9)
where the pigment effects were smaller for PRIs;,. In the field study, structural effects on
the indices were further restricted by selecting pixels with NDVI>0.6, therefore targeting

pure vegetation pixels and limiting the variation of the canopy structure. Under these
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conditions, the experimental results suggested a greater robustness of PRIs;; for both
canopy structure (tree density and LAI) and chlorophyll content variation.

Crown-level relationships also showed significant coefficients of determination between
PRI, and field-measured indicators of water stress such as Gs, (r’=0.45) and 'V, (r*=0.48)
(Figure 15). In comparison, PRIs7 yielded a coefficient of determination of r’=0.21 (Gs)
and ’=0.21 (V). These results demonstrate that PRIs;; might be used as an indicator of
water stress in conifer forest, and demonstrate the consistency with previously presented
modeling results. Furthermore, these results are in agreement with the canopy results
between EPS and PRIs;;, which shows a superior performance for PRIs;; Other index
modifications for PRI, such as PRI, PRI,; and PRI,,4, were shown to be very sensitive to
structural parameters (data not included). The study conducted to assess the effects of
normalizing PRI by structural vegetation indices such as NDVI, SR, OSAVI and MSAVI

indicated little improvement (data not included).

PRIs70, PRI, and NDVI were applied at the image level to map stress over the study areas.
Figure 16 shows the three Pinus nigra study areas (SN1, SN2, SN3) and two zoomed
images of each central plot at 1x1 and 3x3 resolution (pixel based) and at object level. A
visual analysis reveals that the study areas with different stress levels showed similar NDVI
and PRIs7 values, but different PRIs;, values (Figure 16). To quantify these differences the
mean and the standard deviation for each index were calculated for the four trees displayed
in the zoom images (Figure 16), for a total of twelve trees for each species. While the mean
values for NDVI and PRIs;y were similar among the study areas, PRIs;, showed different
ranges for each stress level (Figure 17a). A similar comparison was conducted for Pinus

sylvestris (Figure 17b). Simulation and experimental results were consistent with the
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mapping results obtained for PRIs;», showing its ability for accurately mapping stress at

both pixel and object levels in conifer forests.

5. Conclusions

Radiative transfer simulation methods were applied using INFORM as a canopy reflectance
model linked with a modified LIBERTY leaf model in order to assess the effects of canopy
structure on different formulations of PRI. The simulations were conducted by computing
canopy reflectance spectra with different values of LAI, tree density and chlorophyll
content, assessing the effects of these biochemical and structural inputs on the proposed
PRI formulations. The study demonstrated the sensitivity of PRI and modified PRI indices
to canopy structural parameters and, therefore, the need for assessing robust PRI
formulations with less structural effects. The simulation results demonstrate that PRIs;, is

less sensitive to changes in LAI values, tree densities and chlorophyll content than PR1Is7.

In addition to the simulation work conducted, PRI indices were also tested using
experimental data collected from the study sites at 8:00 and 12:00 GMT. Significant
differences for both species were found in EPS measured at 12:00 GMT as a function of the
stress levels, showing that EPS declined consistently with PRIs;p and PRIs;,. At the leaf
level, both PRIs7;p and PRIs;; were sensitive to EPS measured by destructive sampling.
Nevertheless, the study conducted at the canopy level revealed that PRIs;, was better
correlated with EPS and physiological indicators, such as water potential and stomatal

conductance, than PRIs7. The better performance obtained for PRIs;; over PRIsy at the
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canopy level in the experimental study confirms the modeling results which showed the
lower sensitivity of PRIs; to structural effects in conifer canopies as compared to PRIs7.
Other formulations such as PRI, PRI,; and PRI,4 were highly sensitive to structural
parameters and therefore not optimum for stress detection in these canopies. The sensitivity
of the PRI indices to structural parameters is critical in conifer forests, where the

heterogeneity allows greater influence due to the ground layer and shadows.

This work demonstrates the link between PRIs;, and PRIs;y with EPS in P. sylvestris and P.
nigra at the leaf level, and it suggests the superior performance at the canopy level for

PRIs;, versus PRIs79 when mapping previsual stress levels in conifer forests.
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Tables

Table 1. Structural parameters of Pinus nigra and Pinus sylvestris forest in the training
areas. Mean values of age, height, basimetric area (BA) and min and max values of density.

Main species Age Height Density
(Units) (years) (m) (trees ha™)
Pinus sylvestris L. 35 7.99 1100-1895
(Mean: 1475)
Pinus nigra Arnold 40 8.60 950-2263

(Mean:1594)

BA
(m*ha™)
26.55

27.33




Table 2. Mean values and standard deviation of structural parameters calculated from the
twelve trees measured in each study area for Pinus sylvestris (SS1, SS2, SS3) and Pinus
nigra (SN1, SN2, SN3). Mean values of defoliation (%), basimetric area (BA), perimeter,
height, stem height, trunk longitude, crown diameter and leaf area index (LAI).

Study BA (m’ha”') Perimeter (cm) Height (m) Stem Trunk long. Crown LAI
area height (m) (m) diameter (m)
SS1 27.67 49.61 8.71 2.16 0.47 3.13 2.25
(+3.78) (£5.42) (+0.93) *1.72) («0.02) (+0.74) (+0.02)
SS2 22.00 48.33 7.97 2.17 0.64 3.12 2.36
(£7) (£4.47) (£0.49) (£ 0.147) (x0.01) (£041) (x0.46)
SS3 30.00 41.72 7.30 1.76 0.19 2.82 1.69
(*4) (+7.08) (+0.55) (*1.07) (+0.42) (+0.55) (*0.19)
SN1 32.33 47.20 8.95 2.61 1.71 4.14 1.90
(*1.52) (+8.76) (*0.14) (+0.00) (+0.52) (*0.68) (0.01)
SN2 25 38.98 10.17 3.98 1.84 3.23 1.92
(+4.35) (*3.91) (x1.25) (+ 0.46) (+0.00) (+0.63) (£0.19)
SN3 24.66 28.22 6.70 1.56 0.55 3.29 2.28
(+6.80) *2.71) (+0.97) (+1.27) (+0.23) (+0.45) (£0.45)




Table 3. Mean values and standard deviation of xanthophyll epoxidation state (EPS), water
potential (W) (Mpa) and stomatal conductance (Gs) (mmol H,O m™s™) calculated for each
study area for Pinus sylvestris and Pinus nigra. Measurements obtained at 12:00 GMT.

Study area

Pinus sylvestris

SS1 (Not stressed)
SS2 (Moderate stress)
SS3 (Stressed)

*p <0.05

Study area

Pinus nigra

SN1 (Not stressed)
SN2 (Moderate stress)
SN3 (Stressed)

*p <0.05

EPS

0.85+0.08*
0.75+0.11*
0.58+0.14*

EPS

0.85+0.05*
0.80+0.11*
0.70+0.10*

¥

-0.53+0.03*
-0.63+0.02*
-0.77+0.06*

b d

-0.40+0.01*
-0.43+0.01*
-0.50+0.01*

Gs

50.91+9.44%*
43.99+9.04*
36.24+6.44%

Gs
64.86+9.35%
57.64+9.62%*
44.636+9.84*




Table 4. Photochemical reflectance index formulations and structural vegetation indices

used in this study and indices calculated from the AHS bandset.

Equation

Reference

PRIs7

PRI,

PRI,

PRI, ;

P 1{Im4

NDVI

SR

OSAVI

MSAVI

MTVI,

(Rs70-Rs31)/(Rs70Rs31)

(Rs12-Rs31)/(Rs12+Rs31)

(Reo0-Rs31)/(ReooRs31)

(Re70-Rs31)/(Rg70TRs531)

(Rs70-Rs31-Re70)/(Rs71+R 5317 R670)

( RNIR - Rred )/(RNIR + Rred)

(RNIR/ Rred)

(1 +0.16 )* (Rgoo - Re70 )/(Rggo + Rgz0 + 0.16)

1 2
2|:2*Rxoo +1_\/(2*R800 +1) _8*(Rxoo _R670)

1'5*[1'2*(R800 'Rsso )'2-5*(R670 'Rsso)]

\/(Z*Rxoo +1)h = (6% Ry = 5% Rz ) = 0.5

Gamon et al. (1993)

This study

Gamon et al. (1993)

Gamon et al. (1993)

This study

Rouse et al. (1974)

Jordan (1969);
Rouse et al. (1974)

Rondeaux et al.
(1996)

Qi et al. (1994)

Haboudane et al.
(2004)



Table 5. Nominal values and range of parameters used for leaf and canopy modeling with
LIBERTY and INFORM for Pinus nigra.

Leaf optical and structural parameters Units Values
Hemispherical reflectance and transmittance of green leaves nm Measured
Average internal cell diameter (D) um 65
Intercellular Air Space Determinant (xu) / 0.06
NeedleThickness / 4.09
Linear (Baseline) Absorption / 0.0006
Albino Leaf Absorption / 1.25

Leaf Chl a+b content mg/m’ 100 - 500
Leaf Equivalent Water g/m’ 100
Lignin / Cellulose Content g/m* 40
Protein Content g/m* 1

Canopy structural parameters

LAI m’/m’ 1-3

n° trees/ha / 800 - 2800
Crown height m 7.9
Crown diameter m 3.7
Background and viewing geometry

Solar zenith and azimuth Degrees 190.68
Instrument solar zenith and azimuth Degrees 17.7

Soil reflectance mm Measured
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Figure 14. Crown-level relationships obtained between the epoxidation state of the
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Figure 16. PRIs;,, PRIs7;0 and NDVI obtained from the AHS airborne sensor from three
study areas of Pinus nigra with different levels of stress: SN1, SN2 and SN3. At the bottom
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