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ABSTRACT serve as a proxy for photosynthesis activity amddfore, as
an early indicator of physiological alterations fglobal
This study present in situ measurements and modehonitoring of vegetation. A large number of narrepectral
simulations aimed to understand the ability of snduced band vegetation indices has been proposed to apkeds
fluorescence (SIF) and other physiological andcstmal  physiology from remote sensing. Most of the studies
hyperspectral indices as an early indicator ofdooecline. focused on demonstrating the sensitivity of VI fffedent
Experiments were conducted over an oak for€atefcus biophysical variables such as canopy structure and
ilex) affected by water stress aRthytophthorainfection in  photosynthetic pigments, including chlorophyll,
the southwest of Spain. The robustness of the Slkanthophylls and carotenoids in different vegetatianopies
guantification through the Fraunhofer Line DepthLf  [3].
principle with three spectral bands F (FLD3) waseased Despite the fact of several studies already focusetisting
using high-resolution hyperspectral imagery. HRldGHT,  these indicators on crop and homogeneous canapiéte
a modified version of the 3-D radiative transfer dab effort has been done for forest and heterogeneanspies.
FLIGHT was developed to enable the simulation aofopy  For this reason, there is a growing need for aebett
radiance and reflectance including fluorescenceecedf understanding of how forest structure effects Si& ather
accounting for forest structure. Fluorescence eeaifs VI, and the applicability of these physiologicatlicators of
performed better than structural and physiologiodices. forest health condition. Here we present new field
Albeit other pigment-related vegetation indices tsums experiments and model simulations aimed to undedsttae
CRI550515 and RNIRCRI700 were also strongly related ability of SIF and other physiological and struetur
physiological variables. The 3D modelling approachhyperspectral indices as an early indicator ofdbdecline.
significantly improved the relationship betweendrsl SIF
and enabled the quantification of SIF as a functain 2. MATERIAL AND METHODS
fractional cover, leaf area index and chlorophyhtent,
yielding significant relationships between Fs gmbaata 2.1. Data collection
measurements and fluorescence quantum vyield estimat
with FluorFLIGHT. The methodology also demonstraited In situ measurements were collected in an oak fores
capabilities for mapping SIF at the crown levedledect early  (Quercus ilexlocated in the southwest of Spain where water
damage assessment in oaks undergoing forest decline stress andPhytophthora infection has been previously
described [4] . Field measurements were made oeethr
Index Terms— Fluorescence, hyperspectral indicesconsecutive days (25-28 August in 2012) and coeaotiy
stress detection, hyperspectral, SIF, RTM, foreiatk, oak with acquisition of airborne imagery (12:00 to 1310 local

forest,Phytophthoranfection time) over the experimental field. The field data
measurements were conducted in 15 oak ti@esrcus ilex
1. INTRODUCTION subsp. Bellota) collecting different physiologigatlicators

such us water potential (wp), de-epoxidation stafe
A variety of environmental stresses such as drqughkanthophyll (DEPS) and leaf steady-state fluoreseds).
temperature, oxygen deficiency, water stress omisal Wp was measured with a pressure chamber (SKPM 1400,
causes a depression of photosynthesis and efficieic Skye Instruments Ltd, Powys, UK) (Scholander gti#l65)
photosystem Il in plants [1]. These effects are easily from 12 branches per tree, three branches pertatien in
reversible even in resistant species such as Meglitean the four cardinal directions. Fs was measured \om [Baves
oaks [2]. Sun-induced fluorescence (SIF) has beevep to  per orientation and tree, with a total of 300 lesasampled



using a FluorPen FP100 (Photon Systems InstrumBnis,  vegetation indices was between CRI550515 and wp r
Czech Republic), which was self-calibrated at tteetsof  0.59; p < 0.01), DEPS (r = 0.48; n.s) and Fs (0.85; p <
each session. Lastly, leaf pigments were measused €.01) and between RNIRCRI700 and wp (r =-0.660004),
described in [5] from a total of 48 leaves per ttg&samples DEPS (r = 0.40; n.s) and Fs (r =-0.69; p < 0.Ufhereas the
per orientation, with a total of 720 leaves sampldte DEPS same relationship was weaker for most of the PRI an
was calculated as (A+2)/(A+V+Z) [6], where V is modified PRI indices, with the highest correlatidiosind
violaxanthin, A is antheraxanthin and Z is zeaxanth between PRICI and wp (r = -0.33; n.s), DEPS (r.430n.s)
The images were collected with a visible and nefieied and Fs (r = 0.49; n.s). Poor relationships were alsained
(VNIR) micro-hyperspectral imager (Micro-Hyperspec with most of the structure related vegetation ieditested
VNIR model, Headwall Photonics, MA, USA). Flighttdiés  with correlation coefficients lower tharf€0.25, n.s).

and sensor configuration can be found in [3].
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For this study, we calculated several spectral ciesli " @00
related to different biophysical parameters: i)etrerown  PEPS ’

structure, caused by the sensitivity of the nefraied bands Fs @

to the foliar scattering of the canopy NDVI, SR.eth ’
normalized family of indices OSAVI, MSAVI, LIC amg _ 5 EE .

other indices; ii) pigment related indices VOG, GMGARI, x x g 2 88L& 22 20egg
TCARI-OSAVI, CI, TVI, SRPI, NPQI, NPCI, CTR1, CAR, °c 6 ® o 0 x & & & B & 8 0 ko
Datt, SIPI, CRI550, CRI550515, RNIRCRI55, RNIRCRI70 wp o o000 o
iii) epoxidation state of the xanthophyll cycle sad the  oeps @

absorption of three carotenoid pigments that atigeam the Fs

xanthophyll cycle: violaxanthin (V), antheraxantlif), and ¢co0000 °0
zeaxanthin (Z) (family of PRI and modified PRI iné§); and

iv) chlorophyll fluorescence emission by photosystd (PS-  Fig. 1. Correlation analysis obtained for the fefehip
) and Il (PS-I1) (CUR index). A detailed descrimi of this between water potential (wp), de-epoxidation stafe

selection of vegetation indices and their formolatcan be xanthophyll (DEPS) and leaf steady-state fluoresee(frs)
found in [3], [7], [8] and [9], [10]. and all vegetation indices selected for this study.

The robustness of the SIF quantification througle th
Fraunhofer Line Depth (FLD) principle with threeesfral
bands F (FLD3) was assessed using high-resoluiiorcif)
hyperspectral imagery extracting sunlit crowns, eptree
crowns and aggregated pixels.

€
'} 28 Fi
‘f ‘;,‘ ‘) B o015

o [ Jooss
N wwﬁj ': :_! [ Jooss
The potential of using FluorFLIGHT to predict SlForn 'ﬁy é,}t - [_Joors
hyperspectral images in a heterogeneous oak faaEstalso s ; 3‘“ s oo
analyzed. For this purpose, FluorFLIGHT was usedin
multi-step Look-Up Table (LUT) based inversion stiee Fig. 2. Fluorescence quantum efficiency (Fi) retaeat the
described in [11], to retrieve pure-crown SIF frarnomplex ~ crown level estimated with FluorFLIGHT (right) attte 60-

scene accounting for the influence of scene stracand CmM hyperspectral image using the fluorescence llingfi
composition. method F (FLD3) within the oak forest (left).

3. RESULTS The robustness of the SIF quantification througle th

Fraunhofer Line Depth (FLD) principle with threeespral
Among all the VI tested (Fig.1), FLD3 showed thesgest bands F (FLD3) was further assessed using highutéso
relationship with the physiological variables yielg a (60 cm) hyperspectral imagery extracting sunlitvars.
significant correlation coefficient for wp (r = G7p < 0.01), Results showed the link between SIF (FLD3) extihétem
DEPS (r =-0.79; p < 0.001) and Fs (r = 0.85; pGoQ). sunlit crown pixels and the tree physiological dtind in the
Other pigment related vegetation indices such a®ISR context of disease infection, yielding significagiationships
NPQI, NPCI, CTR1, Datt, SIPI, CRI550, CRI550515,(r?=0.57, p<0.01) for wp, (r2=0.63, p<0.01) for DERBd
RNIRCRI55 and RNIRCRI70 were also strongly related (r°=0.74, p<0.01) for Fs. Fluorescence signal rettiesing
the physiological variables measured at the leaéllein  the 3D modelling approach was then applied for rirapp
particular, the strongest relationship found fas troup of



fluorescence emission as a spatial early detector ¢7] P.J.Zarco-Tejada, J. R. Miller, A. Morales,Berjon, and J.

Phytophthoranfections (Fig. 2). Aguera, “Hyperspectral indices and model simulafam
chlorophyll estimation in open-canopy tree crofRgmote
4. CONCLUSIONS Sens. Environvol. 90, no. 4, pp. 463-476, Apr. 2004.
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Measuring sun-induced fluorescence and physiolbgica  4m 2 UAY platform for water stress detection gsin

vegetation indices remotely is a valuable tool reck the micro-hyperspectral imager and a thermal camd®arhote
health and productivity of forest but also bringsportant Sens. Environvol. 117, pp. 322-337, Feb. 2012.
challenges. This study demonstrates a link betweef®] R.Hernandez-Clemente, R. M. Navarro-Cerrilod P. J.
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