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Résumé :

Anticiper les impacts des changements
climatiques sur les écosystémes terrestres,
notamment sur le cycle du carbone, nécessite la
compréhension et la quantification du
fonctionnement photosynthétique des végétaux
et leurs réponses aux contraintes abiotiques.
Suivre I’évolution des propriétés spectrales des
couverts végétaux par la télédétection permet
d’avoir acces a leur fonctionnement a des
échelles spatiales et temporelles variées.
Plusieurs indicateurs optiques ont été
développés afin d’accéder a la structure, la
biochimie et le fonctionnement
¢cophysiologique des végétaux. Le PRI
(photochemical reflectance index), déterminé a
partir de la réflectance mesurée dans des bandes
étroites a 531 nm et 570 nm, est un proxy de
I’efficacité de la plante a utiliser la lumiére
(LUE, light wuse efficiency) et plus
particuliérement du cycle des xanthophylles,
utilisé par la plante pour dissiper 1’énergie
lumineuse excédentaire sous forme de chaleur.
Cependant son usage a 1’échelle du couvert
végétal, ou a plus larges échelles temporelles et
spatiales, entraine 1’implication de nombreuses
sources de wvariabilit¢és qui masquent la
sensibilitt du PRI au fonctionnement
photosynthétique, particuliérement les
variations biochimiques et phénologiques.
L’objectif de ce travail est de mieux
comprendre les facteurs qui jouent sur la
variabilité du PRI a I’échelle de la feuille et du
couvert, afin de caractériser ses réponses aux
variations abiotiques de 1’environnement et de
déméler la composante phénologique de la
composante physiologique du PRI. Des études
ont été menées en conditions contrdlées, semi-
naturelles et naturelles, sur des jeunes arbres et
en forét adulte, soumis a différentes contraintes
abiotiques. L’analyse des courbes de réponse du

PRI aux variations de lumiére incidente utilisée
pour la photosynthése (PAR, photosynthetically
active radiation) permet d’isoler 3 paramétres.
Le PARy,, la valeur de PAR pour laquelle le
PRI sature, le PRI, la valeur du PRI a une
intensité lumineuse faible (mesurée) ou nulle
(estimée) et le APRI, I’amplitude de variation
entre le PRI, et la valeur de PRI maximum. En
période de végétation, la variabilit¢é du PARgy
est principalement contrdlée par la disponibilité
en eau pour la plante. La variabilit¢é du PARg
est aussi impactée par la concentration d’ozone
atmosphérique. En période de débourrement et
de sénescence, la variabilit¢ du contenu en
chlorophylle régit la valeur du PARy. Ce
parameétre explique la variabilité physiologique
du PRI et varie en fonction du facteur limitant la
photosynthése. La variabilit¢ du PRI, a été
expliquée par la variabilit¢ du contenu
biochimique des feuilles en réponse au cycle
saisonnier de la chlorophylle et a sa variabilité
en conditions de stress. A 1’échelle de la
canopée, la variabilité de la structure du couvert
s’ajoute a la variabilité biochimique du PRI,. Le
PRI, en temps que composante phénologique
de la variabilit¢ du PRI, peut étre utilisé pour
corriger le PRI afin de lui soustraire la
variabilité structurale et obtenir un PRI,
fortement corrélé a la LUE. A 1’échelle de la
canopée, il a ét¢é montré que le PRI est
principalement représentatif de la strate
supérieure du couvert. Le APRI n’a montré
aucune variation intra et inter-journaliere,
suggérant que le PRI répond non pas au contenu
en xanthophylle des plantes, mais a un ratio
maintenu constant. Ces résultats mettent en
é¢vidence I’importance d’isoler les différentes
sources de variabilité du PRI avant de I'utiliser
comme proxy du fonctionnement
photosynthétique des écosystémes terrestres.




Title : Optical responses of forest canopies to abiotic stress

Keywords : remote sensing, photochemical reflectance index, ecophysiology, abiotic

constraint, photosynthesis

Abstract :

Anticipating impacts of climate change on
terrestrial ecosystems, particularly on the
carbon cycle, requires the understanding and
the quantification of the plant photosynthetic
functioning and of their responses to abiotic
factors. Tracking wvariations of spectral
properties of plants using remote sensing
allows the access of plant functioning at
various spatial and temporal scales. Several
optical indices have been developed to assess
plant canopy structure, biochemistry and
ecophysiological  functioning. @~ The PRI
(photochemical reflectance index), determined
from reflectances measured in narrow bands at
531 nm and 570 nm, may be used as a proxy of
light use efficiency (LUE) at leaf and canopy
scales, and more particularly of the xanthophyll
cycle used by plants to dissipate the excess
light energy as heat. However the use of PRI at
the canopy scale and at large temporal and
spatial scales faces several difficulties related
to the involvement of different sources of
variability that blur PRI sensitivity to
photosynthetic functioning. These sources of
PRI variability are particularly linked to spatial
and temporal variations of biochemical and
phenological canopy properties. The aim of
these studies is to better understand the factors
affecting PRI variability at leaf and canopy
scales, to assess the strength of the
relationships between PRI and vegetation
responses to environmental abiotic constraints
and disentangling the phenological component
from the physiological component of PRI.
Studies were conducted under controlled, semi-
natural and natural conditions, on young trees
and a mature deciduous forest subjected to
various abiotic constraints. The analysis of PRI
responses to the variations of

photosynthetically active radiation (PAR)
allowed isolating three parameters. The PARgy,
the PAR value at the PRI saturation; the PRI,
the value of PRI at dim light (measured) or in
darkness (estimated) and the APRI, the range of
PRI variations between the PRI, and the
maximum value of PRI. During the leaf
growing season, PAR, variability is mainly
controlled by the availability of water content
for the plant. The PARg, variability is also
impacted by the atmospheric ozone
concentration. During the phenological phases
of budburst and the senescence, the variability
of the leaf chlorophyll content governs PARg,;
values. This parameter describes the
physiological variability of PRI and wvaries
depending on the limiting factor for
photosynthesis. The PRI, variability has been
explained by the dynamic of the biochemical
content of the leaves linked to the seasonal
variations of chlorophyll content and to abiotic
stress conditions. At canopy scale, the
structural  variability is added to the
biochemical variability of PRI,. The PRIy, as
the phenological component of PRI variability,
can be used to correct PRI, removing its
structural variability to obtain a PRI, strongly
correlated to LUE. At canopy scale, it was
shown that the PRI is mostly representative of
the upper layer of the canopy. The APRI
showed no variation within and between days,
suggesting that the PRI does not respond to the
plant xanthophyll content but rather to a ratio
maintained constant. These results highlight the
importance of isolating the different sources of
PRI variability before its use as a proxy of the
photosynthetic  functioning of terrestrial
ecosystems.
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Abréviations

aPAR absorbed photosynthetically active radiation
CAM Crassulacean Acid Metabolism

DART discrete anisotropic radiative transfer

EVI enhanced vegetation index

FO fluorescence a 1’obscurité

Fm fluorescence maximale pour une feuille adaptée a I’obscurité
Fm’ fluorescence maximale pour une feuille adapté a la lumiere
Fs fluorescence stationnaire

faPAR fraction de PAR absorbé

GPP gross primary production

LAI leaf area index

LHCII Light Haversting Complexe II

LMA leaf mass area

LUE light use efficiency

mNDIL, s modified normalized difference index
NDVI normalized difference vegetation index
NPQ non photochemical quenching

PAR photosynthetically active radiation

PAR,, Valeur du PAR pour laquelle le PRI sature
PRI photochemical reflectance index

PRI, PRI d’une feuille adaptée a 1’obscurité

PSI photosysteme I

PSII photosysteme II

qP quenching photochimique

ROS reactive oxygene species

RubisCO ribulose biphosphate carboxylase/oxygénase

SIF solar induced fluorescence

TOF time-of-flight

UPLC ultra-performance liquid chromatography
VPD vapour pressure deficit



Ce manuscrit est organisé en 5 chapitres.

Le premier chapitre constitue un état de 1’art permettant de comprendre les tenants et
aboutissants du recours a la télédétection et plus particuliecrement a I’indice spectral PRI
(photochemical reflectance index) en tant qu’indicateur de 1’état du fonctionnement de la
feuille et du couvert. Il fait état de I’importance du suivi du fonctionnement écophysiologique
des écosystemes forestiers et évalue les potentialités offertes par la télédétection pour réaliser
cet objectif. Un état actuel de la recherche est réalisé concernant le recours a la télédétection
dans un but de détermination des changements de propriétés optiques des feuilles et des
couverts végétaux. Ces réponses optiques aux changements environnementaux, si elles sont
détectées précocement, peuvent permettre d’anticiper, voire de limiter, les dommages percus

par les plantes.

Le second chapitre est basé sur une approche expérimentale qui a permis d’acquérir des
mesures optiques en continu et a tres haute résolution temporelle (quelques minutes) au-
dessus de trois mini-couverts de hétre commun, de chéne pédonculé et de pin sylvestre. Les
mesures ont été réalisées tout au long du cycle phénologique, depuis le débourrement jusqu’a
la sénescence foliaire. Cette expérience a permis d’examiner la variabilité annuelle et intra-
journaliere du PRI mesurée a 1’échelle de jeunes canopées en conditions semi-controlées de
stress hydrique. Les mesures optiques a haute résolution temporelle ont été reliées aux
parametres biochimiques et physiologiques des couverts. Ce chapitre a permis d’utiliser et de
valider une méthode de déconvolution du signal et d’isoler les sources de variabilité du PRI,
en lien avec le stress appliqué. Ce chapitre a fait ’objet d’un article publié dans « Journal of

Photochemistry and Photobiology B : Biology » sous :

Merlier E., Hmimina G., Dufréne E., Soudani K. 2015. Explaining the variability of the

photochemical reflectance index (PRI) at the canopy-scale: Disentangling the effects of
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phenological and physiological changes. Journal of Photochemistry and Photobiology B:

Biology, Volume 151, October 2015, Pages 161-171. DOI : 10.1016/j.jphotobiol.2015.08.006

Le troisieme chapitre exploite des données expérimentales spectrales, biochimiques et
physiologiques, acquises a 1’échelle de la feuille en conditions contrdlées et répond a des
questions soulevées dans le chapitre précédent. Deux types de stress ont été appliqués sur des
jeunes plants de chéne vert et de chéne pédonculé. Les effets du stress hydrique induit par un
déficit en eau de I’atmosphere et du stress oxydatif induit par 1’ozone ont été étudiés
individuellement et de maniere successive. Cette expérience a permis d’examiner la
variabilité du PRI en réponse a des variations abiotiques de I’environnement sous différentes
conditions d’éclairement. Les mesures optiques ont été reliées aux parametres biochimiques et
physiologiques des feuilles. Ce chapitre a permis d’approfondir la compréhension des sources
de variabilités du PRI en lien avec le stress appliqué et de relier ses parametres avec des
mesures de florescence chlorophyllienne. Un premier article issu de cette étude expérimentale

est soumis dans « Journal of Photochemistry and Photobiology B: Biology » sous :

Merlier E., Hmimina G., Bagard M., Dufréne E., Soudani K. Submitted. Potential use of the
PRI and active fluorescence to diagnosis the physiological state of plants under drought and

ozone stress. Journal of Photochemistry and Photobiology B: Biology.

Le quatrieme chapitre est basé sur une approche de télédétection in situ en forét adulte de
Barbeau-Fontainebleau constituée de chénes pédonculé et sessile dans I’étage dominant et de
charme commun en sous-étage. Le suivi et 1’analyse des mesures optiques et physiologiques
obtenues a partir de la tour a flux du site ont été réalisés lors de la saison de végétation de
I’été 2015, en conditions de sécheresse estivale. Cette expérience a permis d’analyser la
variabilité journaliere du PRI en conditions naturelles afin d’identifier les principaux facteurs
qui 'influencent. Ce chapitre a permis d’étudier I’impact d’une sécheresse sur la relation

entre PRI et LUE et de confirmer I'utilisation de I’approche de déconvolution des différents

11



sources de variabilit¢ du PRI établie a partir de mesures optiques sur des mini-couverts
(chapitre II) sur un peuplement forestier adulte. Ce chapitre est présenté sous forme d’un

troisieéme article.

Merlier E., Hmimina G, Delpierre N., Berveiller D., Dufréne E., Soudani K. (a soumettre).

PRI responses to climat drought conditions in a mature deciduous forest.

Le dernier chapitre est une discussion et conclusion générale qui vise a la fois a mettre en
exergue les principaux résultats obtenus et de les discuter a la lumiere de la littérature
scientifique correspondante. Cette discussion vise aussi a mettre en évidence les limites des
résultats obtenus et les limites des approches mises en ceuvre dans le cadre de cette these afin

de dégager de nouvelles voies de recherche.
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CHAPITRE 1

Le suivi du fonctionnement carboné et hydrique

des couverts végétaux
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Le suivi du fonctionnement carboné et hydrique des

couverts végétaux

1. Fonctionnement carboné et hydrique des foréts : Principaux

mécanismes et méthodes d’analyse de leur fonctionnement

1.1. Le cycle du carbone et le fonctionnement carboné et hydrique des

foréts

Le carbone est le principal constituant des organismes vivants, résultant directement ou
indirectement du mécanisme de la photosyntheése. On trouve le carbone minéral sous forme de
dioxyde de carbone atmosphérique dans la biosphere terrestre, sous forme dissoute et sous
forme de carbonates et de bicarbonates dans les océans, mais le principal stock de carbone
minéral se trouve sous forme de roches calcaires, les plus abondantes des roches
sédimentaires de la lithosphere. Quant au carbone organique, des stocks importants se
trouvent dans les sols, les organismes vivants et les énergies fossiles. Le carbone dans les
écosystemes terrestres, végétation et sol compris, compte pour environ 2300 GtC, trois fois le
stock de carbone atmosphérique, réparti a environ 30% dans la biomasse végétale et a 70%
dans le sol. Les foréts représentent environ la moitié du carbone organique terrestre, dont un
peu plus de la moitié dans le sol (56%) et le reste dans la biomasse (IPCC, 2001). Le transfert
du carbone atmosphérique aux écosystemes terrestres s’effectue grace au processus de la
photosynthese, tandis que 'inverse est lié a la respiration et a la décomposition de la matiere
organique sous ’action des organismes vivants. Depuis environ un siecle et demi, I’impact
des activités humaines sur I’environnement a pris une tournure inégalée. L’augmentation des

rejets dans notre atmosphere de gaz dits « a effet de serre » tels que le dioxyde de carbone en
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est un exemple préoccupant. En effet, suite a 1’ére industrielle et 1’utilisation des énergies
fossiles en particulier, de grandes quantités de carbone ont ét€ libérées dans 1’atmosphere
(Goudriaan, 1992) provoquant une augmentation exponentielle de la concentration en dioxyde
de carbone atmosphérique passant de 280 ppm au milieu du XIXeme siecle a 390 ppm
aujourd’hui. L’effet de serre qui en a résulté a conduit a une augmentation de la température
globale d’environ 0.13°C + 0.03°C par décade sur les cinquante dernieres années (IPCC,
2007). Ce réchauffement affecte 1’écosysteme dans sa globalit¢é (Harley et al, 1992)
notamment en modifiant la température et le régime des pluies, mais aussi en jouant sur la
productivité primaire brute (gross primary production, GPP) par son impact sur la

photosynthese des plantes, ainsi qu’en altérant la respiration des plantes et du sol.

L’importance des écosystemes forestiers dans le cycle du carbone n’est plus a démontrer.
Quant a la multiplicité des services produits par les foréts, elle en fait un écosysteme clé de
notre planete. Outre 1’approvisionnement en bois, les foréts ont un rdle majeur en termes de
réservoirs de biodiversité faunistique et floristique et permettent la régulation de la qualité des
eaux et du climat par I’intermédiaire de la photosynthese terrestre et de 1’évapotranspiration.
Les foréts contribuent fortement a 1’atténuation de 1’augmentation de la concentration en
dioxyde de carbone atmosphérique. Les dernieres estimations (Pia et al., 2011) montrent que
les foréts stockent 1’équivalent de 30% des émissions de carbone d’origine anthropique jouant

ainsi un role de puits de carbone de méme ampleur que celui joué par les océans.

Prédire les évolutions futures de la concentration en CO, de I’atmosphere et anticiper leurs
impacts sur la biosphere est un des propos actuels majeurs d’étude de la communauté
scientifique. Le role de puits ou de source de carbone et la productivité des écosystemes sont
modulés par les facteurs climatiques et anthropiques. Les changements climatiques génerent
une augmentation des températures dans 1’hémisphere nord et conduit a un allongement de la

saison de croissance (Menzel & Fabien, 1999 ; Lebourgeois et al., 2010). Sont attendus une
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augmentation de la fréquence, de la durée et de I’intensité des événements climatiques tels
que les sécheresses et les précipitations (Sheffield & Wood, 2008). Une augmentation de 40 a
60% de la concentration en ozone atmosphérique est prédite a 1’horizon 2100 (Meehl et al.,
2007). 11 s’avere nécessaire de suivre et d’anticiper les conséquences de ces changements
climatiques sur les écosysteémes continentaux, et notamment leurs impacts sur la
photosynthese, mécanisme clé du fonctionnement des végétaux et de I’ensemble de la chaine
alimentaire. Ces €cosystemes offrent principalement des réponses non-linéaires et fortement
contrastées aux variations abiotiques. En effet, en fonction du milieu, la croissance des plantes
et leur capacité a stocker le carbone sont fortement dépendantes des conditions abiotiques et
des ressources disponibles. Le rendement de la photosynthése dépend du facteur limitant du
milieu et se mesure de différentes manicres en fonction de I’écosysteme considéré. Ainsi pour
caractériser et mesurer la capacité de la plante a créer de la biomasse par la photosynthese,
différents indices sont utilisés en fonction des conditions du milieu limitant 1’absorption de
carbone. On trouve I’efficacité de la plante a utiliser I’eau disponible (water use efficiency,
WUE) qui se définit comme la quantité de carbone absorbée ou stockée sur la quantité d’eau
perdue par évapotranspiration. Les principaux nutriments essentiels au fonctionnement de la
plante peuvent aussi limiter la croissance des plantes, il s’agit principalement des quantités
d’azote, de phosphore et de potassium (NPK) disponibles dans le sol. L’azote du sol
disponible pour la plante détermine sa croissance. L’efficacité de la plante a utiliser 1’azote du
sol (nitrogen use efficiency) est calculée comme la quantité de carbone absorbée ou stockée
par rapport a la quantité d’azote du sol perdue (Berendse et al., 1987). On définit de la méme
maniere I’efficacité de la plante a utiliser le phosphore du sol (phosphorus use efficiency) et
I’efficacité de la plante a utiliser le potassium du sol (potassium use efficiency). Enfin,
I’efficacité de la plante a utiliser la lumiere (light use efficiency, LUE), et donc a utiliser le
rayonnement, se calcule comme le ratio de la quantité de carbone absorbée ou stockée sur la

quantité de rayonnement absorbée par la plante.
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1.2. L’utilisation et la régulation de la lumiere absorbée par les plantes

La lumiere incidente qui arrive sur une feuille peut étre réfléchie, transmise, ou absorbée

(Fig. ).

Fig .1 : La lumiére incidente (1) arrivant sur une feuille peut étre réfléchie (R), absorbée (A) ou

transmise (T).

Les photons de lumiere sont absorbés par les photosystemes se trouvant dans les
membranes thylakoidales des chloroplastes. Les photosystemes sont constitués de protéines et
de pigments répartis en un centre réactionnel, composé de molécules de chlorophylle, et d’une
antenne collectrice, formée de molécules de chlorophylles et de caroténoides (light harvesting
complex, LHC), chargées de transmettre les photons vers le centre réactionnel (Fig. 2). On
distingue deux photosystemes qui interviennent successivement dans la photosynthese, le
photosysteme II (PSII, composé des protéines LHCII) puis le photosysteme I (PSI, composé

des protéines LHCI).

Les molécules de chlorophylle possedent des électrons délocalisés, li€s a la présence de
liaisons conjuguées, qui passent d’un €tat fondamental a un état excité lorsque la molécule
capte un photon. La chlorophylle excitée retourne a son état fondamental, plus stable
énergétiquement, de plusieurs manieres différentes. En utilisant cette énergie dans le
quenching photochimique (qP) ce qui correspond au processus de photosynthese, afin de (1)
transférer son énergie a une molécule proche puis de (2) perdre un électron lors de la

photochimie, une autre maniere pour la chlorophylle de retourner a son état fondamental et de
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(3) réémettre de la lumiere sous forme de fluorescence, ou de (4) libérer cette énergie par la
voie de quenching non photochimique (NPQ), la dissipation thermique. Ces trois

mécanismes sont intimement li€s et se complémentent dans une boucle d’autorégulation.

1.2.1. La photosynthese

Concernant le mécanisme de la photosynthese, il se déroule en deux étapes :

La phase photochimique, dépendante de la lumiere, permet aux électrons d’étre
transportés a travers les photosystemes afin de produire de I’ATP (énergie chimique) et du

NADPH H" (potentiel réducteur) :

2 H,0 + 2 NADP" + 3 ADP + 3 Pi + photon — 2 NADPH + 2 H" + 3 ATP + O,

La phase non photochimique, indépendante de la lumiere, permet d’utiliser I’ATP et le

NADPH, H" produits pour convertir le CO, et le H,O en glucides :

3CO,+9 ATP + 6 NADPH + 6 H* — G3P + 9 ADP + 8 Pi + 6 NADP" + 3 H,0

Comme illustré dans la Fig. 2, lors de la phase photochimique, 1’absorption d’un photon
(d’énergie hV) par une molécule de chlorophylle de 1’antenne collectrice va permettre le
transfert de I’énergie a une autre molécule de chlorophylle (1) et la transmission de 1’énergie a
la chlorophylle du centre réactionnel qui va perdre un électron dans la photochimie (2). La
molécule de chlorophylle doit récupérer un électron suite a la photochimie (2), cela s’effectue
grace a la photolyse d’une molécule d’eau : la photolyse permet de scinder les molécules
d’eau et ainsi de libérer protons, électrons et oxygene. L’électron perdu va transiter dans la
membrane des thylakoides en suivant la chaine de transport d’électrons jusqu’a sa
récupération par son accepteur final, le NADP+. Les protons s’accumulent dans 1’espace
intra-thylakoidien et participent a la génération d’un gradient de proton qui sont utilisés dans

le mécanisme de I’ATP synthase, I’oxygene est libéré comme déchet (Fig. 3).
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Fig. 2 : Schéma simplifié de I’absorption d’un photon (hV) par une molécule de chlorophylle de
I’antenne collectrice, et de sa transmission jusqu’au centre réactionnel du photosystéme Il. Le centre
réactionnel perd un électron qui va rejoindre son accepteur primaire (phéophytine) avant d’entrer

dans la chaine de transport d’électron.

ADP* + P,

Protons m
Electrons

2H*
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Fig. 3 : Schéma simplifié du trajet des protons et des électrons lors de la photosynthése au sein de la

membrane thylacoidale d’une feuille (d’apres Zaks et al., 2012).

Plus précisément, la chaine de transport d’électrons qui a lieu dans la membrane des
thylakoides s’effectue en premier lieu dans le photosysteme II (PSII), a partir de la molécule

de chlorophylle excitée (P680*). Le transport s’effectue des transporteurs a bas potentiel de
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réduction (réducteurs) aux transporteurs a fort potentiel de réduction (oxydants) en
commengant par P680*. L accepteur primaire de cet électron est la phéophytine, puis il passe
par plusieurs accepteurs jusqu’au complexe de cytochrome b6f avant d’étre transporté vers
une molécule de plastocyanine (PC) jusqu’a la molécule de chlorophylle (P700) du
photosysteme I (PSI). Ce flux d’électrons génere un gradient de concentration en protons et
un gradient électrochimique qui est utilisé par la pompe a protons (ATP synthase) pour
phosphoryler de ’ADP en ATP. Cet ATP formé sera utilisé dans le cycle de Calvin afin de

créer les composés organiques nécessaires au fonctionnement et a la croissance de la plante.

Chez toutes les plantes, la phase non-photochimique débute par la carboxylation du CO,
grace a I’enzyme clé, la RubisCO (ribulose bisphosphate carboxylase/oxygénase), qui comme
son nom I’indique, a une affinité pour le CO, ainsi que pour I’O,. La RubisCO permet de fixer
le CO, sur une molécule (le ribulose biphosphate, RuBP) dans le cycle de Calvin grace aux
molécules d’ATP et de NAPDH,H" produites au cours de la phase photochimique. Cette
réaction produit un substrat qui va €tre réduit afin de synthétiser des glucides. Le RuBP est

ensuite régénéré pour un nouveau cycle (Fig. 4).

Il existe différents mécanismes de carboxylation, ce qui permet de classer les végétaux en
3 catégories (Fig. 5): Les plantes en C3, les plantes en C4 et les plantes CAM, ces classes
étant déterminées par le nombre d’atomes de carbone de la premicre molécule organique

formée lors de la fixation du CO,.
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Fig.4 : Schéma simplifié distinguant les trois étapes du cycle de Calvin : la fixation du carbone grdce
a la RubisCO, la réduction du carbone pour la synthése des glucides, et la régénération du substrat

RuBP pour un nouveau cycle.
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Fig.5 : Schéma du fonctionnement de la phase non-photochimique de la photosynthése pour les

plantes au métabolisme en C3, C4 et CAM.
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La majorité des plantes posseéde un fonctionnement en C3. Il s’agit du mécanisme le plus
primitif (~3 milliards d’années, Sage & Monson, 1999), adapté a un environnement riche en
CO, et en eau. La RubisCO incorpore une molécule de CO, dans un composé en C5 (RuBP)
afin de former deux molécules d’acide phosphoglycérique (APG) constitué de 3 carbones
chacune (C3) qui sont utilisées dans le cycle de Calvin. La RubisCO incorpore aussi de I’O,
par sa fonction oxygénase. Compte tenu de I’importante concentration atmosphérique en O,,
la photorespiration fonctionne de paire avec la photosynthése et diminue le rendement de la
photosynthese en dégradant une partie des sucres formés. Cette activité oxygénase augmente
avec la température. Les plantes en C3 sont particuliecrement sensibles aux stress abiotiques

car leur optimum de photosynthese est limité par la température et la disponibilité en eau.

Les plantes au métabolisme C4 sont moins répandues, plus récentes (~30 millions
d’années, Sage & Monson, 1999) et sont présentes dans les environnements secs et chauds car
la voie métabolique qu’elles utilisent leur permet d’augmenter leur capacité photosynthétique.
Ce mécanisme implique deux types cellulaires distincts pour la carboxylation : les cellules du
mésophiles et les celules de la gaine péri-vasculaire. Le CO, capté par les plantes est fixé par
une premiere enzyme, la phosphoénol-pyruvate carboxylase (PEPcase) qui n’a pas d’affinité
avec 1’0O,, dans une cellule spécialisée du mésophile. Cette réaction permet de synthétiser un
composé en C4 qui est transféré dans une cellule de la gaine péri-vasculaire ou a lieu le cycle
de Calvin. Cette voie permet aux plantes en C4 de concentrer le CO, dans une cellule avant de
’utiliser pour la synthese de glucide ce qui permet de rendre nulle I’activité photorespiratoire

qui est préjudiciable au rendement de la photosynthese.

Enfin, les plantes de type CAM (Crassulacean Acid Metabolism) sont adaptées aux
conditions désertiques. Ces plantes possedent les deux enzymes, la RubisCO et la PEPcase, ce
qui leur confere un fonctionnement similaire aux plantes C4 et une résistance aux stress.

Cependant, la fixation du CO, lors de la phase non photochimique de la photosynthese n’est
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pas séparée dans I’espace comme les plantes en C4 (mésophylle/gaine périvasculaire) mais
dans le temps. Leurs stomates sont ouverts pendant la nuit, période pendant laquelle elles
concentrent le CO, dans leurs cellules. Le cycle de Calvin a ensuite lieu pendant la journée
(car il nécessite de I’ATP et du NAPDH,H" synthétisé lors de la phase photochimique de la
photosynthese) et est réalisé avec le stock de CO, assimilé la nuit. Ainsi, ces plantes n’ont pas
besoin d’ouvrir leurs stomates la journée, ce qui réduit énormément les pertes en eau et

augmente leur résistance aux contraintes abiotiques.

L’efficacité de la plante a utiliser la lumiere (light use efficiency, LUE) peut donc varier
selon les especes et en réponse aux interactions de nombreux facteurs abiotiques qui limitent
la photosynthése au niveau de la phase photochimique et/ou de la phase non-photochimique,

ce qui complexifie la compréhension du fonctionnement carboné des plantes.

1.2.2. La fluorescence

Une partie de la lumiere absorbée qui n’est pas utilisée dans I’appareil photosynthétique
est perdue sous forme de fluorescence chlorophylienne (2 a 3% de la lumicre totale absorbée).
La fluorescence a lieu au niveau du transport d’électrons dans la membrane des thylakoides et
dépend de I’encombrement de la chaine de transfert d’électrons. Lorsqu’un accepteur
d’électron de la chaine est oxydé, il peut accepter un électron, il est dit « ouvert ». Au
contraire, lorsqu’un accepteur est réduit et ne peut plus accepter d’excitation, il est dit
« fermé ». La fermeture des centres entraine une augmentation de 1’émission de la
fluorescence chlorophyllienne. Cette fluorescence témoigne de la perte d’énergie au cours du
transfert d’excitation jusqu’aux centres réactionnels des photosystemes et dépend de la
proximité (liée aussi a la concentration) de chlorophylle dans les antennes collectrices. Ainsi,
lorsque la feuille est adaptée a 1’obscurité et qu’elle est exposée a une lumiere a tres forte
intensité, le PSII absorbe 1’énergie incidente, la totalité de ses centres sont réduits et il n’est

plus capable d’accepter un nouvel électron tant que ses centres ne se sont pas réouverts. Cela
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induit une forte augmentation de la fluorescence et une diminution de la photosynthese, c’est
la fluorescence maximale de la feuille (Fm) (Fig. 6). Le NPQ (non photochemical quenching)
dissipe 1’énergie excédentaire absorbée et permet a la fluorescence d’atteindre un état
stationnaire (Fs). Cette fluorescence, dite aussi variable (Fv), provient essentiellement de
I’antenne collectrice du PSII (Kraus & Weis, 1991). La fluorescence du PSI est faible, ne
varie pas et contribue seulement a 6% de 1’émission totale dans le proche infrarouge et 1 a 2%
dans le rouge (Moya et al., 2004). La fluorescence chlorophyllienne est principalement émise
par la chlorophylle (a) dans les longueurs d’onde 650-665 nm alors que la chlorophylle (b)

émet dans les longueurs d’onde de 710-720 nm.
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Fig. 6 : Schéma des différentes variables mesurables par fluorescence en fonction de I’ état

d’adaptation a la lumiere de la feuille étudiée.

La mesure de fluorescence chlorophyllienne active permet d’obtenir différents parametres
physiologiques, tels que Fm et Fs. Suivant les conditions lumineuses, il est possible de
mesurer la fluorescence a 1’obscurité (Fo), en apportant une lumiere tres faible qui n’induit
pas de changement d’activité photosynthétique. La valeur Fo correspond a la fluorescence
lorsque tous les centres sont ouverts et est sensible aux facteurs affectant la structure des
antennes. Le rendement photochimique optimal (Fv/Fm), correspondant a I’efficacité de

capture des électrons par les centres réactionnels, peut alors se calculer comme suit :
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Fm —Fo

Fv/Fm =
v/Fm o

Le rendement photochimique optimal se situe entre 0.80 et 0.86 en conditions de
photosynthese favorable (Bjorkman & Demmig, 1987, Genty et al., 1989). En conditions
réelles cette valeur de rendement photochimique optimal n’est pas atteinte. En effet, a la
lumiere, des processus de désactivation liés au fonctionnement de 1’activité photosynthétique
se mettent en place. Ainsi, on calcule le rendement photochimique effectif (Y(II)) en utilisant
la valeur de fluorescence maximale de la feuille exposée a la lumiere (Fm’) et la fluorescence
stationnaire (Fs).

Fm’—Fs_ AF
Fm' — Fm’

Y(II) =

En parallele, la valeur du NPQ correspondant aux mécanismes de photoprotection liés a la
dissipation de chaleur, se calcule ainsi :

Fm — Fm'’

NPQ =
Q Fm/

Cependant, la mesure de fluorescence active nécessite d’utiliser un fluorometre servant a
la fois de sources de lumiere modulée et de récepteur des émissions par fluorescence rendant
cette méthode, dite active, inadaptée pour 1’étude a large échelle. Une autre méthode de
mesure de fluorescence a été développée et consiste a utiliser les données spectrales de
reflectance pour estimer la fluorescence émise par les plantes. En conditions natuelles, cette
méthode de mesure de la fluorescence passive consiste a utiliser les lignes de Fraunhofer
(discontinuités observables du spectre solaire liées notamment a 1’absorption du rayonnement
par les constituants de la couronne solaire et de 1’atmosphere) et plus particulierement les
longueurs d’onde liées a 1’absorption de l'oxygeéne (bande O2-A a 760 nm et bande O2-B

autour de 680 nm, Fig. 7). Le flux de fluorescence induit par le rayonnement solaire (Solar
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Induced Fluorescence, SIF) dans ces deux longueurs d’onde est directement 1ié¢ a l'activité
photosynthétique de la végétation (Yang et al., 2015). Cependant, d’apres les études menées
et répertoriées dans Meroni et al. (2009), le signal de fluorescence mesuré dépend de
nombreux parametres exogenes (conditions de mesures) et endogenes propres au couvert
végétal, en particulier sa structure, ce qui ajoute de la variabilité au signal de fluorescence

mesuré et rend difficile son interprétation et son lien avec ’activité photosynthétique des

plantes.
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Fig. 7 : Florescence chlorophylienne induite par le soleil (SIF) et spectres de reflectance d une feuille.

(A) Spectre de la feuille entre 650 et 800 nm avec les deux pics de fluorescence dans les bandes

d’absorption de I’oxygene atmosphérique a 680 et 760 nm. (B) Mise en évidence de la fluorescence

chlorophylienne dans les bandes d absorption de l'oxygene (d apres Meroni et al. 2009).

1.2.3. La dissipation thermique

L’exces de lumiere absorbée par le PSII peut étre libéré par la voie de dissipation
thermique (Butler, 1978 ; Baker, 2008 ; Verhoeven, 2014), qui est une voie de dissipation non
photochimique. L’exces d’énergie absorbée ne peut pas étre utilis€ dans la photosynthese car
la pompe a ATP est dans 1’incapacité d’utiliser la totalité des protons formés, ce qui conduit a
une accumulation de protons dans le lumen des thylakoides et a une diminution du pH (Fig.
8). En parallele, les protéines du LHCII (Light Haversting Complexe II) changent de

conformation et s’agglomerent. La diminution du pH du lumen active le cycle des
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xanthophylles, pigments de la famille des caroténoides, qui ont un role protecteur des
photosystemes des cellules. L’enzyme de dé-époxydation (violaxanthin de-epoxydase, VDE)
est activée lorsque le pH du lumen s’abaisse a 5.8 et convertit la violaxanthine en
anthéraxanthine, puis en zéaxanthine. L’agglomération des protéines LHCII couplée au
contenu en zéaxanthine permettent d’augmenter la rigidité de la membrane et la dissipation de
I’énergie lumineuse excédentaire sous forme de chaleur. Lorsque la lumiere incidente diminue
et que la concentration en protons accumulés dans la membrane des thylakoides diminue

grace a la pompe a ATP, le pH et I’activité photosynthétique augmentent.
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Fig. 8 : Schéma de la conversion de la violanxanthine en anthéraxanthine et en zéaxanthine dans les

thylakoides via le cycle des xanthophylles en réponse a un exces de lumiére.
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Ces trois mécanismes (Photosynthese, fluorescence et dissipation thermique)
fonctionnent de concert dans la boucle de régulation de 1’appareil photosynthétique, avec
I’implication plus ou moins importante de chacun en fonction de 1’état physiologique dans
lequel se trouve la feuille (stress hydrique, oxydatif, thermique) et des rétroactions associées
(Fig. 9). En cas d’exces de lumiere chronique, I’énergie excédentaire absorbée par les
antennes collectrices du PSII peut causer de graves dommages aux photosystémes et par
extension a la feuille et a la plante. Cette énergie excédentaire peut engendrer des dommages
photo-oxydatifs aux photosystemes ainsi qu’a un grand nombre d’autres composants
cellulaires essentiels, notamment par la formation d’especes réactives d’oxygenes (reactive
oxygen species, ROS) telles que 1’eau oxygénée (peroxyde d’hydrogene), 1’ion superoxyde

(O,-) et le radical hydroxyde (OH-) (Catagna & Ranieri, 2009).

Fluorescence ~ Dissipation
thermique Photosynthése

Energie sous
forme
chimique

Fig. 9 : Schéma général des processus de dissipation de ’énergie lumineuse par les plantes (modifié¢ a

partir de Zaks et al., 2012).

En fonction des conditions du milieu et des facteurs limitant leur capacité
photosynthétique, les plantes régulent leur photosynthese et la lumicre absorbée est plus ou

moins réémise par fluorescence et par dissipation thermique.
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Tous les stress subis par la plante, tels que les températures extrémes et les sécheresses,
entrainent une baisse du rendement de la photosynthése et produisent un déséquilibre dans la
capture et l’utilisation de I’énergie lumineuse. La surexcitation des photosystemes peut
conduire a des lésions de I’appareil photosynthétique ce qui altere la capacité
photosynthétique des feuilles (Powles et al., 1984). A ces réponses physiologiques de la
plante face aux stress peuvent s’ajouter des dommages propres a la contrainte imposée. C’est
le cas de l’ozone qui, au contact des parois cellulaires, se décompose spontanément en
especes oxygénées réactives (ROS) incluant des radicaux libres (.OH, .O,-, .O5-) et des sous-
produits oxydants (H,O,) par de multiples mécanismes chimiques (Moldau, 1998 ; Pell et
al.,1997 ; Gill & Tuteja, 2010). L’oxydation de la structure intracellulaire par les ROS crée les
premieres lésions foliaires. Ces dégats sont amplifiés dans le cas d’une exposition intense (lié
a des pics élevés occasionnels d’ozone). Le stress provoqué par une exposition chronique
dégrade la photosynthese et accélere la sénescence foliaire. Bagard et al. (2008) ont étudié
I’impact de 120 ppb d’ozone pendant 35 jours d’exposition sur de jeunes peupliers et ont
mesuré une réduction moyenne de 30% de 1’assimilation nette de CO,. L’0zone peut aussi
entrainer soit la fermeture des stomates, ce qui empéche 1’eau de s’échapper lors de
I’évapotranspiration, soit au contraire provoquer leur ouverture, ce qui amplifie la perte d’eau

par la plante (Mills et al., 2013).

L’ordre et I’'importance des stress appliqués peuvent aussi impacter la réponse des plantes.
Un stress hydrique précédant un stress oxydatif peut limiter les influx d’ozone et réduire les
dommages phyto-toxiques grace a la fermeture stomatique induite par le stress hydrique
(Fuhrer, 2009 ; Fagnano et al., 2009). Cependant le stress hydrique ne protege pas
systématiquement les especes les plus sensibles a 1’ozone ou celles plus résistantes au stress

hydrique (Mills et al., 2009 ; Wagg et al., 2012).
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Le passage a la saison hivernale peut aussi étre considéré comme un stress pour les
plantes. A I’'inverse des espeéces caduques qui perdent leur feuilles suite aux baisses de
température et de photopériode, les especes sempervirentes préviennent la perte d’activité
photosynthétique de la période hivernale en subissant un endurcissement au froid (Levitt,
1980 ; Vogg et al., 1998 ; Bigras et al., 2001). Cette résistance au froid est le résultat d’un
réarrangement des pigments xanthophylles (Ottander et al., 1995), ainsi que d’une
augmentation durable du contenu en caroténoides (Bjorkman & Demmig-Adams, 1994 ;
Verhoeven et al., 1999). En parallele, le contenu en chlorophylle des feuilles diminue.
Comme vu dans le paragraphe précédent, le cycle des xanthophylles permet une régulation du
transport d’électrons en conditions de stress de courte période. Lors de la période hivernale,
chez les especes sempervirentes, le contenu total en xanthophylle augmente et la dé-
époxidation du pool de violaxanthine en zeaxanthine n’est pas réversible quotidiennement
mais se maintient pour la saison. Ce changement de composition biochimique hivernal, bien
qu’encore mal connu, permet une dissipation thermique continue par les caroténoides et des
xanthophylles (Ruban et al., 2012 ; Verhoeven, 2014). Au printemps, lorsque les températures
sont plus hautes et la photopériode plus longue, ces modifications structurales et biochimiques
de résistance s’inversent et la photosyntheése reprend normalement (Vogg et al., 1998 ;
Ottander et al, 1995). Ce mécanisme de protection hivernal permet souvent a ces especes

sempervirentes d’€tre plus résistantes aux différents stress que d’autres especes caduques.
2. Les méthodes d’analyse du fonctionnement carboné et

hydrique des couverts végétaux en conditions naturelles

2.1. L’analyse des échanges gazeux entre atmosphere et écosystéme

Plusieurs réseaux d’études ont été développés afin de suivre 1’évolution des échanges

gazeux entre atmosphere et écosystémes continentaux, mais aussi les échanges de vapeur
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d’eau, d’énergie et plus généralement des cycles biogéochimiques. Le réseau mondial

FLUXNET (http://fluxnet.ornl.gov/) et francais SOERE (http://www.gip-ecofor.org/f-ore-

t/index.php) en font partis. Ces réseaux sont implantés au niveau mondial et ceuvrent a la
compréhension des processus qui gouvernent le fonctionnement des écosystemes forestiers.
Des tours a flux sont implantées au-dessus des canopées des nombreux écosystemes du réseau
et les méthodes issues de mesures a tres haute fréquence des concentrations en CO, et H,0
simultanément aux mouvements de I’air, dites d’eddy-covariance, sont utilisées afin de
mesurer en continu les échanges gazeux, avec une résolution temporelle semi-horaire et une
résolution spatiale allant jusqu’au km?. Si ces méthodes permettent de caractériser d’une
maniere quantitative relativement précise le fonctionnement carboné et hydrique des
écosystemes dans lesquels ils sont placés, elles ne constituent que des sous-échantillons qui ne
sont pas extrapolables a I’échelle des biomes (Jung et al., 2009) et elles ne permettent pas la

prise en compte de toute la diversité des écosystemes et de leur grande hétérogénéité spatiale.

2.2. L’emploi de la modélisation pour le suivi du fonctionnement des

écosystemes

Toutes les données mesurées récoltées in situ sont utilisées afin de calibrer des modeles
qui permettent d’approfondir la description du fonctionnement des écosystemes. Grace a la
mise en relation de ces différentes données acquises sur le terrain et des variables climatiques
correspondantes, il est possible d’estimer et de prédire les évolutions futures de ces cycles. La
mise en équation des mécanismes physiques et biologiques impliqués dans ces échanges
permet de concevoir des modeles mécanistes complexes permettant pour certains la prédiction
et aidant a la compréhension du fonctionnement de 1’écosysteme considéré a des échelles
fines (Hanson et al., 2004). Les modeles de flux de carbone sont des outils importants pour
comprendre les processus qui régissent 1’évolution des réservoirs de carbone (Baldocchi et al.

2000). Ils permettent notamment d’estimer le comportement des écosystemes face aux
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scénarios de variations de température, de précipitations, de concentration en CO,, ainsi que

de I’enrichissement en azote (Baldocchi et al. 1996).

Ainsi le modele CASTANEA (Dufréne et al., 2005), modeéle mécaniste a base de
processus physiologiques et physiques, permet de simuler les flux et les stocks de carbone,
d’eau et d’énergie a I’échelle de la parcelle forestiecre. Ce modele permet de décrire
précisément le fonctionnement du couvert grice a de nombreux sous-modeles et un jeu
considérable de parametres relatifs notamment aux mécanismes physiologiques et physiques
considérés, a la structure du couvert, en particulier son indice foliaire et sa distribution, et aux
propriétés spectrales et biochimiques foliaires. Le modele MAESTRA (Medlyn, 2003) permet
de comprendre les interactions entre arbres dans un peuplement, et en particulier leur
compétition pour la lumiere, et de simuler la photosynthése et 1’évapotranspiration de chaque
arbre. D’autres modeles tels que ORCHIDEE (Krinner et al., 2005) et BIOME-BCG (White et
al., 2000) permettent de reproduire plus ou moins efficacement un comportement moyen des
couverts végétaux, a I’échelle régionale et globale, de par leur représentation simplifiée des
couverts végétaux en groupes fonctionnels (feuillus, résineux, prairies, etc.) caractérisés

chacun par un jeu de parametres identiques.

2.3. La télédétection comme proxy du fonctionnement des couverts

végétaux

La télédétection optique est un outil puissant de par son potentiel a haute résolution
temporelle et spatiale permettant d’étudier, a I’aide de mesures optiques, les caractéristiques

structurales, physiologiques et biochimiques des végétaux, depuis la feuille jusqu’au globe.
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Fig. 10 : spectres de réflectance et de transmittance d’une feuille de hétre commun.

La télédétection permet de mesurer la lumiere transmise et réfléchie et de calculer la
lumiere absorbée par le couvert ou la feuille (Fig. 10). Le caractere non destructeur de cette
approche ajoute un intérét considérable et permet de suivre, aussi bien de 1’échelle de la
feuille a celle des écosystemes, I’action des différents facteurs environnementaux biotiques et
abiotiques sur les végétaux. En télédétection basée sur I’exploitation du rayonnement réfléchi,
I’information spectrale acquise permet de renseigner sur la structure des couverts végétaux
(Verstraete et al., 1996) et leur composition biochimique (Sims & Gamon, 2002). La
construction d’indices spectraux combinant deux ou plusieurs mesures de réflectance dans des
longueurs d’onde précises impactées par un phénomene d’intérét ont été développés. Ainsi
des indices comme le Normalized Difference Vegetation Index (NDVI, Eq.1) et le Enhanced
Vegetation Index (EVI, Eq.2) (Huete et al., 2002) sont utilis€s pour décrire la structure des
couverts végétaux en lien avec le rayonnement absorbé utile a la photosynthese (PAR) et
I’indice foliare (LAI) (Soudani et al., 2006) alors que des indices comme le Modified
Normalized Difference Index (mNDIL,,, Eq.3) (Sims and Gamon, 2002) sont utilisés pour

approximer la biochimie de la feuille et en particulier le contenu en chlorophylle de la feuille
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et du couvert végétal. D’autres indices comme le Photochemical Reflectance Index (PRI,

Eq.4) sont utilisés pour suivre le fonctionnement physiologique des plantes.

(PNIR—Pred)
NDV] = ————= Eqg.1
(PNIRtPred) (Eq- 1)
EVI — Z-SX(pNIR_pred) (Eq- 2)

(PNIRT6XPred—7-5Xppryet+1)

(p750—P705)
mNDI = Eq.3
705 ™ (p750+P705—2%P4as) (Eq.3)

(p531—P570)
PR] = ———— Eq. 4
(p531+P570) (Eq-4)

Avec Ry,s, Ry, Rey, Ry €t Ry pour la réflectance dans les bandes de longueurs d’onde 445,
531, 570, 705 et 750 respectivement. NIR et red correspondent respectivement a des bandes
larges dans les longueurs d’onde correspondant aux portions du proche infrarouge et du rouge

du spectre refléchi.

Bien qu’en plein essor, le recours a la télédétection est relativement récent et les études se
sont principalement intéressées au suivi des propriétés structurales et biochimiques des
couverts car elles se manifestent souvent par des variations significatives de la réflectance.
C’est le cas des plates-formes satellitaires tels que MODIS (Moderate Resolution Imaging
Spectroradiometer, Zhang et al. 2003) qui permettent de quantifier la lumiere réfléchie par les
couverts végétaux afin de suivre entre autres le PAR absorbé, le LAI et le taux de couverture
des peuplements végétaux. Le suivi des mécanismes €cophysiologiques en lien avec le
fonctionnement carboné ou hydrique des especes végétales par télédétection utilisant les
propriétés de la réflectance n’en est encore qu’aux prémisses et beaucoup d’études cherchent
a évaluer la force du lien entre les propriétés optiques de la végétation et son état de

fonctionnement physiologique, et en particulier son fonctionnement photosynthétique.
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2.4. Un indice spectral prometteur : le PRI

Comme indiqué plus haut, de nombreux indices spectraux sont construits pour suivre
I’état de la végétation. Les indices NDVI, EVI ou mNDI,,; permettent de suivre 1’état
physiologique du couvert et sont associ€és a des changements de propriétés structurales et
biochimiques du couvert. Cependant, lorsque ces propriétés du couvert changent et
deviennent détectables par ces indices, les dommages sur les plantes sont déja apparents
(nécrose, défoliation, flétrissement). Les stress abiotiques impactent le niveau de
photosynthese avant que des symptomes n’apparaissent au niveau des feuilles, il s’avere donc
primordial de pouvoir suivre le taux de photosynthese des couverts afin de détecter
précocement leurs réponses aux contraintes environnementales, et cela avant 1’apparition des
symptomes séveres. De tous les indices spectraux utilisant les propriétés de réflectance, le
PRI développé par Gamon et al. (1990) est le seul indice spectral montrant un lien direct avec
des mécanismes physiologiques clairement identifiés (Gamon et al. 1992 ; 1997 ; Sarlikioti et
al. 2010 ; Isoda A. 2005 ; Sudrez et al. 2008 ; Inoue & Pefiuelas. 2015). De nombreuses
études ont mis en évidence le lien entre le cycle des xanthophylles et son niveau de dé-
époxidation et les variations du PRI (Gamon et al., 1990 ; Gamon & Surfus, 1999 ; Fillela et
al., 1996 ; Peguero-Pina et al., 2008). En effet, le PRI est directement li€¢ au cycle des
xanthophylles, ce qui lui confére une capacité a €tre utilisé en tant que proxy de I’efficacité de
la plante a utiliser la lumiere absorbée. Cela a été démontré dans des études précédentes
mettant en lien le PRI et la LUE (Gamon et al., 1992; Pefiuelas et al., 1995; Stylinski et al.,

2002, Hmimina et al. 2013 ; 2015, Annexe 2 ; Soudani et al. 2014).
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Fig. 11 : (a) - Série temporelle des spectres de réflectance mesurés sur la méme feuille sous un PAR

qui augmente puis qui diminue. L’insert permet d’agrandir la zone autour de 550 nm. (b)- Dynamique

du PRI (en noir) et du rendement de la fluorescence (en rouge) en réponse a la séquence de PAR

imposée (en bleu, umol/m?/s), issue de la méme série que (a) (Hmimina et al., 2013).

0.05 T T T T T T T T
A B C
0.00 - d}- 1 F —+—+—
_._
- 00 | -
0.05 - shado -+ -..._+_
-0.10 r2-0.58 - -
m annual
015 ¢ 5" | A deciduous || 4k
r’-0.75 | ® evergreen °=0.54 r*~0.46
-0.20 | | 1 | 1 | | | | ] | |
00 02 04 06 08 O 5 10 15 20 0.000 0.005 0.010 0.015
AF/Em' CO, uptake (umol m™s™")  Radiation-use efficiency

Fig. 12 : (A) Relation entre le PRI et rendement photochimique effectif de fluorescence, (B) relation

entre le PRI et la concentration de CO, absorbée, et (C) le relation entre le PRI et le taux net de CO,

utilisé par les feuilles (mesures effectuées sur des feuilles de lumieres de 15 espéces ayant grandi en

conditions de lumiere et de nutrition optimales), (Gamon et al., 1997).
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Plus précisément, 1’indice spectral du PRI exploite les propriétés de réflectance dans des
bandes étroites situées autour de 531 nm en lien avec les pigments xanthophylles qui ont la
propriété d’absorber dans la longueur d’onde 505 nm et de réfléchir a 531 nm en fonction de

leur niveau de dé-époxidation (Fig. 11).

D’un point de vue physiologique, le cycle des xanthophylles s’active lorsque la lumiere
absorbée augmente et la violaxanthine se convertit en zéaxanthine entrainant une diminution
de la réflectance a 531 nm. Cette réponse est avérée pour un grand nombre d’especes
comportant différentes morphologies foliaires (Gamon et al., 1990, 1992 ; Peiiuelas et al.,
1993, 1995 ; Hmimina et al., 2013 ; Peguero-Pina et al., 2013) et s’est vérifiée avec les
indicateurs de mesure de fluorescence (notamment AF/Fm’ qui permet de suivre 1’état de

stress des plantes, Weng et al., 2006) (Fig. 12).

L’efficacité de la plante a utiliser la lumiere (LUE), et par extension la photosynthese, est
liée a 1’état de dé-époxidation du cycle des xanthophylles (DEPS) ce qui permet 1’emploi du
PRI comme proxy du NPQ (Weng et al., 2006) et de la LUE (Fillela et al., 1996 ; Gamon et
al., 1992 ; Gamon & Qiu, 1999 ; Pefiuelas et al., 1995 ; Stylinski et al., 2002). La corrélation
entre PRI et DEPS a été validée dans des travaux portant sur le suivi diurne de 1’état de dé-
époxidation des xanthophylles et du PRI a 1’échelle foliaire (Ripullone et al., 2011). La
variabilité journaliere du PRI est corrélée a celle de la photosynthese et de la conductance
stomatique, et présente une dépression lorsque le soleil est au zénith qui est plus ou moins
accentuée suivant 1’age de 1’arbre, et cela a I’échelle de la feuille et du couvert (Gamon &

Bond, 2013).

Un suivi de ’activité des xanthophylles, permet d’accéder a la capacité photosynthétique
des feuilles. Le suivi du cycle des xanthophylles, par ’intermédiaire du PRI, peut permettre
de suivre les changements de la distribution d’énergie lumineuse au sein du systéme

photosynthétique en fournissant indirectement une mesure sur le changement a court terme de
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I’efficacité de la plante a utiliser la lumiere (LUE) (Gamon et al., 1992, 1997; Pefiuelas et al.,

1995).

Le PRI s’est avéré prometteur en permettant une estimation correcte de 1’efficacité de la
photosynthese a 1’échelle de la feuille pour de nombreuses especes forestieres (Garbulsky et
al., 2011 ; Gamon et al. 1993) et agricoles (Strachan et al., 2002 ; Zhou & Wang, 2003 ;
Ibaraki et al., 2010) et en permettant de suivre la baisse hivernale et la reprise d’activité
printaniere de la photosynthese des especes sempervirentes (Nichol et al., 2002 ; Stylinski et

al., 2002 ; Fillela et al., 2009 ; Wong & Gamon, 2015).
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Fig. 13 : (a) Coefficient de détermination de la relation entre LUE (light use efficiency) et PRI
(photochemical reflectance index) pour différentes échelles d’études. Les barres de dispersion
représentent les erreurs standards (n=24 études pour les feuilles, n=22 études pour les canopées et
n=7 études pour les écosystemes). (b) Exemples de relation entre LUE et PRI a I’échelle de
[’écosysteme sur une année pour différents types de foréts : une forét de résineux méditerranéenne
(triangle), une plantation d’ Eucalyptus (cercle), une forét de décidus méditerranéenne (carré) et une

forét sempervirente subtropicale (cercle noir) d’apres Garbulsky et al. 2011 .
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Une relation linéaire entre PRI et LUE a été maintes fois observée a I’échelle de la feuille
et du couvert (Gamon et al., 1990 ; 1992 ; Gamon & Surfus,1999 ; Pefiuelas et al., 1993 ;

1994 ; 1995 ; Filella et al., 1996, Trotter et al., 2002, Hall et al., 2008 ) (Fig.13).

Le PRI, par sa capacité a suivre I’efficacité de la plante a utiliser la lumiere (LUE), semble
permettre aussi de suivre 1’état de stress des plantes en conditions de sécheresse. En effet il est
corrélé au ratio de la fluorescence maximale variable (Fv/Fm, Weng et al., 2006), au
rendement quantique de la fluorescence du PSII (AF/F’m) ainsi qu’a la fluorescence liée au
quenching non photochimique comme le montre Pefiuelas et al. (1997). Cette derniere étude a
été réalisée sur du chéne vert (Quercus ilex), du Filaire a large feuille (Phillyrea latifolia) et
du Pistachier lentisque (Pistacia lentiscus) et a permis de mettre en évidence une corrélation
entre le PRI et différents parametres physiologiques des feuilles tels que le rendement de la
fluorescence du PSII, le NPQ et la LUE. Le PRI comme proxy de 1’activité photosynthétique
est davantage controversé lorsque les plantes sont soumises a différentes contraintes

climatiques.

Des résultats concernant le PRI en temps qu’indice du stress hydrique sont montrés dans
Thenot et al., 2002 ; Peguero-Pina et al., 2008 ; Inoue et al., 2006 ; Sarlikioti et al., 2010 ;
Inamullah et al., 2005. Pefiuelas et al. (1997) et Inoue et al. (2006) mettent en évidence une
limite de la réponse du PRI a la LUE en cas de stress sévere. Le flétrissement des feuilles
suite a une trop forte sécheresse serait la cause de cette perte de relation entre le PRI et la
régulation photosynthétique (Pefiuelas et al., 1997 ; Stylinsky et al., 2002 ; Thenot et al.,
2002). A Tlinverse, Peguero-Pina et al. (2008) montrent que la relation se maintient, a
I’échelle du couvert, méme en cas de forte sécheresse sur le chéne kermes (Quercus coccifera
L.), résultats connexes a Ripullone et al. (2011), qui ajoutent que cette relation est espece-
dépendante. Sarlikioti et al. (2010), approfondissent 1’évaluation de la capacité du PRI a

suivre 1’état de stress hydrique des plantes en confirmant cette corrélation mais en ajoutant
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qu’elle dépend du niveau du rayonnement incident auquel les feuilles sont soumises. Cela se
confirme dans Winkel et al. (2002) qui ont recours aux mesures de PRI matinales afin
d’obtenir une meilleure relation entre PRI et contenu en eau du sol. Weng et al. (2006)
trouvent des corrélations entre PRI, niveau de fluorescence et températures des feuilles. Ces
résultats sont en accord avec Guo et al. (2006) et Weng et al. (2008) mais ces derniers
démontrent que la relation entre les parametres étudiés (LUE, AF/Fm’) et le PRI est altérée
avec la baisse de température en comparant des mesures prises avant I’aube a celles prises

lorsque le soleil est au zénith.

Le PRI maintient aussi sa capacité a suivre le fonctionnement de 1’activité
photosynthétique en réponses aux variations liées ressources minérales du sol. En effet,
I’étude de Shrestha et al. (2012) confirme le lien entre NPQ et PRI pour différents niveaux de
fertilisation azotée. Quant a Zinnert et al. (2011) et Naumann et al. (2008), ils valident ’usage
du PRI comme proxy des réponses physiologiques des feuilles liées a un stress salin. Enfin,
les stress issus de contraintes au niveau atmosphérique ont aussi été étudi€s, notamment avec
Meroni et al. (2008) qui valident le PRI comme proxy de 1’état physiologique des feuilles en

conditions de stress oxydatif induit par des injections chroniques d’ozone.

Le PRI répond tres rapidement aux changements du rayonnement incident parvenant au
niveau de la feuille (Gamon et al., 1997 ; Hmimina et al., 2013 ; 2015, Annexe 2 ; Merlier et
al. 2015). L’étude de Guo et al. (2004) montre que le PRI est fortement corrélé a la LUE pour
un niveau de rayonnement incident constant, et qu’il est reli€é au niveau de saturation
lumineuse de la feuille. Ces résultats sont rejoints par Busch et al. (2009), qui confirment cette
propriété et montrent que le PRI est principalement modulé par l’intensité lumineuse
incidente arrivant sur la feuille. Gamon & Bond (2013) ajoutent que cette relation dépendante

de I'illumination incidente peut étre modifiée par ’implication d’une variabilité liée a des
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conditions d’exposition prolongées a 1’obscurité. En conclusion, le PRI posséde un grand

potentiel en tant qu’indicateur de 1’état physiologique des feuilles.

Cependant, a 1’échelle de la canopée et a des échelles spatiales et temporelles plus larges,
cette relation entre le PRI et la LUE se détériore (Gamon et al., 1992, Barton et al., 2001 ;
Grace et al., 2007 ; Inoue et al., 2008). En fonction de la résolution temporelle ou spatiale
utilisée, différentes sources de variabilité des propriétés du couvert végétal peuvent faire
varier le signal PRI qui perd alors sa relation avec la LUE. Ces sources de variabilité peuvent-

étre :

* Liées a la biochimie du couvert incluant d’autres pigments indépendants du

fonctionnement photosynthétique du couvert

La variabilité saisonniere du PRI a 1’échelle du couvert est fortement liée a la variabilité
des pigments foliaires, en particulier concernant les contenus en chlorophylles et en
caroténoides (Filella et al., 2009; Stylinski et al., 2002) voire au ratio
caroténoides/chlorophylles (Sims & Gamon, 2002), particulierement lors de la phase de
débourrement et de sénescence des feuilles. La relation entre PRI et LUE reste forte a ces
périodes mais cette relation traduit principalement la réponse du PRI a la dynamique
temporelle des pigments foliaires pendant ces différentes phases phénologiques. Les
variations directement liées a ’activité photosynthétique sont alors masquées. Ce lien fort
entre le PRI et les caractéristiques biochimiques foliaires peut aussi géner 1’utilisation du PRI
comme proxy de la LUE a I’échelle spatiale, comme le montre Ripullone et al. (2011). Au
contraire, lorsque les caractéristiques biochimiques foliaires sont stables durant la période de
temps considérée, le PRI permet de suivre la physiologie des plantes en évitant I’implication
de facteurs confondants, comme le montre Naumann et al. (2008), Hmimina et al. (2013 et

2015, Annexe 2).

e Liées a la structure du couvert
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Lors de la variabilité de la dynamique du couvert végétal, liée aux cycles saisonniers ou a
des stress importants, la réponse du PRI est, comme pour tous les indices optiques, fortement
impactée par les propriétés structurales du couvert, en particulier son indice foliaire, la
distribution des taches d’ombre et de lumiere, les angles foliaires et le sol sous-jacent (Barton
et North, 2001 ; Asner, 1998 ; Hilker et al., 2011). La relation PRI vs. LUE peut-étre perdue
et le PRI ne permet alors pas d’accéder aux propriétés physiologiques des plantes (Aparicio
et al. 1999 ; Penuelas et al., 1997 ; Soudani et al. 2014). Les effets de la distribution verticale
des feuilles sont aussi importants comme montrés dans Gamon et al. (2012), Hmimina et al.
(2015, Annexe 2) et Merlier et al. (2015) ou les variations saisonnieres du PRI ont été

principalement expliquées par les propriétés biochimiques des feuilles de lumiere.

* Liées aux conditions d’acquisitions, atmosphérique, de visée et d’angle solaire et les

réponses spectrales du capteur (Castro-Esau et al., 2006 ; Harris et al., 2014).

En conclusion, suivant 1’échelle de temps considérée et la résolution temporelle de la
mesure, I’une ou 'autre de ces variabilités aura une implication différente dans le signal du
PRI. De nombreuses études, cherchant a établir le lien entre le PRI et la LUE a I’échelle
saisonniere, en moyennant les valeurs de PRI journalieres, ou en ne considérant qu’une
mesure de PRI par jour, n’ont permis que la mise en évidence de la composante du
PRI corrélée aux variations du contenu en pigments foliaires car sa composante
physiologique, renseignant sur le fonctionnement photosynthétique en réponses a des
conditions abiotiques, est masquée par la dynamique des pigments. Nakaji et al. (2007) ont
moyenné les valeurs de PRI acquises quotidiennement pendant 4 mois et ont montré que le
PRI était davantage corrélé a la concentration en chlorophylle des plantes qu’a son efficacité a
utiliser la lumiére. Dans cette étude, la corrélation entre PRI et LUE variait entre saison et
devenait méme négative en automne pour le méleze du Japon (Larix kaempferi Sarg). Les

auteurs ont conclu sur la nécessité de combiner ['utilisation du PRI avec d’autres indices
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biochimiques pour le déconvoluer des effets biochimiques et accéder a la valeur de la LUE a

I’échelle de la saison.

La review de Garlbulsky et al. (2011) a montré que le PRI ne peut pas étre utilisé en tant
que proxy de la LUE sans séparation explicite de ces deux composantes ; celle liée aux
propriétés biochimiques et structurales de la feuille ou du couvert et aux conditions de
mesure, de celle liée a la gestion physiologique de la lumiere absorbée. Les divergences entre
études sur la capacité du PRI a suivre la LUE montrent la nécessité de mieux comprendre cet
indice et la variabilité qui I’entoure. Gamon et al. (2012) ont introduit les termes de variabilité
facultative et de variabilité constitutive afin de discerner d’une part la partie du PRI qui
répond plus particulierement aux changements rapides de pigments (changements réversibles
a court terme des xanthophylles, li€s a des variations physiologiques de la photosynthese), et
d’autre part la partie du PRI qui répond plus particulierement aux changements lents de
pigments (lié a des variations phénologiques - biochimiques et structurales - de la feuille ou

du couvert).

Différentes voies de séparation entre ces deux composantes ont été proposées dans des
travaux récents. Ripullone et al. (2011) ont mis en évidence de meilleures relations entre PRI
et LUE lorsque la valeur du PRI est mesurée au moment ou le soleil est au zénith est qu’elle
est soustraite a la valeur mesurée aux moments ou les angles solaires sont bas. Cheng et al.
(2009) ont utilisé la différence entre les valeurs intra-journalieres de PRI acquises sur des
feuilles de lumiere et celles acquises sur des feuilles d’ombre pour aboutir a une meilleure
relation avec la LUE. Rahimzadeh-Bajgiran et al., (2012) ont proposé d’utiliser le
« Calibrated PRI (CPRI) », issu d’une formule incorporant les effets d’autres pigments
photosynthétiques. Garrity et al. (2010) ont proposé de corriger le PRI en utilisant le modele
PROSPECT-5 (Feret et al. 2008) afin de prédire le contenu en chlorophylle et le ratio

caroténoide/chlorophylle. Wu et al. (2010) ont modifi€ I’expression du PRI en ajoutant la
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réflectance a 550 nm, afin d’incorporer le signal de la chlorophylle dans le PRI, ce qui
augmente le lien entre leur PRI modifié et la LUE pour les feuilles ayant de faibles
concentrations en chlorophylle. Wu et al. (2015) utilisent la forte relation entre PRI a 1’échelle
de la canopée et le LAI afin d’isoler la partie physiologique du PRI. Ils définissent la partie
structurale du PRI comme fonction du LAI et utilisent les résidus de la relation PRI vs. LAI
en tant que variabilité liée a la physiologie du couvert. Soudani et al. (2014) ont utilisé
I’ordonnée a I’origine de la relation PRI vs. PAR pour estimer la composante constitutive.
L’ordonnée a I’origine étant considérée comme étant un PRI en 1’absence de lumiere, elle est
supposée ne refléter que la variabilité liée aux propriétés biochimiques et structurales du
couvert puisqu’a lumiere nulle, ou faible, le cycle des xanthophylles est inactif. La valeur du
PRI de I’ordonné a ’origine a été ensuite soustraite du PRI pour accéder a la variabilité

physiologique du PRI.

Dans ce manuscrit, I’approche de déconvolution est basée sur la relation entre le PRI et le
PAR afin d’isoler la variabilit¢é du PRI liée a la LUE de la partie liée aux propriétés
phénologiques, biochimiques et structurales, ne répondant pas aux variations lumineuses.
L’intérét de cette méthode a été mis en évidence dans Hmimina et al. (2013) a I’échelle de la
feuille et dans Hmimina et al. (2015, Annexe 2) a I’échelle du couvert végétal. Dans ces deux
dernieres études, la relation PRI vs. PAR est résumée en trois parametres distincts : le PRI,
qui correspond a la valeur de PRI a une valeur de PAR tres faible, voire nulle, estimée a partir
de la valeur de I’ordonnée a I’origine ou directement mesurée a faible lumiere sur une feuille
adaptée a I’obscurité ; le PAR,, qui correspond a la valeur de PAR lorsque le PRI sature et ne
répond plus a I’augmentation du PAR ; et le troisieme parametre, le APRI, qui correspond a

I’amplitude de la variation du PRI entre le PRI, et la valeur de PRI au PAR,,.

Les travaux entrepris dans le cadre de cette thése se placent dans la continuité des travaux

précédents de 1’équipe et visent principalement a mieux comprendre les variations du PRI en
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réponses aux contraintes abiotiques. L’objectif in fine est de valider 1’approche de
déconvolution décrite plus haut dans des conditions abiotiques contrastées aussi bien a
I’échelle de la feuille qu’a I’échelle d’un couvert forestier adulte. Plusieurs expériences ont
été menées. A 1’échelle de six mini-couverts de chéne, de hétre et de pin sylvestre soumis a
deux régimes hydriques contrastés, les effets des conditions physiologiques et phénologiques
sur le signal PRI ont été investiguées sur un cycle phénologique complet, incluant le
débourrement et la sénescence foliaire, et cela a haute résolution temporelle (a 1’échelle de la
minute/seconde pour les mesures spectrales). Cette haute résolution temporelle a aussi été
appliquée a des acquisitions du PRI au dessus d’un couvert forestier adulte de chénes sessiles
et pédonculés avec un sous étage de charmes (site de mesures de la tour a flux de Barbeau-
Fontainebleau) afin d’étudier les relations PRI vs. PAR et de les exploiter pour étudier le
fonctionnement carboné et hydrique de la forét en conditions naturelles, soumise a une

période de sécheresse.

A T’échelle de la feuille, des expérimentations en conditions contrdlées ont été entreprises
afin d’étudier les relations PRI vs. PAR a 1’échelle foliaire sur deux especes, le chéne
pédonculé et le chéne vert. Des jeunes plants ont ét€ soumis a des conditions de stress
hydrique et a I’ozone. Les relations PRI vs. PAR ont été établies en associant des mesures de
PRI a des variations de rayonnement incident. Simultanément aux mesures spectrales, le
fonctionnement physiologique de la plante a été décrit grace a des mesures de fluorescence en
lumiere modulée et de la conductance stomatique. L’état biochimique a été caractérisé grace a

des mesures des contenus en chlorophylles et caroténoides.

En resumé, les objectifs sont :

- Comprendre les facteurs qui controlent la variabilité temporelle et spatiale du PRI a

I’échelle de la feuille et du couvert.
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- Caractériser les réponses du PRI a des variations abiotiques de I’environnement
notamment en lien avec I’intensité de la lumiére incidente et les facteurs de stress (teneur en

eau du sol, déficit hydrique de I’atmospheére et la concentration en ozone de 1’air).

- D’étudier ces propriétés afin de séparer, dans la variabilit¢ du PRI, la composante
constitutive, biochimique et structurale, de la partie physiologique liée au fonctionnement

photosynthétique de la plante.

Comme souligné plus haut, trois approches ont été mises en ceuvre pour répondre aux

objectifs explicités ci-dessus. Ces approches seront décrites dans la partie suivante.

3. Approches et méthodes mises en ceuvre

3.1. A I’échelle du couvert en conditions semi-controlées

Le systeme expérimental est composé de trois especes d’arbres de 4 ans incluant du chéne
pédonculé (Quercus robur L.), du hétre (Fagus sylvatica L.) et du pin sylvestre (Pinus
sylvestris L.) a raison de 100 pieds chacun (Fig. 14). Les lots de chaque espece sont séparés en
deux et 50 pieds de chaque espéce sont répartis dans 1 des 6 bacs (2 x 2 x 0.5 m’) installés a
I’extérieur du batiment Ecologie, Systématique, Evolution sur le site de 1I’Université Paris-Sud
(Fig. 14). Les pieds ont été plantés en février 2011 a 1’age de 2 ans apres avoir été

sélectionnés afin d’avoir des tailles comparables.

Le sol de chaque bac est un mélange composé de 2/3 de compost et 1/3 de sable. Le fond
des bacs est constitué d’une bache perméable permettant a I’eau de s’infiltrer dans le sol sans
étre retenue dans les bacs. Deux drains ont été ajoutés au fond de la moitié des bacs pour subir
un stress hydrique, un seul dans les bacs controles, cela afin de faciliter le drainage et
d’introduire un contraste dans le contenu en eau du sol des deux types de traitements. Afin

d’augmenter le contraste entre les plants témoins et « stress hydrique», les bacs avec les plants
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stressés sont moins, ou ne sont pas, arrosés pendant la période estivale. Le but étant de ne pas
introduire un stress trop important qui menerait les plants a une sénescence prématurée et a
une chute des feuilles, causant des changements majeurs dans la structure et les propriétés de

la végétation.

Fig. 14 : Le systeme expérimentale constitué de 3 espéces (chéne pédonculé, hétre et pin sylvestre)
chacune étant répartie dans 2 bacs distincts afin d’introduire un contraste de contenu en eau dans au

sein de chaque espéce.

Fig. 15 : Le systeme expérimental composé de : une fibre optique située au dessus de chaque bac
permettant de mesure la lumiére réfléchie par les bacs ; une fibre optique située au dessus d’une
référence spectralon permettant de mesurer la lumiére incidente ; un multiplexer a 16 entrées relié a

un spectrophotometre ; un ordinateur.
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Une structure en arche d’une hauteur de 5 m, est érigée au dessus des 6 bacs. Des fibres
optiques sont centrées au dessus de chaque bac a environ 2 m au dessus de la canopée des
arbres (Fig. 15). Une fibre optique, orientée vers le bas, mesure les propriétés spectrales
réfléchies de chaque bac (ouverture numérique de 0.39 et d’un diametre de 600 ym, Thorlabs
Inc., Newton, USA), une autre fibre est orientée a 7 cm au dessus d’une référence (Spectralon
99%, 25 x 25 cm, Labsphere, Inc., North Sutton, NH, USA) pour collecter les radiations
incidentes. Toutes les fibres sont connectées a un multiplexer (MPM2000, OceanOptics, IL,
USA) composé de 16 entrées : 6 entrées pour les fibres de réflectance des bacs, 1 pour le
spectralon et les dernieres sont fermées par un connecteur et utilisées pour mesurer le bruit
instrumental. Le multiplexer est connecté a un spectrometre (LR1-T, 300-1000 nm, 0.66 nm
resolution, ASEQ, LRI-T spectrometer, 300-1000 nm, 0.6 nm resolution, thermoelectric
cooler (TEC) module, - 1 m 600 pm core visible infrared (VIS-IR) fiber, Vancouver, Canada).
Le systeme est calibré en radiance avec cette méme configuration d’acquisition afin d’éviter
les biais des mesures spectrales liés au design expérimental (venant principalement des
différentes longueurs de fibres optiques et du multiplexer). La calibration du systtme est
réalisée au début de 1’expérimentation et a la fin avec une lampe de calibration dont le spectre
est connu (HL-2000 CAL, OceanOptics, IL, USA). Le systeme d’acquisition de mesures
spectrales est automatisé en utilisant un programme MATLAB (Mathworks, Natick, MA,
USA). Ce programme a été écrit de maniere a permettre 1’acquisition de mesures en continu a
haute résolution temporelle (un spectre toutes les minutes suivant les conditions
d’éclairement). Pour chaque acquisition spectrale, le temps d’intégration s’ajuste
automatiquement afin de maximiser le ratio du signal spectral sur le bruit. L’acquisition des
spectres s’effectue avec la séquence suivante : spectre de référence du spectralon, puis spectre
de réflexion d’un bac, puis de nouveau un spectre de référence du spectralon. Cela permet de
minimiser le bruit, 1lié aux variations des conditions d’éclairement du ciel, lors du calcul
ultérieur de la réflectance. Le systeme d’acquisition a permis d’obtenir des spectres de la
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phase de débourrement des feuilles jusqu’a la sénescence (de début avril 2013 a fin décembre

2013).

Un systeme d’acquisition des mesures de PAR et d’humidité du sol est installé. Au centre
de chaque bac un quantum sensor est placé sous la canopée afin de mesurer le PAR transmis
au sein du couvert. Un autre quantum sensor est placé au dessus des couverts et collecte les
mesures de PAR incident. Les mesures sont enregistrées toutes les minutes sur toute la durée
de I’expérience et permettront d’accéder a la fraction de PAR absorbé par le couvert (faPAR).
Dans chaque bac, I’humidité du sol est mesurée automatiquement grace a des thetaProbes
(ML2x-UM-1.21, Delta-T Devices, UK) installées a 20 cm de profondeur. Les mesures
d’humidité du sol sont enregistrées chaque heure sur toute la durée de I’expérience. En
parallele, des mesures manuelles de profil d’humidité du sol sont réalisées chaque semaine
tous les Scm de profondeur du sol pour chaque bac, a 1’aide d’une sonde de profil d’humidité
du sol PR2 (Delta-T Devices), et cela jusqu’a 70 cm. Chaque semaine, la structure de la
canopée de chaque bac est analysée a I’aide d’un LAI 2000 (Li-Cor, Lincoln, Nebraska, USA)
au coucher du soleil afin que les capteurs mesurent les radiations incidentes en condition de
lumiere diffuse. Chaque bac est échantillonné de la méme maniere avec des mesures réalisées
comme suit : au dessus du couvert, au dessous du couvert puis de nouveau au dessus du

couvert. Ce schéma est répété 10 fois par bac a différents emplacements.

Au court de I’expérience, 10 feuilles d’ombres et 10 feuilles de lumieres (prises
respectivement sous le couvert et au point le plus haut) sont échantillonnées toutes les
semaines dans chaque bac. Les feuilles sont immédiatement placées dans une enveloppe
d’aluminium perforée et plongées dans 1’azote liquide afin d’étre préservées a -80°C pour la

réalisation des dosages biochimiques.

Les données du LAI 2000 n’ont pas été utilisées dans 1’analyse des résultats de cette

expérience et la structure du couvert a été €tudiée a 1’aide des mesures de faPAR. Celles-ci
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ont permis, dans notre cas, d’obtenir une meilleure approximation de la structure du couvert.
En effet, les 50 plants de 4 ans situés dans les bacs représentent une densité importante de
végétation entrainant des biais lors des mesures de LAI 2000, a la période de débourrement et
de sénescence. Lorsque le couvert est ouvert, les valeurs mesurées sont anormalement élevées
et tres variables, 1ié a I’implication des rebords des bacs et a la proximité du capteur avec des

branches ou troncs.

Les données d’humidité du sol obtenues avec le PR2 ont permis d’identifier la zone de
variabilité du contenu en eau du sol des bacs et la zone de captage de I’eau par les racines.
Cette zone se situe dans notre expérience a 20 cm de profondeur, correspondant a la zone
échantillonnée par les thetaProbes toutes les demi-heures. Les valeurs d’humidité de sol
utilisées lors de 1’analyse des données de cette expérience sont celles issues des thetaProbes

qui ont une résolution temporelle plus fine.

3.2. A I’échelle de la feuille en conditions controlées

L’expérience est réalisée au centre de recherche en écologie expérimentale et prédictive,
le CEREEP-Ecotron IleDeFrance, sur le site de Foljuif de I’Ecole Normale Supérieure (Seine
et Marne). Le systeme Ecotron permet d’étudier la dynamique des écosystemes sous des
régimes climatiques divers et de différentes intensités. Le confinement du mésocosme couplé
a D’application de conditions climatiques controlées permet d’induire des contraintes
abiotiques et d’étudier les interactions entre les processus écologiques et physiologiques. Un
Ecolab (Fig. 16) est composé de 3 cellules environnementales couplées a un bureau de
contrdle permettant d’agir sur les différentes variables étudiées. Les 3 cellules (13 m’ par
cellule) fonctionnent de maniere indépendante ce qui permet des €tudes distinctes ou 1’'usage

de réplicas.
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Fig. 16 : Plateforme de [’écotron composée de plusieurs écolab, chaque écolab est composé de 3

cellules.

La température, I’humidité, la lumiere, I’eau et le contenu en gaz sont des variables
indépendantes et sont contrdlées par ordinateur. Pour 1’expérience, un pattern diurne de 24
heures est appliqué, comprenant 10 heures de lumiere (POWERSTAR HQI-BT 400W/D
PRO, OSRAM, Molsheim, France) et 14 heures d’obscurité. La température des trois cellules
est maintenue a 25°C pendant la phase de jour et a 17°C pendant la phase de nuit. L’humidité
relative reste constante a 60% dans les cellules qui ne subissent pas de variation de VPD.
Concernant les gaz atmosphérique, le dioxyde de carbone est a une concentration de 350 ppm

avec un contenu en dioxygene de 21%.

La premiere cellule est le contrdle de 1’expérience, les parametres y restent constants au
cours de I’expérience. La seconde cellule constitue le traitement humidité, qu’on appellera
« RH » et est paramétrée afin d’établir un gradient de déficit en vapeur d’eau (VPD) dans I’air
allant de 80 a 30%, par pallier de 10%, au cours de la durée de I’expérience afin d’induire un
déficit en eau par I’atmosphere. La troisieme cellule « OZ » a été aménagée afin de permettre

une injection d’ozone et de maintenir une concentration de 100 ppb pendant 4 heures par jour.

Un systeme d’injection d’ozone a été implémenté a une cellule Ecolab afin de réaliser
cette expérience (Fig. 17). Ce systeme est composé d’un générateur d’ozone (Ozone
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Generator C-Lasky series C-L010-DT, AirTree Ozone Technology Co, Baunatal, Allemagne)
relié a une bonbonne de dioxygene. Un débitmetre massique permet de réguler la quantité de
dioxygene amenée au générateur a 1’aide d’une liaison RS 232 de contr6le commande en série
avec ’ordinateur. Le générateur est reli€¢ a 1’ordinateur par une liaison « Analog » permettant
d’imposer une consigne pour la génération d’ozone. La concentration d’ozone de la cellule est
suivi a ’aide d’un analyseur (Ozone Monitor Models 106-L, 2B Technology, Boulder,
Colorado, USA) d’une résolution de 0.1 ppb. L’acquisition de la concentration en ozone

s’effectue toutes les 10 secondes pendant toute la durée de 1I’expérimentation.

Fig. 17 : Schéma du systeme expérimental réalisé afin d’injecter de I’ozone dans une cellule de

I’Ecolab.

De jeunes plants en pot de 2 ans de chéne (Quercus robur L.) et de chéne vert (Quercus
ilex) sont séparés dans 3 cellules, a raison de 7 pots de chaque espece dans chaque cellule de
I’Ecolab, afin d’introduire différentes conditions environnementales, et acclimatés aux
cellules 2 semaines avant le début de I’expérience. L’expérience dure 5 semaines afin de
tester I’impact de stress chroniques sur les plantes et afin d’introduire un gradient de stress.

Au cours de I’expérience et pour chaque cellule, des mesures de propriété€s biochimiques,
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physiologiques et optiques ont été réalisées. Concernant les mesures biochimiques, le suivi de
la concentration en chlorophylle, en xanthophylles et en flavonols a été effectué. La quantité
de chlorophylle dans les feuilles est mesurée a 1’aide d’un SPAD-502 (Konica-Minolta,
Carriere-sur-Seine, France), d’'un DUALEX® SCIENTIFIC (FORCE-A Dualex meter, Orsay,
France), qui mesure également le contenu en flavonoides, et par des mesures spectrométriques
au laboratoire. Les xanthophylles sont quantifiées par UPLC (Annexe 1). Les propriétés
physiologiques sont mesurées grace a la fluorescence chlorophyllienne a 1’aide du PAM-2500
(pour pulse-amplitude-modulated, PAM2500, Walz, Effertlich, Germany) et par un porometre
pour mesurer la conductance stomatique des feuilles (Decagon devices, Inc, Pullman,
Washington, USA). Une fibre optique, permettant de mesurer la réflectance des feuilles sur la
méme zone que la mesure de fluorescence chlorophylienne, a été ajoutée a la pince PAM-
2500. La fibre optique est connectée a un spectrometre (ASEQ, LR1-T spectrometer, 300-
1000 nm, 50 nm resolution, TEC module, - 1m 600um core VIS-IR fiber, Vancouver,
Canada) permettant de réaliser en moyenne 7 spectres par seconde. Les mesures de propriétés
optiques ont concernés les spectres de réflectance dans les bandes du PRI (Eq. 4) et du

mNDIL, (Eq. 1).

Les feuilles échantillonnées sont au nombre de 10 par espece et par jour. Les mesures
biochimiques (chlorophylle, favonols) et physiologiques (conductance stomatique) réalisées a
I’aide des appareils portatifs sont effectuées puis les feuilles sont enveloppées dans de
I’aluminium et laissées 8 heures a 1’obscurité. Le lendemain, les mesures sont réalisées sur ces
mémes feuilles afin d’étudier leurs caractéristiques en absence de lumiere. A 1’obscurité,
apres avoir enlevé la feuille d’aluminium, la fluorescence minimum (Fo) est mesurée. Puis
une faible lumiere (100 gmol m-? s-1 de PAR sur la feuille) est appliquée a 1’aide d’un
panneau LED (LED PLC230V303-BN, CONRAD, 20W, 4000K) permettant de mesurer les
spectres foliaires a tres faible lumiere. Enfin une mesure de référence est réalis€ée sur un

spectralon 98% avec la méme configuration que pour les mesures foliaires (Fig. 18).
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Deux protocoles distincts sont réalisés. La moitié des feuilles échantillonnées sont
instantanément plongées dans ’azote liquide et seront préservées a -80°C, lyophilisées et

broyées pour des mesures biochimiques ultérieures.

L’autre moitié des feuilles est utilisée pour étudier les réponses des feuilles aux variations
de PAR concernant le PRI et la fluorescence chlorophyllienne. Une cinétique de 6 minutes
avec des niveaux de PAR croissants puis décroissants est réalisée en lumiere actinique rouge
avec le PAM-2500 afin d’éviter les variations de réflectance issues de la lampe dans les
longueurs d’onde utilisées pour le calcul du PRI. Les spectres sont acquis toutes les secondes
et les mesures de fluorescence sont acquises toutes les minutes, sur la méme zone de la

feuille.

Apres 2 semaines d’expérimentation, 3 pots de chaque espece sont changés de cellule et
mis dans les cellules comportant un autre traitement afin d’étudier I’impact de la succession
de stress sur les propriétés des feuilles. Ainsi, 6 pots (de chaque espece) de la cellule du
traitement « HR » sont placés dans la cellule du traitement « OZ » et 6 pots de la cellule du

traitement « OZ » sont placés dans la cellule « HR » (Fig. 19).

Fig. 18: Design expérimentale : Un clip de feuille pour mesurer la fluorescence chlorophyllienne
couplé a un systeme de mesure optique avec la méme zone de mesure : Pour une mesure de référence

(spectralon), une mesure de feuille et pendant la mesure d’une cinétique sur une feuille.
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Fig. 19 : Design temporel des traitements échantillonnés pour chaque cellule. RH concerne le

traitement lié au stress hydrique atmosphérique, OZ concerne le traitement lié¢ a [’ozone, RH_OZ
concerne le traitement avec les pots qui subissent un stress OZ apres un stress RH et OZ_RH concerne

le traitement avec les pots qui subissent un stress RH aprés un stress OZ.

3.3. A I’échelle d’un couvert forestier mature en conditions naturelles

Le site expérimental est situé dans la forét de Barbeau-Fontainebleau

(48°28'35"N/2°46'48"E, code du site FLUXNET: FR-Fon; http://www .barbeau.u-psud.fr/,

www.fluxnet.ornl.gov) constitué de chéne sessile (Quercus petraea L.) et pédonculé (Quercus
robur L.) dans I’étage dominants et un sous-étage dense de charmes (Carpinus betulus L.).
Les arbres de la strate dominante sont 4gés en moyenne de 150 ans et mesurent

approximativement 25 m.

Les variables météorologiques et écosystemiques sont enregistrées notamment concernant
les flux d’eaux et de carbone entre 1’atmosphere et le couvert. Ces flux sont estimés grace aux
techniques d’eddy-covariance. Les données météorologiques acquises concernent les mesures
couramment réalisées sur les sites de tour a flux et sont mesurées le long d’un profil vertical,
depuis le sommet de la canopée (35 m) jusqu’au sol et du sol jusqu’a 1500 cm de profondeur.
Ces mesures concernent la teneur en CO, atmosphérique, la vapeur d’eau, la vitesse du vent,
les rayonnements incidents, réfléchis et transmis par la canopée, le déficit de pression de
vapeur (vapour pressure deficit, VPD), les précipitations, la température de [Dair, la
concentration en ozone, les flux de seéve et I’humidité du sol. Ces mesures sont enregistrées

toutes les demi-heures.
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Fig. 20 : Photo des installations situées sur la tour a flux de Barbeau.

La GPP est déterminée a partir des mesures de flux net de carbone et une estimation de la
respiration de 1’écosysteme (sol et végétation). Elle est calculée comme suit (Delpierre et al.

2012).

GPP = NEE + ER

La partie du PAR absorbée, aPAR est calculée a partir de Soudani et al. (2014):

aPAR = iPAR-rPAR-tPAR

avec iPAR le PAR incident, rPAR le PAR réfléchi, mesurés au dessus de la canopée et tPAR
le PAR transmis sous couvert a partir d’une série de 15 capteurs distribués au voisinage de la
tour de mesure de flux dans un rayon de 30 m en raison de sa grande variabilité.Le tPAR est

la moyenne des mesures obtenues par les 15 capteurs.

La LUE est calculée :
GPP
LUE =
aPAR

Des mesures de PRI et de NDVI sont acquises en continu a un pas de temps de 30 min
en utilisant deux capteurs optiques fixes situés au dessus de la canopée. Les capteurs integrent
des mesures depuis 2006 pour le PRI et depuis 2005 pour le NDVI (Soudani et al., 2014). Les
mesures de PRI sont réalisées a 1’aide de capteur SKR 1800 fabriqué par Skyelnstruments
(Skyeintruments Ltd., Llandrindod Wells, Royaume-Uni). Ces capteurs ont été utilisés et

validés dans des travaux antérieurs (Soudani et al. 2014). Les mesures de NDVI sont acquises
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avec des capteurs NDVI réalisées au sein du laboratoire ESE en suivant les méthodes données
dans Pontailler et al. (2003) et Soudani et al. (2012). Ces capteurs ont été utilisés et validées
dans Soudani et al. (2012 ; 2014). En parallele a ces mesures optiques issues de capteurs, des
mesures spectrales en continu ont été réalisées depuis mai 2015 a ’aide de 2 spectrometres
(LR1-T, 300-1000 nm, 0,66 résolution nm, instruments ASEQ, Vancouver, Canada). Le
premier spectrometre est utilis€ pour mesurer le rayonnement incident recueilli par un cosine
corrector (CCSAI1, Thorlab, Newton, NJ, USA) et le second permet de mesurer le
rayonnement réfléchi par la canopée avec un angle de vue collimaté de 25°. Un mat portant
les deux fibres est situé au sud de la tour. Les fibres sont situées a 7 m au dessus de la canopée
et ont un champ de vision de 8 m? environ. La fibre mesurant le rayonnement refléchi pointe a
la verticale au dessus du couvert (au nadir). Les deux spectrometres sont synchronisés et le
temps d’acquisition est ajusté automatiquement en fonction des conditions de lumiere, ce qui
résulte en 1’obtention de spectres a une résolution temporelle qui varie entre 100 ms et 5
secondes. Toutes les mesures acquises issues du spectrometre ou des capteurs PRI et NDVI le

sont sur la méme zone de la canopée.

4. Echantillonnages foliaires et dosages biochimiques réalisés

Pour chacune des approches explicitées plus haut (mimi-couvert, feuille et forét adulte),
des échantillons de feuilles sont prélevés, puis rapidement placés dans des pochettes
d’aluminium perforés (afin de les étiqueter et de les maintenir a 1’obscurité), plongées dans de
I’azote liquide et conservées a -80°C pour les dosages. Chaque fois que les conditions
expérimentales le permettent, des mesures de chlorophylle foliaire a 1’aide des capteurs
Dualex et SPAD ont été réalisées. Pour 1’étape des dosages, les feuilles sont conservées et
manipulées de maniere a garantir 1’intégrité de leur contenu en pigment (notamment en
xanthophylles), elles sont conservées au froid a I’aide de bacs de glace et les manipulations

s’effectuent a 1I’obscurité ou en lumiere tamisée. Les feuilles sont ensuite lyophilisées pendant
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48 h, pesées et photographiées afin de calculer leur LMA. Les différentes feuilles composant
un échantillon sont alors mises en commun et broyées. Les broyats de feuilles en résultant

sont maintenus a I’obscurité a -80°C et serviront pour les dosages biochimiques.

4.1. Dosage de la chlorophylle

Un sous-échantillon est réalisé afin de doser la quantité de chlorophylle dans les feuilles.
Une quantité égale a 50 ug de broyat d’échantillon est extraite en ajoutant 10 ml de méthanol
et maintenue en agitation pendant 90 min a 45°C dans un bain marie. Les échantillons sont
alors centrifugés pendant 5 min a 4000g d’aprés la méthode utilisée dans Cerovic et al.
(2012). Le spectre d’absorption de chaque échantillon en solution est mesuré en utilisant un
spectrophotometre (ultraviolet visible (UV-VIS); HP 8453, Agilent, CA, US). Le contenu en
chlorophylle (ng/cm?) est calculé en utilisant le coefficient d’extinction pour le méthanol pure

donné dans Porra et al. (1989).

4.2. Dosage des anthocyanes

La quantité d’anthocyane contenu dans les feuilles est mesurée d’apres Pirie & Mullins
(1977). Une quantité¢ de 50 ug de feuilles broyées est dissoute dans 10 ml de solvant
d’extraction (composé de méthanol 50% avec 0.1% d’acide chloridrique) et maintenue en
agitation 90 min a 45°C puis centrifugée 5 min a 4000g. Le spectre d’absorption de la
solution est mesuré a I’aide d’un spectrophotometre (ultraviolet visible (UV-VIS); HP 8453,
Agilent, CA, US). Le contenu total en anthocyanes est déterminé en soustrayant 1’absorbance

obtenue a la longueur d’onde 657 nm a I’absorbance a longueur d’onde 530 nm.

4.3. Dosage des xanthophylles

Les xanthophylles (violaxanthine, anthéraxanthine, zéaxanthine et lutéine) sont extraits

d’apres un protocole modifié basé sur Alegre & Munne (2000).
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La séparation par UPLC est réalisée a 1’aide d’une colonne ACQUITY UPLC HSS T3
column at 1.8 pm and 2.1 x 100 mm (Waters, MS Technology, UK) en phase inverse. Ce
protocole est basé sur Fu et al. (2012) et est adapté pour les especes hétre et chéne. Le
protocole complet est disponible en Annexe 1. La méthode UPLC-UV est couplée a un
systtme TOF (micrOTOF II, Bruker Daltonics, Wissembourg, France) avec 1’interface
d’ionisation de ’electrospray en mode positif. Les standards utilisés proviennent de DHI
(LAB PRODUCTS, Hoersholm, Denmark) pour 1’anthéraxanthine et la violaxanthine et de

LGC Standards (LGC Standards SARL, Molsheim, France) pour la zeaxanthine et la lutéine.

En conclusion de ce qui précede, il ressort que les relations entre signaux optiques et
fonctionnement carboné et hydrique des couverts végétaux, en particulier forestiers, sont de
nature complexe et impliquent de nombreux facteurs et mécanismes biophysiques et
physiologiques. Des approches en conditions contrdlées et naturelles, alliant les outils de
I’écophysiologie végétale, la spectroscopie et la télédétection in situ, centrées sur la
compréhension des mécanismes et l'objectif de hiérarchisation des facteurs les plus
déterminants impliqués dans la variation des signaux optiques, en particulier du PRI, depuis
I’échelle de la feuille a 1’échelle du peuplement adulte sont nécessaires pour comprendre et
mesurer la force du lien entre ces signaux et le fonctionnement carboné et hydrique de
I’écosysteme. Les prochains chapitres développeront ces approches et essayeront de répondre

a ces objectifs.
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CHAPITRE 11

Explaining the variability of the photochemical
reflectance index (PRI) at the canopy-scale:
disentangling the effects of phenological and

physiological changes
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1. Abstract

Assessing photosynthesis rates at the ecosystem scale and over large regions is important
for tracking the global carbon cycle and remote sensing has provided new and useful
approaches for performing this assessment. The photochemical reflectance index (PRI) is a
good estimator of short-term light-use efficiency (LUE) at the leaf scale; however,
confounding factors appear at larger temporal and spatial scales. In this study, canopy-scale
PRI variability was investigated for three species (Fagus sylvatica L., Quercus robur L. and
Pinus sylvestris L.) growing under contrasting soil moisture conditions. Throughout the
growing season, no significant differences in chlorophyll content and in violaxanthin,
antheraxanthin and zeaxanthin were found between species or treatments. The daily PRI vs
PAR (photosynthetically active radiation) relationships were determined using continuous
measurements obtained at high frequency throughout the entire growing season, from early
spring budburst to later autumn senescence, and were used to deconvolute the physiological
PRI variability related to LUE variations due to phenological variability and related to
temporal changes in the biochemical and structural canopy attributes. The PRI vs PAR
relationship is used to show that the canopy-scale PRI measured at low radiation depends on
the chlorophyll content of the canopy. The range of PRI variations at an intra-daily scale and
the dynamics of the xanthophyll pool do not vary between days, which suggests that the PRI
responds to a xanthophyll ratio. The PAR values at PRI saturation are mainly related to the
canopy chlorophyll content during budburst and senescence and to the soil moisture content
when the chlorophyll content is no longer a limiting factor. This parameter is significantly
lower in the oak species that experience less stress from variations in soil moisture and is
species dependant. These results provide new insights regarding the analysis and the meaning

of PRI variability as a proxy for LUE at the canopy scale.
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2. Introduction

Obtaining a better understanding of the photosynthetic responses of entire canopies to
environmental factors over short periods is an important challenge for monitoring carbon
exchange in forest ecosystems. Indeed, forest ecosystems play an important role in the global
carbon cycle and its temporal variability because forest ecophysiological functioning is
sensitive to the temporal variability of environmental factors and the multiple physical and
biological processes involved. The FLUXNET network includes over five hundred
coordinated eddy covariance flux tower sites that have continuously recorded measurements
of carbon and water fluxes, meteorological factors and other ancillary soil and plant variables
for more than fifteen years (Baldocchi et al. 2001). Nevertheless, the spatial
representativeness of the FLUXNET network cannot account for the high degree of
ecosystem diversity and the variability of abiotic factors that modulate ecosystem functioning.
Remote sensing offers the opportunity to track vegetation structure, physiology and
biodiversity at fine and coarse spatial and temporal scales. Spectral indices, such as the
normalized difference vegetation index (NDVI) (Rouse et al., 1973), the enhanced difference
vegetation index (EVI) (Huete et al., 2002) and the modified red-edge normalized difference
index (mNDIL,) (Sims and Gamon, 2002), which can track canopy physiological status, are
associated with changes in canopy biochemical and structural attributes. However, when these
attributes change, plant damage has already occurred. Abiotic stresses, such as the water-
deficit stress, can affect the photosynthesis rate before symptoms of injuries appear on the leaf
(rapid decrease of stomatal aperture resulting in decreasing photosynthesis and transpiration
and increasing leaf temperature). Thus, it is important to monitor the physiological status of
the canopy before symptoms of plant injury appear. The photochemical reflectance index
(PRI) is linked to the xanthophyll cycle (Gamon et al. 1990) and can be used as a proxy for

light use efficiency, as demonstrated in previous studies (Gamon et al., 1992; Pefuelas et al.,

66



1995; Stylinski et al., 2002). Indeed, stress factors limit photosynthetic activity and lead to an
excess of absorbed energy that is dissipated by plants to avoid damage linked to increased leaf
temperature. Fluorescence and other non-photochemical quenching (NPQ) mechanisms,
including heat dissipation, (Bjorkman et al. 1995) are the primary methods of dissipation that
allow for the re-emission of absorbed light energy at other wavelengths (Govindjee et al.
2004) and the exchange of excess energy from chlorophyll to xanthophyll cycle pigments.
Under excess light, the pH of the photosynthetic membrane decreases, which activates the de-
epoxidase enzyme. Therefore, violaxanthin (V) is converted to antheraxanthin (A) and then
zeaxanthin (Z) by de-epoxidation. Zeaxanthin conversion involves a negative feedback
control that allows heat dissipation via NPQ (Yamamoto. 2006). Most NPQ occurs through
pH-dependent quenching (qE) and is correlated with the amount of zeaxanthin (Demmig-
Adams et al. 1989). These reactions are reversed once the photosystem is no longer light
saturated. The de-epoxidation state (A + Z) leads to variations in narrow light absorption
bands between 505 nm and 535 nm and changes the reflectance at 531 nm (Gamon et al.
1992; 1997). Gamon et al. (1990) demonstrated that the PRI, the normalized difference
between the reflectance measured at 531 nm and the reflectance at 570 nm, which is used as a
reference band because it is not sensitive to variations in xanthophyll cycle pigments
(Hmimina et al. 2013), can be used to predict light-use efficiency (LUE) and indirectly
estimate photosynthesis efficiency under different stress conditions (Gamon and Surfus 1999;

Sims and Gamon 2002; Ghulam et al., 2015; Hmimina et al., 2015).

Several other studies that were reviewed in Garbulsky et al. (2011) showed strong
correlations between PRI and LUE at the leaf and canopy scales over a wide range of species,
canopy structures and spatial scales. Nevertheless, the correlation strength between PRI and
LUE decreases significantly at coarse spatial and temporal scales because the PRI signal is
sensitive to the effects of confounding factors, such as the canopy biochemical (Moran et al.

2000, Stylinski et al. 2002; Nakaji et al. 2006; Filella et al. 2009;), structural (Hilker et al.
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2008) and physiological properties (Dobrowski et al. 2005; Sarlikioti et al. 2010). The PRI is
a composite signal that involves biochemical, structural and physiological factors and
mechanisms which results in a non-univocal relationship between the PRI and LUE. Recent
studies (Garrity et al. 2011; Hmimina et al. 2015) have focused on these confounding factors
to correct for their effects and disentangle sources of PRI variability, including the
differentiating factors related to physiological mechanisms and those related to canopy

biochemical and structural properties.

The effects of biochemical attributes on the relationship between PRI and LUE were
thoroughly analyzed in previous studies at the leaf (Rahimzadeh-Bajgiran et al. 2012;
Hmimina et al. 2013) and canopy scales (Hmimina et al. 2015). A correction method for
disentangling constitutive variability linked with chlorophyll content, i.e., unrelated to LUE,
was proposed by Hmimina et al. (2013) at the leaf scale using PRI, which is the estimated
PRI at low radiation and is highly correlated with the chlorophyll content. When PRI, is
subtracted from PRI, a unique relationship between the corrected PRI and LUE is obtained
that is less sensitive to chlorophyll content. Hmimina et al. (2015) used the same approach at
the canopy scale during the summer growing season (period of leaf area index (LAI) plateau
for deciduous plants). When the canopy PRI,, which is strongly related to the canopy
chlorophyll content, is subtracted from the canopy PRI, a robust generic PRI vs. LUE linear
relationship is generated at the canopy scale. However, the scope of these results is limited to
the period of LAI stability, and the effects of variations in canopy structural and leaf
biochemical attributes related to phenology have not been investigated. In addition, Hmimina
et al. (2015) did not perform a thorough investigation of the effects of soil water conditions on
canopy PRI vs. LUE at the canopy scale, and the effects of soil water content on the PRI are
not well understood. Studies have shown that the PRI responds to water stress conditions
(Sarlikioti et al. 2010; Isoda A. 2005; Suarez et al. 2008; Inoue & Pefiuelas. 2015); however,

these studies were mainly conducted over crops under controlled conditions or under a limited
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range of environmental conditions. Moreover, these studies highlight different results, with
PRI responding to water content in specific cases. In Isoda et al. (2005), the relationships
between PRI and water content do not appear in all species, and Sarlikioti et al. (2010)

showed that this relationship only appears at high levels of light intensity.

In conclusion, the effects of canopy phenology, biochemical temporal dynamics and
physiological responses to soil moisture at the canopy scale on the variability of PRI at high

temporal resolutions require further investigation.

In this study, saplings of the three main tree species in temperate forests (oak, beech and
Scots pine) were subjected to contrasting soil moisture conditions, and continuous PRI
measurements and canopy attributes were acquired over one year at a temporal resolution of
several minutes and throughout the growing season, from budburst in early spring to the end
of senescence in late autumn. The effects of temporal changes of canopy characteristics and
soil moisture contents on PRI were investigated, and an approach for differentiating among

the effects of these confounding factors on PRI variability at the canopy scale was proposed.

3. Materials and methods

3.1. Plant materials

In this study, 100 four-year-old oak (Quercus robur L.), 100 four-year-old beech (Fagus
sylvatica L.) and 100 four-year-old Scots pine (Pinus sylvestris L.) saplings are separated into
six outdoor planter boxes of 2 x 2 x 0.5 m’, with 50 trees planted in each plot (Fig. 1a). The
soil in the planter boxes is a mixture composed of 2/3 compost and 1/3 sand with a permeable
bottom. Saplings from each species are randomly distributed into two planter boxes that are
submitted to two contrasting soil moisture conditions. Hereafter, the drier plots are referred to
as “treatment” and the remaining plots are referred to as “control." To induce different soil

water statuses, drains are installed under the planter boxes. In the treatment plots, two drains
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are installed, and in the control plots, only one drain is installed. To avoid severe drought,
irrigation is applied during long dry periods in all plots, with less irrigation applied to the
treatment plots. The objective of this irrigation is to promote different water statuses for the
same species without causing a strong drought that may result in major changes in the canopy

structure and leaf biochemical properties.

3.2. Measurements

3.2.1. Canopy scale measurements

A steel pipe greenhouse structure with a height of 5 m is erected above the six planter
boxes, and above each planter box an optical fiber (numerical aperture 0.39, core diameter
200 pm, FOV 45.9°, Thorlabs, Newton, NJ, USA) that points downward towards its center is
installed to collect reflected radiation (Fig. 1a). Another optical fiber is installed above a
Spectralon reference panel (Spectralon 99%, 25 x 25 cm, Labsphere, Inc., North Sutton, NH,
USA) to collect incident radiation (Fig. 1c). All of the optical fibers are connected to a 16
input port optical multiplexer (MPM2000, OceanOptics, IL, USA, Fig. 1b). The multiplexer
allows to connect alternatively and automatically the spectrometer to one of 16 channels. Six
channels are used to measure the spectrum of reflected light over the 6 planter boxes, and one
channel is used to measure the incident light reflected on the reference Spectralon panel. The
remaining unconnected input ports are used to measure the spectrometer dark noise. The
output port of the multiplexer is connected to a spectrometer (ASEQ, LR1-T spectrometer,
300-1000 nm, 0.6 nm resolution, thermoelectric cooler (TEC) module, - 1 m 600 ym core
visible infrared (VIS-IR) fiber, Vancouver, Canada). To prevent discrepancies between
spectral measurements that are caused by experimental design (mainly from the multiplexer
and differences in optical fiber length), the measurements are calibrated in radiance in the
field in the same acquisition configuration using a calibration lamp (HL-2000 CAL,

OceanOptics, IL, USA) at the beginning and end of the experiment. This acquisition system
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of spectral data is automatized using a MATLAB (Mathworks, Natick, MA, USA) program to
allow for continuous measurements at a high temporal resolution. For each spectral
acquisition, the integration time is adjusted to maximize the spectrum signal versus noise
ratio, and one spectrum is saved approximately each minute in the sequence reference panel >
above canopy > reference panel to minimize the reflectance noise that potentially results from

changes in sky conditions.

Fig. 1: The experimental design: (a) — the steel pipe greenhouse with the optic fiber above each
planter box (6 planter boxes composed of three species (oak, beech, and scots pine) under two water
conditions); (b) — the optical multiplexer with 16 input ports (6 for above canopy optical
measurements, 1 for the reference spectralon panel and the remaining inputs for dark noise

measurement); and (c) — optical fiber above the reference spectralon panel.

In the center of each planter box, a quantum sensor is placed under the canopy cover to
assess the transmitted photosynthetically active radiation (PAR), and another sensor is placed
above the canopy to collect the incident PAR measurements. The PAR measurements are
recorded every minute. In each planter box, soil moisture is measured automatically using a
thetaProbe (ML2x-UM-1.21, Delta-T Devices, UK) installed at a depth of 20 cm.

Measurements are recorded every hour, and manual soil moisture profile measurements are
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performed in each plant box every week at all soil depths using a PR2 soil moisture profile

probe (Delta-T Devices).

3.2.2. Leaf pigment measurements

Throughout the experiment, 10 sunlit and 10 shaded leaves are sampled weekly in each
planter box. Leaves are immediately packed in aluminum paper, frozen in liquid nitrogen and
preserved at -80°C. Next, the leaves are lyophilized, weighed and scanned one by one to
obtain their areas. Then, the samples are crushed, and the resulting powder is divided into two
sub-samples and maintained in the dark at -80°C. The first leaf powder sub-sample is used to

quantify the chlorophyll (and carotenoid) pigments.

Leaf chlorophyll content measurements are used to validate the relationship with canopy-
scale mNDI,;, which is used as a proxy of temporal changes in chlorophyll content at the
level of the entire canopy throughout the experiment. Next, 15 ug of leaves are extracted
using 10 ml of methanol and stirred for 90 minutes at 45°C. Then, the samples are centrifuged
for 5 minutes at 4000 g based on the method described in Cerovic et al. (2012). The
absorption spectrum of the sample solution is measured using a spectrophotometer (ultraviolet
visible (UV-VIS); HP 8453, Agilent, CA, US). The absolute amount of chlorophyll (x#g/cm?)

is calculated using the extinction coefficients for pure methanol given in Porra et al. (1989).

The second leaf powder sub-sample is used to quantify the xanthophyll pigments
(violaxanthin, antheraxanthin, zeaxanthin and lutein). The extraction protocol is based on
Alegre & Munne (2000). Ultra-performance liquid chromatography (UPLC)-UV separation is
performed using an ACQUITY UPLC HSS T3 column at 1.8 #m and 2.1 x 100 mm (Waters,
MS Technology, UK) in reverse phase. This protocol is based on Fu et al. (2012) and adapted
for oak and beech leaves. UPLC-UV is coupled in line with a time-of-flight system

(micrOTOF 1I, Bruker Daltonics, Wissembourg, France) using the positive mode of the
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electrospray ionization interface. Standards are purchased from DHI (Denmark) for

antheraxanthin and violaxanthin and from LGC Standards (France) for zeaxanthin and lutein.

3.3. Data analysis

Spectral measurements are acquired at the canopy scale above the planter boxes,
above the reference Spectralon panel and from input ports of the multiplexer used to assess
dark noise. The dark noise measurements are subtracted from each spectrum, and the resulting
spectra are smoothed using a robust loess local regression (Cleveland WS, 1979) before using
them to calculate reflectance based on the closest time spectrum of the Spectralon reference.
All of the spectral measurements (approximately 28524 reflectance spectra) are processed
using MATLAB (Mathworks). Reflectance measurements are used to derive the mNDI,; and
PRI spectral indices. Two spectral indices are used to describe the temporal changes in the

canopy structural, biochemical and physiological properties.

The PRI is used as a proxy to assess canopy light use efficiency (LUE):

)

(R531 B R57o
PR] = ;315100 (Eq.1)
(R531 + R57o )

The mNDI, is used as a proxy to track temporal changes of the canopy chlorophyll

content.

(R750 - R705 )
NDI, . = Eq.2
" . (R750 + R705 -2 R445 ) ( i )

where R,5 Rys1, Rsy0, Rygs, and Ry5 are the reflectances integrated over a 5 nm waveband

centered at 445 nm, 531 nm, 570 nm, 705 nm and 750 nm, respectively.

Factors explaining the variations of PRI at the canopy scale are assessed at intra-daily and

seasonal scales. At the intra-daily scale, PRI responds to PAR variations, and these responses
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are analyzed using a non-linear regression based on the following expression given in

Hmimina et al. 2015:

PAR(t)

PRI(t)= PRI,,+ APRI, =er
)= PRI, et PARsat,

(Eq.3)

PAR(t)/ PARsat .

PAR(r) \ _ 2 7

2
“hoer = exp” dx
with erf PARsat i \/; »{ P

where PRI, PAR, and APRI are three parameters estimated using mean square minimization

sat

and erf is the error function (also called the Gauss error function). The assumptions used to

select this expression are explained below.

The first parameter, PRI, is defined as the intercept of the relationship between the PRI
and incident PAR at leaf scale according to Hmimina et al. (2013). Hmimina et al. (2013)
showed a strong linear relationship between this parameter and the leaf chlorophyll content.
An identical approach is used in this study at the canopy scale. PRI, is determined at the
canopy scale to express the link between PRI and canopy structural and biochemical

properties.

The erf function is used because it is a Gaussian continuous integral between 0 and x and
varies between 0 and 1 (x = 0). Furthermore, the PRI response to PAR is expected to be
cumulative and varies following the cumulative Gaussian curve because of its association

with xanthophyll de-epoxidation regulation (Takizawa et al. 2007).

PAR,, corresponds to the PAR value when the PRI to PAR response shows saturation

sat
(lack of PRI response to increasing PAR, Hmimina et al, 2013). This parameter is defined by

its similarity to the light saturation asymptote in the photosynthesis light response curve.

Thus, under our experimental conditions, PAR,, is expected to be sensitive to the leaf
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chlorophyll content or soil water conditions because they strongly limit the maximum

photosynthetic capacity.

The APRI expresses the range of canopy PRI variations at the intra-daily scale. Thus,
APRI reflects the temporal dynamics of PRI at the daily scale in response to light conditions.
As discussed in the introduction, PRI is sensitive to the xanthophyll cycle over short time
scales; therefore, we assume that APRI may reflect the temporal concentration variations of

different pigments involved in this cycle.

Statistical analyses are conducted using the R software. Wilcoxon-Mann-Whitney U tests
(WMW tests) are used to examine differences between species and treatments, and linear and

multi-linear regression analyses are used to examine the relationships between variables.

At the seasonal scale, the variability of the PRI response to PAR between days (PRI,

PAR,

sat

and APRI; described by Eq.3) is further examined to assess its relationships with the
seasonal variability of the soil moisture content and canopy biochemical properties. The total
variance of each parameter (variance throughout the growing season) is decomposed into the
individual variances of the explanatory variables (mNDIL,s as a proxy of the entire canopy
chlorophyll content and soil moisture content) to determine the relative importance of each
variable that contributes to the total amount of PRI variability throughout the growing season.
This decomposition is achieved using a moving window of 15 days starting at budburst and
ending at the end of the senescence phase. The size of the moving window includes the
number of observations needed to achieve a sufficient statistical power and the length of the
time window, which should be short enough that it does not include any significant changes in
the soil moisture content or canopy biochemical attributes. These analyses are performed
using the R package relaimpo (relative importance of regressors in linear models; see

Gromping (2006) for more details).
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4. Results

4.1. Temporal variability of canopy structure and physiology

The temporal dynamics of the soil moisture content are shown in Fig. 2a and indicate the
temporal variations caused by precipitation and irrigation. The synchronous peaks of soil
moisture content were observed in each plot and correspond to precipitation events, whereas

asynchronous peaks between plots correspond to different irrigation intensities.

In the pine plots, the soil water content was low in the treatment plot relative to the higher
values in the control plot. In the oak plots, the soil moisture content was low and reached a
minimum on day 250 (day of year, DOY) until the end of the growing season, which
potentially contributed to the earlier senescence of the oak treatment plot relative to the oak
control plot (Fig. 2b). In the beech plots, the soil moisture content was the weakest and
significant differences between the control and treatment plots temporarily appeared over

short periods (several days) and were interrupted by irrigation events.

Seasonal variations of the fraction of absorbed PAR (faPAR; Fig. 2b) reproduced the
temporal dynamics of the canopy structure of the three species. The temporal patterns of oak
and beech are related to their leaf phenology, which is characterized by the following stages: a
non-leafy season during the winter and autumn and a leafy season beginning in mid-spring
and ending in late summer. The temporal dynamics of the canopy structure showed that the
canopy leaf area following leaf budburst increased to a plateau at DOY 140 and then
decreased after DOY 300 because of leaf senescence. Leaf senescence began earlier for oak
than for beech and first appeared in the treatment plots. In the oak plots, the faPAR remained
higher in the control plot, and the contrast was more important towards the end of the season.
In the beech plots, dead leaves from the previous year (2011) were retained on branches in the

winter and autumn (the marcescence) until DOY 120 when new leaves replaced the old. The
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pine plots showed slight variability of faPAR during the year because of their phenology,

which is characterized by small canopy cover variations, and its high LAI.
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Fig.2: (a). Dynamics of soil water content measured at a depth of 30 cm for each of the 6 planter
boxes. (b). Temporal dynamics of the canopy structure based on the fraction of absorbed
photosynthetically active radiation (faPAR) for each of the 6 planter boxes. Blue denotes the pine
plots; red denotes the oak plots, black denotes the beech plots; solid lines denote the control plots;

and thin dotted lines denote the treatment plots.

As detailed in the Materials and Methods (2.3), mNDL, is used to describe temporal
changes in the chlorophyll content at the canopy scale, and these changes are related to

seasonal variations in the LAI and leaf chlorophyll content. The calibration relationships
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between canopy-scale mNDIL,; and measurements of leaf-scale chlorophyll content are shown

in Fig. 3.
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Fig. 3: Relationship between canopy mNDI,,; and measured leaf chlorophyll content (mg/g) for pooled

oak and beech species. (Red circles indicate sunlit leaves and blue triangles indicate shaded leaves).

The relationship between the mNDI, ;s and leaf chlorophyll content varied depending on
whether all of the leaves were considered or whether the species and stratum were considered
separately. In deciduous species, when sunlit and shaded leaves (all leaves pooled) were
considered, the relationship between mNDI, s and leaf chlorophyll was statistically significant
(R>=0.29, p<0.001, df 93), with an RMSE of 2.22 mg/g. The relationship between the two
variables strongly improved when sunlit and shaded leaves were considered separately. For
shaded leaves, the R? value was 0.34 (p<0.001, df 49) and the RMSE was 2.09 mg/g. For
shaded leaves, a significant relationship was observed between the leaf chlorophyll content
and faPAR at the canopy scale (R?>=0.37, p<0.001, df 49). For sunlit leaves, the R? value
between the mNDIL, s and chlorophyll content was 0.79 (p<0.001, df 42) and the RMSE was
0.62 mg/g. For sunlit leaves, no significant relationship was observed between the leaf
chlorophyll content and faPAR. These results for sunlit leaves reflect the high sensitivity of
the reflectance-based index mNDI,; to the biochemical properties of the leaves (chlorophyll

content) in the upper canopy layers.
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However, in pine plots, the variability of the chlorophyll content is weak, and no
correlation between mNDIL, s and leaf chlorophyll was observed (data not shown), which can
be explained by the inability to distinguish between sunlit and shaded needles within the
crown during field sampling because needle aggregation in shoots does not allow for easily

identifiable foliage stratification and needle age classes are not differentiated.

During the growing season, mNDI,,; exhibited different temporal patterns between the
deciduous and pine trees (Fig. 4). These temporal patterns of mNDIL, reflect the temporal
changes in the chlorophyll concentration at the leaf scale and the dynamics of the total leaf
area index at the canopy scale. Throughout the growing season, a 95% tolerance interval was

superimposed, and significant differences were not observed between treatments.
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Fig.4: Dynamics of canopy mNDI,,sand leaf chlorophyll content in mg/g. (Histograms of chlorophyll
content: blue indicates shaded leaves; red indicates sunlit leaves; green indicates needles; black lines

indicate the moving median mNDI,,s; and shaded areas indicate the 95% tolerance intervals).

Compared with deciduous species, the mNDI,,; measured over pine plots showed low

variability for both control and treatment plots. However, a seasonal dynamic is highlighted
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that is characterized by an increase in mNDI, 5 during the spring until DOY 260 in the control

plot and DOY 240 in the treatment plot.

For the deciduous oak and beech species, the temporal patterns of mNDI,ys are similar.
The mNDI,; increases rapidly in the spring and reaches its peak during the first half of June
at approximately DOY 170, which is approximately 30 days after the faPAR plateau.
Nevertheless, the mNDI,; decreases in both species over a short period in late June. During

the senescence phase in the autumn, the mNDI,,; decreases rapidly.

The temporal patterns of xanthophyll pigments are provided in Fig. 5a for the entire
growing season and indicated that the pool of violaxanthin + antheraxanthin + zeaxanthin
(VAZ) decreased for the deciduous species in both shaded and sunlit leaves throughout the
growing season (R?=0.31 p<0.002 for shaded leaves and R?>=0.235 p<0.009 for sunlit leaves).
This decrease also occurred for beech species. Fig. 5b shows that the violaxanthin pool that
was not converted to zeaxanthin was correlated with the chlorophyll content (R?=0.61
p<0.001). Fig. 5c shows that the xanthophyll pools, including violaxanthin, antheraxanthin,
zeaxanthin and lutein, are correlated with chlorophyll content for the entire dataset (R?>=0.59
p<0.001). However, a correlation was not observed between the APRI and xanthophyll

contents (data not shown).

No difference was observed in the violaxanthin, antheraxanthin and zeaxanthin contents
between the two deciduous species or between the control and treatment plots for oak and
beech when using the Wilcoxon-Mann-Whitney U test. Although the VAZ content was not
significant at 5%, a lower value was observed for shaded leaves than for sunlit leaves, as

shown in Table 1.
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Fig.5: (a). Dynamics of canopy xanthophyll pigment (violaxanthin, antheraxanthin, zeaxanthin in

nmol/g dry matter,; blue indicates shaded leaves and red indicates sunlit leaves; mean and standard

error of mean). (b). Relationship between the chlorophyll content (mg/g) and violaxanthin content

(nmol/g dry matter). (c). Relationship between the chlorophyll content (mg/g) and xanthophyll content,

including violaxanthin, antheraxanthin, zeaxanthin and lutein (nmol/g dry matter).

Species Position Violaxanthin | Antheraxanthin Zeaxanthin Lutein Chlorophyll
Oak Sun (n=7) 1.11 (0.34) 0.87 (0.67) 266.56 (58.9) 808.34 (167.44) 336 (0.51)
0.87-3.46 0-49 113.2-508.9 253.87-1514.28 15-5.28

Shade (n=7) 1.64 (0.37) 0.6 (0.3) 116.54 (37.25) 92591 (153.28) 6.71 (0.62)

1.06 - 3.34 0-223 4.63-294.7 486.08 - 1495.11 4.79-8.73

Beech Sun (n=14) 0.89 (0.06) 1.25 (0.36) 317.38 (34.9) 633.9 (24.74) 2.69 (0.21)
0.65-1.28 0.17-4.58 164.5 - 572.58 482.59 - 836.83 1.3-3.87

Shade (n=14) 1.94 (0.35) 1.24 (0.33) 182.7 (27.31) 755.3 (46.79) 6.61 (0.49)

087-59 0.1-49 34.64-373.82 | 44728-1018.72 | 4.17-9.87

Table 1: Summary statistics of the xanthophyll content (nmol/g dry matter) and chlorophyll content

(mg/g dry matter) of oak and beech species (mean (standard error), min — max).
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4.2. Temporal variability of PRI at daily and seasonal scales

The canopy PRI variations at the seasonal scale are shown in Fig. 6. The temporal patterns
of PRI were similar to those of mNDI,; for the three species. At the intra-daily scale, the PRI
shows strong temporal variations that are related to sky conditions, as shown in Fig. 7, which

illustrates the daily variability of PRI and PAR under two contrasting sky conditions.
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Fig. 6: Temporal dynamics of PRI throughout the experiment for the three species (blue full circle
denotes the canopy PRI; black continuous line denotes the moving median PRI; shaded area denotes

the 95% tolerance intervals).

The PRI variations were directly related to incident PAR temporal variations, although the
patterns were opposite. Under a clear sky, the PAR increased continuously during the
morning, which rapidly decreased the PRI. Subsequently, the PRI reached a stable value
before noon (~9 AM) that corresponded to ~300 micromoles of incident PAR for the two
considered days. The occurrence of clouds directly affected the PRI, which fluctuated in an

opposite pattern. At the end of the day, decreasing the PAR increased the canopy PRI.
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Fig.7: Intra-daily variations of PAR (umol/m?/s, in blue) and canopy PRI (in black) between 8 AM

and 8 PM (left - control pine at DOY 107, right - treatment oak at DOY 98).

The relationship between PRI and PAR was fit using Eq.3 for different days that

corresponded to different phenological stages (Fig. 8).

The relationship between PRI and PAR was negative and exponential. For low radiation,
this relationship began with a PRI value that was referred as PRI, in Eq.3 and varied
depending on the day considered. This offset between curves continuously increased between
the 4 curves and corresponded to 4 different days between DOY 106 and DOY 220 in the
control pine plot. Subsequently, the relationship reached a plateau for PAR values (referred to
as PAR

« 11 Eq.3), which appeared to vary with the date considered. The PRI variation range

(referred to as APRI in Eq.3) remained relatively stable.

Temporal variations of the PRI, and PAR, parameters estimated using Eq.3 for different
days throughout the budburst to senescence period are illustrated in Fig. 9. The temporal
pattern of PRI, at the seasonal scale was similar to that of mNDI,,;, whereas the pattern of
PAR,, exhibited more temporal variability. The WMW tests indicated that “species”
significantly affects PRI, and PAR,,. The differences between these treatments were not
observed for PRI, and PAR

except for PAR,, in oak species. The temporal pattern of APRI

sat?
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(not shown) was nearly flat with a strong dispersion, and differences between the species and

treatments were not statistically significant.
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Fig. 8: Fitted canopy PRI versus incident photosynthetically active radiation (PAR — umol/m?/s) for

the control pine plot on different days (blue denotes DOY 106, green denotes DOY 117, red denotes

DOY 216 and black denotes DOY 220).
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Fig.9: The temporal dynamics of PRI, and PAR,,, (wmol/m?/s) during the growing season (control

plots in blue and treatment plots in red).
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4.3. Distinguishing between the structural and the physiological

variability of the PRI

The estimated parameters (PRI, APRI and PAR_,) in Eq.3 (shown in Fig. 9) are analyzed

sat

using a WMW test and simple linear regressions with mNDIL, s and soil moisture content and

are summarized in Table 2.

Between treatments and throughout the growing season, the WMW tests comparing the
PRI, values only showed statistically significant differences for the oak plots, and the PRI,

was significantly lower in the treatment plot (Table. 2).

PRI, PAR,,
Variables Pine Plots Oak Plots | Beech Plots All plots Pine Plots Oak Plots Beech Plots All plots
n=159 n=157 n=159 n=477 n=159 n=157 n=159 n=477
Canopy 0.19 0.18 0.19 0.20 -116.59 417.09 365.44 396.72
chlorophyll 0.011) (0.008) (0.005) (0.003) (40.66) (28.48) (12.75) (11.23)
content sokok sokok sokok sekok Kk sokok koksk koksk
Soil -0.21 -0.01 0.10 -0.03 295.98 1401.10 827.85 1416.05
moisture (0.03) (0.025) (0.048) 0.011) (112.68) (90.59) (112.96) (39.11)
content sokok ns * Rk Kk sokok koksk koksk
0.13 0.09 0.07 0.091 638.12 51.35 168.17 75.36
Constant (0.012) (0.009) (0.008) (0.003) (46.38) (32.43) (18.83) (10.79)
0.94 0.89 0.89 091 0.46 0.63 0.84 0.81
df=157 df=155 df=157 df=475 df=157 df=155 df=157 df=475

Table 2. Goodness of the PRI, and PAR,, regressions for mNDI,s and the soil moisture contents for

the entire dataset (estimate value (standard error); *, ** and *** indicate significant effects at

p<0.05, p<0.01 and p<0.001, respectively).

For all plots, the multiple linear regressions of PRI, with mNDI,,; and soil moisture, as
explanatory variables, were highly significant (R?=0.92, p<0.001) (Table 2). These results

were mainly explained by the strong linear relationship between PRI, and mNDI,y. Soil
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moisture, despite its statistical significance in the “all plots” model, contributed less than /%
of the explained variance. The effects of soil moisture on the variations of PRI, were not
significant in the oak plots and were maximized at approximately 2% of the explained
variance in the pine plots. In addition, a comparison of the three multiple regression models
adjusted independently per species indicated no statistically significant differences between
the slopes of the PRI, vs mNDIL,;. The relationship between PRI, and mNDI,,; throughout the

growing season is shown in Fig. 10a.

Between treatments and throughout the growing season, the WMW tests comparing the

PAR,, showed statistically significant differences between the mean values for the pine and

oak species, but not in the beech plot. The PAR, value was significantly lower in the

sat

treatment plots for these two species.

The PAR,, value was dependent on both the mNDI, s and soil moisture content (Table 2).

This relationship was highly significant when all of the plots were pooled or when each

species was considered. In the full model (all plots included), PAR, is positively correlated

with mNDIL,); and the soil moisture content. The contributions of these variables to the
amount of total explained variance (80.57% - Table 2) were approximately 33% and 66%,

sat

respectively. Per species, PAR, was positively correlated with mNDIL, s and soil moisture,

except in the pine plots. In the pine plots, PAR, was negatively correlated with the soil

moisture content, although soil moisture in the “pine plots” model only contributed

approximately 5% of the total explained variance.
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Fig. 10: (a) - Relationships between PRI, and mNDI,,;, - Relationships between (b) PAR,,, and
mNDI s and (¢) PAR,, and soil moisture (control plots shown in blue and treatment plots shown in

red; points denote oak, empty circles denote beech, and stars denote pine plots).

The relationships of PAR_,, with mNDI,; and soil moisture content are shown in Fig. 10b

and 10c. These figures are based on multiple regressions between PAR, and mNDIL,,; and

sat

soil moisture. The residuals between the data and predicted PAR from the multiple

sat
regressions are calculated by including one regression coefficient at a time. For three

parameters (PAR_,, soil moisture, mNDI,), the PAR_, was more correlated with one variable

sat? sat

when the residues for this variable were lower.

To better identify the roles played by each of the two explanatory variables (mNDI,,; and

soil moisture) in the daily temporal variability of PAR,, the total explained variance is

sat?
decomposed into individual contributions using the methodology described in the Materials
and Methods section (2.3). Fig. 11 illustrates the temporal patterns of the contributions of

mNDIL,; and soil moisture to the total explained variance of PAR, in all plots and throughout

sat

the experiment.
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Fig. 11: Relative importance of the canopy chlorophyll content and soil moisture content for the
variability of PAR,,, throughout the experiment, from spring budburst to autumn senescence (green

circles indicate canopy chlorophyll content and blue circles indicate soil moisture content).

This temporal pattern highlighted the complexity of the response of PAR, (and the PRI)
to temporal changes in the canopy properties and soil moisture. Phenology appeared to be the
main factor that explained the variability of PAR,, during the budburst and leaf area
expansion stages. During this period, greater canopy leaf area was accompanied by an
increase in the leaf chlorophyll content. The effects of this phenological stage were gradually
attenuated as more days were incorporated into the calculation window during the relative
stability phase of the LAI and leaf chlorophyll content. Subsequently, the effects of soil
moisture became more significant from DOY 150 to DOY 200. Despite the relative stability
of the LAI, the effect of mNDI,,; became more important from DOY 200 to DOY 300, which

could be explained by an increase in the canopy mNDI,, particularly in oak plots.

As indicated, the temporal patterns of APRI were flat. The WMW tests indicated that no
significant differences occurred between the treatments, except in the pine plots, for which a
small but significant difference (p<0.03) was observed. The multiple regression analyses did

not show any significant dependency of the APRI on the soil water content or mNDI,.
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5. Discussion

Six plots of three sapling species (pine, oak and beech) subjected to contrasting soil
moisture conditions (Fig. 1a) are monitored for one year at an intra-daily frequency. The
experiment begins at budburst in April and ends at senescence in December. Fig. 2b shows
small phenological changes in the evergreen species (pine) and four contrasting phenological
stages in the two temperate deciduous species (oak and beech) that were characterized by the
non-leafy season during autumn, budburst and foliar expansion during the spring, leaf
maturation and maximum canopy cover during the summer and finally leaf coloring and
abscission of the oak species during the autumn. Dead leaves were retained until the
emergence of new juvenile leaves during the autumn and early spring for beech. Biochemical
changes at the canopy scale were investigated using continuous spectral measurements. The
mNDIL,; is a good indicator of chlorophyll content at the leaf scale (Sims and Gamon, 2002),
which was confirmed at the canopy scale by the strong relationship between canopy mNDI,s
and the average sunlit leaf chlorophyll content in the deciduous species (Fig. 3). During the
growing season, mNDIL, s is primarily determined by the biochemical properties of the upper
layer of the canopy. The temporal patterns of mNDI,,; (Fig. 4) measured over the three
species were similar to those of the absorbed PAR. During a short period in late June, an
unexpected decrease in the mNDI,,; occurred in both oak and beech plots, which likely
resulted from an important decrease in soil moisture (16%) that lasted approximately 20 days
and introduced a loss in the leaf chlorophyll content that corresponded with drought and high
temperatures in July 2013. No significant differences were found between the treatments for

mNDL,,.

The Xanthophyll content was observed in the range described in previous studies for
woody plants, and an additional VAZ content was observed in the sunlit leaves (Garcia-

Plazaola et al. 2000; Gallé et al. 2007; Thayer and Bjorkman. 1990; Demmig-Adams &
89



Adams. 1992). The seasonal dynamics of the xanthophyll pool size showed a significant
reduction in the VAZ content for deciduous species during the year. Other studies have shown
variations in the dynamics of the xanthophyll pool (Garcia-Plazaola et al. 1997; Filella et al.
2009). The size of the pool depends on the development stage and changes with the light
regime (Demmig-Adams. 1998; Liakopoulos et al. 2006). Moreover, despite the high
conversion of xanthophyll into zeaxanthin (99%), the conversion was not complete and the
unconverted violaxanthin remains observable in Fig. 5b. This result shows that an unavailable
pool of violaxanthin remains that is proportional to the chlorophyll content (R2=0.61,
p<0.001). In addition, this result is consistent with the results obtained by Siefermann-Harms
(1984), who used in vitro studies and indicated that two pools of violaxanthin occur, one (i)
that is available for conversion in the lipid matrix of the thylakoid membranes and another (ii)
that is unavailable for conversion in the light-harvesting chlorophyll protein and

photochemically active photosystem complexes.

As shown in Fig. 6, the seasonal patterns of the canopy PRI over the three species are
similar to those of the mNDI,,, which suggests that the PRI is strongly sensitive to
chlorophyll content and canopy structure dynamics. These last results are similar to those
found at the leaf scale by Hmimina et al. (2013) and at the canopy scale by Hmimina et al.
(2015) and are consistent with the results of previous studies (Filella et al. 2004; Garbulsky et
al. 2011; Rahimzadeh-Bajgiran et al. 2012; Gamon and Berry 2012). At the intra-daily scale,
the PRI shows important temporal variability that is strongly related to solar radiation (Fig. 7),
which was also reported by Louis et al. (2005) and Gamon et al. (2015). Indeed, the PRI was
highly dependent on the incident PAR variations in a nonlinear fashion. The PRI decreased

when the PAR increased and was saturated at a given value of PAR.

PRI, exhibited a temporal pattern near mNDIL,; for the three species (Fig. 9), and a strong

linear correlation between PRI, and mNDI,, as shown in Fig. 10a and Table 2. PRI, was
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highly dependent on the entire canopy chlorophyll content, which was dependent on the leaf
chlorophyll content and the canopy leaf area index (Barton & North, 2001), and this
relationship was maintained throughout the growing season, including during the budburst

and senescence periods.

PAR,, corresponds to the value of PAR when the PRI reaches a relatively stable value.

sat
The observed PARsat values were in the same range as those observed in previous studies
(Rahimzadeh-Bajgiran et al. 2012; Gamon et al. 2015; Louis et al. 2005) and exhibited a
temporal pattern that was similar to that observed for mNDIL,,; (Fig. 9). Furthermore, a
significant linear relationship was observed between the two variables (Fig. 10b and Table 2).
Nevertheless, the PAR, presented greater temporal variability compared with the mNDI,;. In

addition, PAR,, was also strongly correlated with the soil moisture content (Fig. 10c and

sat

Table 2). As shown in Fig. 11 and Table 2, the contributions of mNDI,,; and soil moisture

content to the temporal variability of PARsat were dependent on time.

In this study, changes in APRI were not observed, which was consistent with the findings
of Hmimina et al. (2015) and Gamon and Surfus (1999), and correlations with the VAZ

content were not observed.

Based on these results and those reported in Hmimina et al. (2015), the canopy PRI was
decomposed into two components, (i) a structural component described by PRI, that is linked
to canopy chlorophyll content (leaf chlorophyll content and leaf area index) and (ii) a

physiological component described by PAR_, that is linked to both soil moisture and canopy

sat

chlorophyll content.

No relationship was observed between the xanthophyll pool size and PAR, or APRI.

sat

Leaves were sampled when the plants were exposed to excess light; thus, the conversion state

of xanthophyll was maximized and no variations related to the conversion state were expected
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(99% of the VAZ pool size is in the zeaxanthin and antheraxanthin forms). The lack of a
relationship between the APRI and xanthophyll pool size can be explained by the link
between APRI and the ratio between the de-epoxidated VAZ content (Z+A) and the total
VAZ pool, which remained constant throughout the year. Many studies have shown that the
PRI is sensitive to the ratio Z+A/VAZ (Demmig-Adams & Adams 1996; Filella et al. 2009;
Porcar-Castell et al. 2012; Gamon et al. 2015). However, further studies should be performed
to quantify the links between xanthophyll pools and the PRI amplitude variations according to

PAR.

The link between PAR_, and the soil moisture content was obscured by its correlation

with mNDI, s during budburst and senescence periods, which could be explained by the high
variability of the chlorophyll content during these two phenological stages. When the
chlorophyll content became less limiting and reached its maximum value, the soil moisture

content became the main parameter that governed the value of PAR,. Consequently, the

sat*®

variability of PAR_, during the summer growing season was mainly explained by the soil

sat
moisture content during this experiment, which indicated that the PRI was sensitive to soil
water. Water availability may limit photosynthesis rates and result in the earlier establishment
of NPQ to protect the plant from excess energy. NPQ processes occur even earlier than the

soil moisture deficit is important and are indicated by the positive relationship between PAR|,,

and soil moisture content.

PRI,, PAR,, and APRI describe the responses of the PRI to PAR and can be used to

sat
decompose the sources of PRI variability. The structural component of the canopy described
by PRI, explained the variability of the PRI at coarse temporal and spatial scales (at a few

days and seasonal scales, with heterogeneity across scales) and was primarily dependent on

the seasonal variations of the canopy biochemical and structural properties (LAI). However,

92



the physiological component described by PARsat explained the variability of the PRI that

was dependent on the soil moisture and canopy chlorophyll contents.

Finally, these three parameters summarized the responses of the PRI to incident radiation
and PAR according to an ecophysiological framework and provided a functional

interpretation of the PRI measurements at the leaf and canopy scales.

6. Conclusions

This study aims to assess the sources of canopy PRI variability for three species, including
two deciduous (oak and beech) and one evergreen (Scots pine) species, with different water
statuses. Spectral measurements were achieved at a high temporal resolution throughout the

growing season from budburst to senescence phenological stages.

The PRI was driven by confounding factors at the seasonal scale, especially leaf
chlorophyll pigment content, canopy cover and soil moisture content. The seasonal pattern of
the PRI was similar to the seasonal variability of mNDI,,;, which integrated the temporal

changes of the leaf chlorophyll content and the canopy phenology.

At the daily scale, the PRI mainly responded to incident PAR variations. Three parameters
that describe the daily PRI vs. PAR response were estimated. PRI, corresponding to the PRI
of perfectly dark-adapted leaves, was highly correlated with the mNDIL, ;5 (R>=0.92, p<0.001).
PAR,,, which corresponded to the PAR value when the PRI indicated saturation, was
explained by the entire canopy chlorophyll content and the soil moisture content with

different contributions, depending on the phenological stage. PAR,,, was determined from the

sat

soil moisture content during the summer growing season, and PAR,, was determined from the

sat

canopy chlorophyll content during budburst and senescence. The daily range of the PRI

caused by the incident PAR variations, APRI, remained stable throughout the entire season.
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However, a decrease in the xanthophyll (VAZ) pool occurred throughout the year. These

results may imply that APRI depends on a xanthophyll ratio that remains stable between days.
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1. Abstract

In this study, we assessed changes in the responses of PRI (photochemical reflectance
index) to ozone exposure and atmospheric water deficit (separately and combined) in oak
(Quercus robur) and holm oak (Quercus ilex) that were planted in climatic cells under
controlled conditions. Leaf-scale measurements were performed for the biochemical,
physiological and spectral properties, PRI in dim light on dark-adapted leaves (PRI,), PRI
responses to PAR variations (photosynthetically active radiation), and leaf chlorophyll
fluorescence parameters. These data were used to investigate the biochemical and
physiological components of variations in the PRI. The results show that the PRI, is highly
correlated with the leaf chlorophyll content and chlorophyll fluorescence parameters (Fo, Fm)

for both species and in all treatments.

The AOT40 (accumulated ozone exposure over a threshold of 40 ppb) was used as an
indicator of the strength of ozone-induced stress, and the EA (evaporative demand of the
surrounding atmosphere) was used as an indicator of the atmospheric water deficit. The PRI,

and PAR_, (estimated PAR value at PRI saturation using PRI vs. PAR relationships) values

sat

were correlated with the AOT40 and EA for both species. The regression slopes of the PAR,,

vs. AOT40 and PAR_, vs. EA relationships remained constant for all treatments and species,

sat

suggesting that PAR,, can be considered as the physiological component of PRI variability,

sat

which is independent of the leaf biochemical properties.

Q. ilex is more resistant to drought stress relative to Q. robur. The succession of stress
conditions, namely atmospheric water deficits followed by ozone stress, induced important
variability in the leaf properties of Q. ilex but not in the leaf properties of Q. robur. The
relative resistance of Q. robur to ozone stress may have been related to stomatal closure

caused by the previous drought stress sensibility.
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The PRI, was used to correct the PRI which led to a corrected index (PRI,). This
correction increased the strength of the relationships between the PRI and NPQ (non-
photochemical quenching), which is linked to the xanthophyll cycle. These results provide

new insights into the use of the PRI signal as a proxy for photosynthetic activity.

2. Introduction

Photosynthesis is driven by the conversion of solar energy into chemical energy.
However, the photosystem cannot utilize all of the absorbed light, particularly under full-sun
exposure when the light energy flux exceeds the photosynthesis rate. Cases of light energy
that exceed the photosynthesis capacity are common and well known (Powels 1984; Miiller et
al. 2001), and the surplus energy presents a danger to the plant and must be evacuated. The
energy that exceeds the capacity of utilization by photochemistry is rapidly dissipated as heat
or re-emitted as light by chlorophyll fluorescence. These protection mechanisms are
reversible and referred to as non-photochemical quenching (NPQ). Dissipation by heat, the
primary mechanism to dissipate excess excitation energy (Demmig-Adams & Adams 1992;
Horton & Ruban 2005), requires the activation of the violaxanthin de-epoxidase enzyme
(VDE) in the antenna complexes of the photosystem (Thayer & Bjorkman 1992; Bassi et al.
1993; Ruban et al. 1994; Lee & Thornber 1995; Yamamoto & Bassi 1995). This enzyme
allows to redirect the energy usage from chlorophyll to xanthophyll cycle for the NPQ
(Gilmore & Yamamoto 1993; Adams et al. 1995). VDE converts violaxanthin into zeaxanthin
via antheraxanthin and is activated by the gradient of pH related to the proton gradient on

both sides of the thylakoid membrane, which is characteristic of excess light.

Environmental stress limits the photosynthetic activity and potential growth of
vegetation. Moreover, the increase in excess excitation energy can lead to the formation of
reactive oxygen species (ROS). Most stress conditions involve similar plant responses that

alleviate the effects of excess energy absorption. These response mechanisms primarily
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involve stomatal closure followed by photoinhibition mechanisms linked to NPQ.
Photoinhibition processes cause a reduced yield of photosynthesis that decreases the plant's
ability to use the light energy. Regardless of the stressor, if the stress persists, then the use of
such mechanisms may cause severe damage to the plant and lead to a loss of plant vitality and
productivity. Climate events such as drought represent stresses that can significantly affect
plant productivity and cause leaf browning and early leaf loss (Carnicer et al. 2011). Chronic
exposure to an air pollutant can also cause yield losses (Ali 1993; Dizengremel et al. 2008,
2009, 2012), which affects the photosynthetic capacity of photosystems. Ozone is considered
the most important phytotoxic air pollutant, especially in the Mediterranean region (Lorenzini
et al. 1994; Velissariou et al. 1996). Ozone has a high oxidative capacity and induces ROS
that can impair the light and dark reactions of photosynthesis (Francini et al. 2007). Similar to
other plant stress factors, ozone affects the photosynthetic performance and biochemical

processes of plants.

The effect of climate events and pollution on photosynthesis and on plants in general
must be monitored for the early detection of damage. Two approaches are commonly
implemented to monitoring the effects of climate events on plants: based on chlorophyll
fluorescence and spectral properties. Fluorescence-based indicators of photosynthetic
functioning at leaf scale can be estimated when the leaf is subjected to a strong pulse-
amplitude-modulated (PAM) light used to excite chlorophyll fluorescence, and several
parameters related to photosynthesis and other energy dissipation processes can be
determined (Owens 1994; Heath 1996; Flexas et al. 2000). Nevertheless, the use of active
fluorescence is not applicable on larger scales. Passive sun-induced fluorescence is another
approach to determining the response of photosynthesis to environmental conditions,
particularly climatic variations. A number of studies have shown that it is possible to track the
status of carbon ecosystem functioning based on satellite fluorescence (Joiner et al., 2011;

2013; Guanter et al., 2010; Yoshida et al., 2015; Detmers et al., 2015).
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The second approach is based on the use of remote sensing and tracks changes in optical
reflectance signals, and increasing interest has been focused on the photochemical reflectance
index (PRI) signal. The PRI, developed by Gamon et al. (1990), is based on changes in
reflectance at 531 nm, related to the conversion of violaxanthin to zeaxanthin (prior to heat
dissipation), as well as a reference band at 570 nm. The PRI has been shown to be effective at
tracking the light use efficiency (LUE) of a wide range of species under different conditions
at the leaf and canopy scales (Garbulsky et al. 2011). However, recent studies have shown
that leaf pigment contents play a major role in the variability of the PRI, and it can mask the
PRI vs. LUE relationship or blur its interpretation (Rahimzadeh-Bajgiran et al. 2012). Indeed,
the PRI is a composite signal that responds to the physiological properties of leaves, which
may be linked to photosynthetic functions, as well as the biochemical properties of leaves,
such as chlorophyll content (Garbulsky et al. 2011; Rahimzadeh-Bajgiran et al. 2012;
Hmimina et al. 2013, 2015; Merlier et al. 2015). In Hmimina et al. (2013; 2015) and Merlier
et al. (2015), the physiological and biochemical sources of PRI variability at the leaf and
canopy scales were deconvoluted using PRI measurements at low radiation levels, which
were determined immediately after leaf dark adaptation (PRI) at the leaf scale (Hmimina et
al. 2013) or estimated from the PRI vs. PAR (photosynthetically active radiation) relationship
at the canopy scale. The PRI, is strongly correlated to the leaf chlorophyll content at both the
leaf and canopy scales. However, the corrected PRI, which was obtained by subtracting the
pigment-related variability (PRI)) from the PRI measurement, was highly correlated with the

LUE measurements that expressed the physiological variability of the PRI.

In this study, we further investigated the dependence of the PRI on the leaf biochemical
and physiological properties under stress conditions. Indeed, the deconvolution of different
sources of PRI variability under stress conditions has not been sufficiently studied, and the
effective scope of the PRI as an indicator of plant stress deserves to be evaluated carefully. In

this work, we studied the responses of the PRI at the leaf scale under abiotic stresses in
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controlled conditions. The main objectives were to 1) investigate the PRI responses to abiotic
stress induced by ozone and atmospheric water deficit (separately and combined); 2) study the
strength of the relationships between the parameters derived from the PRI variations and the
factors linked to abiotic constraints; and 3) use these relationships to separate the

phenological components from the physiological components of PRI variability.

3. Materials and methods

3.1. Experimental design, conditions and plant material.

The experiment was conducted under controlled conditions using environmental cells in
the Ecolab, which is available at the CEREEP-Ecotron (Research Centre in Experimental and
Predictive Ecology, CNRS/ENS, Foljuif, France). The Ecolab is a modular autonomous
structure consisting of three climate chambers (13 m’) that can be controlled independently
for air humidity, temperature, light quality and quantity, rainfall and certain atmospheric gas

concentrations, such as ozone and carbon dioxide (Verdier et al. 2014).

Two-year-old saplings of oak (Quercus robur L.) and holm oak (Quercus ilex L.) were
maintained in garden pots and separated into the 3 environmental cells, with 7 pots of each
species in each cell. During the experiment, which lasted 5 weeks, the first cell was used as a
control and the other were used as treatments. The parameters under control were air
temperature, air humidity, light and water and the concentrations of CO,, O, and O,. In the
three cells, natural light conditions were mimicked using a daily pattern maintained for 14
hours in the dark and 10 hours in the light using a lamp (model POWERSTAR HQI-BT 400
W/D PRO, OSRAM, Molsheim, France).

The temperature of the three cells was kept constant at 25°C during the diurnal period
and at 17°C during the nocturnal period, the relative air humidity was maintained at 60%
(except in the “air humidity” treatment, referred to as RH hereafter), the CO, concentration

was 350 ppm and the O, content was 21%. In the control cell, the parameters remained stable
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throughout the experiment. In the RH treatment, air humidity was decreased from 80% to
30% in intervals of 10% to provoke atmosphere-induced plant water stress conditions. In the
third cell, the “ozone” (referred to as OZ hereafter) treatment consisted of plants submitted to
oxidative stress caused by chronic elevated ozone exposure (maintained automatically at 100
ppb for 4 hours per day).

Throughout the experiment and for each cell, the biochemical, physiological and optical
properties of the leaves were monitored. The biochemical properties were related to the leaf
chlorophyll content, whereas the physiological properties were related to the chlorophyll
fluorescence parameters. Finally, the observed optical properties were related to the
reflectance spectra in the bands of the PRI and mNDIL,.

During the experimental period, 10 leaves (kept on plant) of each species are sampled in
each cell and every day (Fig. 2). The leaf biochemical properties were estimated using the
SPAD-502 meter (Konica-Minolta, Tokyo, Japan) and the DUALEX® meter (FORCE-A

DUALEX meter, Orsay, France).

The leaf physiological and optical measurements were measured on the subsequent day
on the same leaves used for the biochemical measurements, which were previously wrapped
in aluminum foil to avoid illumination during the 8 hours required for the fluorescence

measurements.

A portable fluorometer with a leaf clip (PAM 2500, Walz, Effertlich, Germany) was used
to measure the chlorophyll fluorescence. An optical fiber connected to a spectrometer (ASEQ,
LR1-T spectrometer; 300-1000 nm; 0.6 nm spectral resolution; TEC module; 1 m 600 xm
core VIS-IR fiber; Vancouver, Canada) that was directed towards the same area sampled by

the PAM was used to obtain the spectral measurements (Fig. 1).

The measurements were performed according to the following order: first, the

aluminum foil was removed and the minimal fluorescence (Fo) was measured; then a dim
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light (approximately 100 ymol m™s" of PAR on the leaf) was switched on using an LED
panel (LED PLC230V303-BN, CONRAD, 20 W, 4000 K) and a series of spectra were
measured for the same area used in the fluorescence measurement; and finally, a
“reference” spectrum was measured over a spectralon panel at 98% under the same

configuration used with the leaves.

Fig. 1: Experimental design: a leaf clip was used to acquire the fluorescence measurements as
well as the spectral measurements, and the same field of view was used: above a reference spectralon

panel, above a sampled leaf and during the kinetics display on a leaf.

Subsequently, two distinct protocols were used. The first protocol involved half of the
leaves (5 of each species and for each treatment), which were instantaneously removed
and immersed in nitrogen liquid. The leaves were preserved at —80°C and used in the

pigment quantification as described below.

The second protocol involved the other half of the leaves, which was used to
investigate the PRI and chlorophyll fluorescence responses to PAR radiation. A light
kinetic was applied to these leaves for 6 minutes to simulate increasing and decreasing
levels of PAR using only the red light of the PAM 2500 to avoid reflectance variations
caused by light in the wavelength used for the PRI. Optical measurements were acquired
every second, and fluorescence measurements were acquired each minute on the same

area of the leaf (Fig. 1).
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After 2 weeks from the start of the experiment, 3 pots of each species were moved
from one treatment to the other one to study the impacts of successive stress. Therefore, 6
pots (two species) from the “OZ” treatment cell were placed into the “RH” treatment cell

and 6 pots from the “RH” treatment cell were placed into the “OZ” treatment cell (Fig. 2).

DOY | 203 | 204 | 205 210 | 211 | 212 217 | 218 | 219 224 | 225 | 226 231 | 232|233

Control

A

RH_OZ

7 7
OZ_RH i G i

% ]

Fig.2: Temporal design of the cells sampled for each treatment. RH indicates the atmospheric
water stress treatment, OZ indicates the ozone treatment, RH_OZ indicates the plots in the OZ
treatment after undergoing the RH treatment and OZ_RH indicates the plots in the RH treatment after

undergoing the OZ treatment.

3.2. Chlorophyll quantification

To quantify the chlorophyll content, 15 g of leaf material was extracted with 10 ml
of methanol and stirred for 90 minutes at 45°C. The samples were then centrifuged for 5
minutes at 4000 g based on the method described by Cerovic et al. (2012). The absorption
spectra of the sample solution were measured using a spectrophotometer (model HP 8453,
Agilent UV-VIS, CA, USA). The absolute amount of chlorophyll (zg/cm?) was calculated

using the extinction coefficients for pure methanol given in Porra et al. (1989).

3.3. Data analysis

At each step of the experiment, the effects of the applied stresses were monitored using
their cumulative effects. For the “OZ” treatment, the AOT40 (accumulated ozone exposure
over a threshold of 40 ppb) was calculated to determine the ozone impact on the leaves. The

AOT40 (expressed in ppb) is the sum of the differences between the hourly ozone
106



concentrations greater than 40 ppb over a given period of time. In this study, the AOT40 was
calculated daily. The threshold concentration of 40 ppb is commonly reported as the value at

which significant damage can be observed on the vegetation (Karenlampi & Skérby 1996).

In the “RH” treatment, the effect of the air humidity state was expressed in terms of the
evaporative demand of air to which the plant is subjected. This demand is expressed in mm of

water and calculated using the formula in the Penman evapotranspiration equation:
EA=0.26"[e(Ta)-ea) (Bq.1)

where e(Ta) is the saturation vapor pressure (hPa) and ea the average water vapor

pressure in the air (hPa).

In Eq. 1, the evaporative demand is only dependent on the temperature and relative

humidity and assumes no wind or stomatal resistance to air advection.

Spectral measurements were performed below the LED panel, and the PRI and PRI, were
calculated as described below:
PRI = (R531 ~ R570) (Eq 2)
(R531 + R570 )
The PRI responses to PAR variations were analyzed using a non-linear regression based
on the following expression given in Merlier et al. (2015):

PAR(t)
PRI(t)= PRI, + APRI +erf| ——"'| (Eq.3
(¢) o AP, erf(PAR )( q.3)

sat

PAR(t)/ PAR,,

PAR(r)) 2

P, | v

2
with erf exp dx

where PAR,,, and APRI are parameters estimated using the mean square minimization

sat

and erf is the error function (also called the Gauss error function).
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At the leaf scale, the chlorophyll content was also estimated using the mNDI, s (modified
red-edge Normalized Difference Index; Sims & Gamon 2002) as shown in previous studies

(Hmimina et al. 2013).

(R715 - R705 )
NDI ., . = Eq4
" " (R715 +R705 _2*R445) ( 1 )

Rus, Rss1, Rsp0, Ryos and R, are reflectances integrated over a 5 nm waveband centered
on 445 nm, 531 nm, 570 nm, 705 nm and 715 nm, respectively. The signal at 750 nm that is

usually used for the mNDI,; is noisy; thus, it was replaced by the signal at 715 nm.

The fluorescence data were used to derive different parameters. The Y(II) is the effective
quantum yield of PSII (Genty et al. 1989), which expresses the photosynthesis rate. The
Y(NPQ) is the fraction of energy dissipated via the regulated NPQ linked to heat dissipation
and xanthophyll cycle (Genty & Harbinson 1996). Y(NO) is the fraction of energy passively
dissipated in the form of heat and fluorescence, and it corresponds to NPQ because of photo-
inactivation of PSII and constitutive thermal dissipation independent of the xanthophyll cycle
(Genty & Harbinson 1996). Y(NO) may also be involved in the PRI when the predominant
mode of excess energy dissipation does not involve the xanthophyll cycle (Busch et al. 2009).

Statistical analyses were performed in MATLAB. Analyses of the correlations between
the fluorescence parameters, optical indices and pigment contents were determined using
regressions between these variables. The relationships between PRI responses to PAR
variations (Eq.3) were fitted using a non-linear optimization algorithm (interior-point
algorithm). The relationships between parameters (PRI, and PAR_,) and explanatory variables
(AOT40 and EA) were investigated using multiple regression analysis and slopes were

compared between treatments and species.
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4. Results

The chlorophyll contents were measured using direct measurements with the DUALEX
and SPAD meters and after methanol extraction according to the spectrophotometric assay.
Measurements of the chlorophyll content with DUALEX meter were validated in previous
works (Louis et al. 2009; Cerovic et al. 2012) and in this study using chlorophyll content values

obtained by spectrophotometry and SPAD (data not shown).

The relationship between mNDI,s (Eq.4) and leaf chlorophyll content using DUALEX is
shown in Fig. 3. This relationship is highly significant (R?>=0.8, p<0.001) and validates the use
of mNDIL,s to estimate the leaf chlorophyll content. This relationship is species-dependent
between Q. robur (R2=0.42, p<0.001) and Q. ilex (R*=0.40, p<0.001). Relationships were
established among the physiological properties of the dark-adapted leaves obtained by
fluorescence measurements (Fo and Fm) and optical measurements in dim light (PRI,). For
both species, the PRI, was correlated with the measured leaf chlorophyll content (Fig. 4.a and
Table 1; R>=0.56, p<0.001). The strength of these relationships decreased when the species
were considered independently (R>=0.22, p<0.001 for both species). The mNDIL,; was a good
estimator of PRI, when two species are grouped together (R?=0.61, p<0.001), and the strength
of the relationship decreased when the species were separated, with a better correlation for Q.
robur (R?=0.32, p<0.001) than for Q. ilex (R?=0.23, p<0.001). The Fv/Fm value, which is the
quantum yield of the open centres of PSII, is correlated to PRI, value for each species. The
correlation between “Fm-Fo” and PRI, (Fig. 4.b and Table 1) was highly significant when the
two species were pooled (R?=0.61, p<0.001) and for Q. robur independently (R?=0.52

p<0.001), although the correlation was not as significant for Q. ilex (R>=0.1, p<0.001).

The PAR,, values varied significantly between days for Q. robur (p<0.05) but not for Q.

sat

ilex, and it was not correlated with any of the variables listed in Table 1 when species are
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considered independently. The relationships became weakly significant when species were

pooled.
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Fig. 3: Relationship between mNDI,,s and chlorophyll content (mg/m?) for both species (Q. robur

in blue and Q. ilex in reen).
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Fig.4: (a) Relationship between the PRI, and mNDI,,; and (b) relationship between the PRI, and

(Fm-Fo) for both species (Q. robur in blue and Q. ilex in green).
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Chlorophyll

content
(mg/m?) mNDI,, Fo Fm Fm-Fo Fv/Fm
Q. robur 0.22 0.32 0.23 0.50 0.52 0.32
Il=296 skksk skkosk skkosk skkosk skkosk skkosk
7/ 0.22 0.23 - . . .
PRI, 0. ilex 0.07 0.1 0.15
Il=293 skksk skksk ns skkosk skkosk skksk
Both species 0.56 0.61 0.34 0.61 0.61 0.35
Il=589 skkosk skkosk skkosk skkosk skkosk skksk
Q. robur - - - - . ;
n=296 ns ns ns ns ns ns
PAR,, Q.ilex - - - - - -
n=293 ns ns ns ns ns ns
Both species 0.0662 0.06 - - 0.033 0.07
n=589 *ok * ns ns * *ok

Table 1: Summary of the regression for mNDIys, Fo, Fm and Fm-Fo on PRI, and PAR,, for the
entire dataset (R?; *, ** and *** indicate significant effects at p<0.05, p<0.01 and p<0.001,

respectively).

The temporal dynamics of the PRI, and chlorophyll content for the entire dataset are
shown in Fig. 5. The dynamics of the chlorophyll content in the control plot did not present
significant difference between the beginning and end of the experiment for both species. The
PRI, variability between days was significant for both species, particularly for Q. robur
(»p<0.001). A decreasing trend of the PRI, and measured chlorophyll content (in particular) was
observed during the experiment and may have been caused by the low light conditions

maintained in the cell.

The OZ treatment induced a significant decrease of PRI, and chlorophyll content for Q.
robur and Q. ilex (p<0.001). For the Q. ilex species, the pots subjected to atmospheric water
deficit (RH treatment) and the OZ treatment in the second stage (RH_OZ) showed a significant
decrease of chlorophyll content and a PRI, variability higher than that recorded in the RH

treatment.
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Fig.5: Dynamics of the (a) chlorophyll content (mg/m?) and (b) PRI, for the entire experiment.
RH represents the atmospheric water stress treatment and OZ represents the ozone treatment; dots in
blue (Q. robur), green (Q. ilex) and red represent the combined RH-OZ treatment (atmospheric water

deficit treatment followed by ozone treatment and vice-versa).
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The effects of ozone and atmospheric water deficit on the parameters determined from
Eq. 3, which summarize the PRI vs. PAR responses under different stress conditions, were
assessed using multiple linear models. To determine the effects of ozone, the AOT40 was used
as a predictor of changes in the PRI, and PAR,, in the OZ and RH_OZ treatments. To
determine the effects of atmospheric water deficits, the air evaporative demand (Ea — Eq.2) was
used as the explanatory variable in all of the treatments (control, RH and OZ). The RH data
were measured within the three cells as described in section 2, and the results of these analyses

are in Table 2.

The AOT40 explains the variability of PRI, and PAR_, in a nuanced manner depending
on the species. In Q. robur, the AOT40 explained 28% of the variance of PRI, and this
relationship was significant in the two treatments OZ and HR_OZ, whereas in Q. ilex, the

relationship was only significant in the treatment HR_OZ.

An increased amount of accumulative vapor deficit pressure induced PRI, variations in
both species. For Q. robur, this factor was significant in all of the treatments except OZ_RH,

whereas for Q. ilex, this factor was significant for all of the treatments except OZ and OZ_RH.

Slopes of regressions between the two parameters (PRI, and PAR,) and the two
predictors (EA and AOT40) are made between species and between treatments. The
relationship between the PRI, and both the predictors (EA and AOT40) was different between
the two species, with Q. ilex less impacted by the stressors. However, the slopes of the

relationships between PAR, vs. EA and PAR_, vs. AOT40 remained constant between species

sat sat

and between treatments. Therefore, the PAR, responses to stress led to a unique relationship.

sat
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Control  RH 0Z RH.OZ OZRH |R*model LY3lue Sample oy iop
model size
AOT40 (ppb)
skeksk skeksk
PRI, -1.10e-05 -2.21e-05 0.28 Hkk 128 0.0198
0. robur (1.822-06) (3.51:-06)
PAR,, -0.2281  -0.3149 0.17 N 41 0.459
(0.0741) (0.1363)
%k
PRI, ns -4.75e-06 0.02 ns 130 0.013
0. ilex (2.15e-06)
PAR,,, ns ns - ns 29 -
skeksk skeksk
Both PRI, -6.83e-06 -1.15e-05 0.07 Hkk 258 0.0245
(1.67¢-06) (2.95¢-05)
sksk %k
species PAR,, -0.1389  -0.1828 0.09 N 70 0.398
(0.0499) (0.0868)
EA (mm)
ns skeksk skeksk skeksk
PRI, -6.32¢-05 -2.99¢-04 -2.39¢-04 -3.07e-04 ns 0.24 Hkk 282 0.0203
(5.48¢-05) (6.58e-05) (5.1e-05) (5.21e-05)
Q. robur * ok ook ook *
PAR,, -4.522 -8.2673  -9.1385 -7.8729 -6.058 0.23 Hkk 83 0.461
(2.2153) (29672) (1.919) (1.8957) (2.7465)
%k skeksk %k
PRI, 7.75e-05 -2.05e-04 ns -7.29¢-05 ns 0.12 Hkk 296 0.0122
0. ilex (3.38¢-05) (4.06e-05) (2.88¢e-05)
PAR,,, ns ns ns ns ns - ns 59 0.233
skeksk skeksk skeksk
Both PRI, ns -2.54e-04 -1.68e-04 -1.52e-04 ns 0.05 Hkk 578 0.024
(5.58¢-05) (4.37¢-05) (4.16e-05)
skeksk skeksk skeksk sksk
species PAR,, ns -6.0771 -6.1876  -5.1605 -5.2606 0.15 Hkk 142 0416
(1.7991) (1.4209) (1.3011) (1.6813)

Table 2: Relationships of the AOT40 (ppb) and EA (mm) with the PRIO and PARsat for Q. robur and

Q. ilex in the 5 treatments. The significance of the predictors is *, ** and ***, which indicates

significant effects at p<0.05, p<0.01 and p<0.001, respectively. Estimates of coefficients with

standard error. Control represents the control plants, RH represents atmospheric water deficit

treatment, OZ represents the ozone treatment, RH_OZ represents the plots in OZ treatment after

undergoing RH treatment and OZ_RH represents the plots in RH treatment after undergoing OZ

treatment. Sample size: number of observations (leaves). RMSE: root mean square error.
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To obtain a corrected PRI that is not linked to the structural and biochemical properties of
the leaves, the PRI, measurements were subtracted from the PRI measured with different
intensities of PAR. The results of this deconvolution procedure are illustrated in Fig. 6, which
shows the relationships between the fluorescence quantum yields and PRI before and after
correction (PRI,). Quantum yield of photochemistry Y(II) shows a relationship with the PRI,
although it disappears when PRI is subtracted from PRI (PRI,). The NPQ shows a significant
correlation with the PRI (R’=0.12, p<0.001) for the two species together. This relationship
increases and becomes more consistent with PRI, (R>=0.32, p<0.001). The goodness of the fit

of the relationship with Y(NO) does not change with the use of PRI or PRI, (R>=0.32, p<0.001

for both).
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Fig. 6: Relationships between the quantum yield of photochemistry Y(II), active non
photochemical quenching Y(NPQ), passive non-photochemical quenching Y(NO), PRI and PRI, (PRI

corrected). Blue points are Q. robur species and green points are Q. ilex species.
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5. Discussion

Different approaches have been developed to differentiate PRI variability unrelated to
LUE to better interpret the PRI signal linked to photosynthesis activity. Wu et al. (2015)
defined a structurally related signal in PRI as a function of the leaf area index (LAI) to improve
accuracy in the estimation of LUE. Soudani et al. (2014), Hmimina et al. (2013, 2015) and
Merlier et al. (2015) used the PRI, which corresponds to PRI values at very low light estimated
from PRI vs. PAR relationships, to correct the PRI and assess its variability related to changes
in the xanthophyll cycle. In this study, leaf-scale measurements of the biochemical and spectral
properties, PRI, and PRI responses to PAR variations and leaf chlorophyll fluorescence
parameters were used to distinguish between phenological and physiological variability of the
PRI under different stress conditions.

As shown in Fig. 3, the mNDI,; was used to estimate the leaf chlorophyll content, which
was measured using two field-portable instruments (DUALEX and SPAD) and by the standard
laboratory-based spectrophotometric method.

The PRI, measurements are linked to the structural and biochemical properties of the
leaves and explained by the chlorophyll content, which is indicated by the strong relationship
between the mNDI,,; and PRI, (Fig. 4.a) for both species (R?>=0.61, p<0.001, Table 1). Similar
results were previously reported at the canopy scale in Hmimina et al. (2013; 2015) and in
Merlier et al. (2015). In this experiment, the mNDI,; is better correlated with the PRI, than
with the measured chlorophyll content because these two spectral indices are measured over the
same leaf surface area, while the chlorophyll content concerns the whole leaf. The relationship
between PRI, and chlorophyll content is maintained significant in each treatment and for the
two species during the entire experiment regardless of the phenological and physiological
cycle. These results highlight the relevant use of PRI, as a proxy of PRI variability linked to

chlorophyll content.
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The PRI, is linked to the minimal fluorescence yield (Fo), which is the state when all
reaction centers are in an active “open” state (R?>=0.34, p<0.01 for both species together, Table
1). Fo is principally an emission of antenna chlorophyll-a pigments (McCauley et al. 1990), and
it is related to the chlorophyll content that can be mobilized for photosynthesis. This
relationship only occurs for Q. robur. Fm is the maximum florescence yield and appears when
all of the reaction centers are in an inactive “close” form, and this value is also correlated with
the PRI, (R?>=0.61, p<0.05 for both species together) and linked to the chlorophyll content. A
relationship between PRI, and Fm occurred for both species (Q. Robur, R*=0.5, p<0.05 and Q.
llex, R>=0.07, p>0.05). “Fm-Fo” is the more relevant fluorescence parameter linked to PRI,
(R>=0.61, p<0.001 for Q. robur and Q. ilex pooled; R?>=0.52, p<0.001 for Q. robur; R?>=0.1,
p<0.001 for Q. ilex). These results highlight the relevant use of PRI, as a proxy for the leaf
fluorescence state on dark adapted leaves.

The impacts of ozone accumulation and atmospheric water deficit variations on the PRI,
at the leaf scale were investigated using a regression analysis. Ozone accumulation is expressed

by AOT40, and atmospheric water deficit is expressed by EA. The PRI, and PAR were

sat
significantly impacted the by ozone (AOT40) and atmospheric water deficit treatments (EA)
for both the species (Table. 2). The PRI, is correlated to the AOT40 and EA, and was used to
assess changes in the chlorophyll pigment content caused by stress conditions for the two
species (Table 2). The PRI, decreased significantly for the two species in all treatments,
including the ozone stress and atmospheric water deficit stress treatments as well as both stress
successions, whereas it remained stable in the control plot. The PRI, variability, therefore the
leaf phenology, differed significantly between the treatments for the two species and was
further impacted when the two stresses were combined. As summarized in Table 2, the PRI,
variability was significantly explained by the EA and AOT40. The slopes of the regressions
between the PRI vs. EA or PRI, vs. AOT40 were significantly different between the species

and between the treatments, which highlights the different biochemical responses of the two
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species to stress conditions and different biochemical responses of each species depending of
the stress applied. According to Karlsson et al. (2007), Q. ilex is resistant to stress, especially
ozone exposure, because of its larger leaf thickness, which is an important factor influencing
the development of leaf injuries.

For Q. robur, the PAR, significantly varied under stress conditions and was correlated to

sat

the AOT40 and EA (Table 2). For Q. ilex, the PAR,, was not correlated to the EA and AOT40,

sat

which is explained by the absence of significant variations of PAR_, during this experiment and

sat

may have been caused by the resistance of this species to stress. The slopes of the relationships

between PAR,, vs. EA and PAR_ vs. AOT40 were not significantly different between

sat sat

treatments in Q. robur (no relationship in Q.ilex). Compared with the slopes of the PRI, vs.
AOT40 and PRI, vs. EA regressions, which varied between species and treatments, the slopes

of the PAR_, vs. AOT40 and PAR

sat sat

vs. EA regressions remained constant. These results can be

interpreted as a unambiguous response of PAR, to the stress conditions, including ozone

sat

exposure and atmospheric water deficits in this study, regardless of the species considered.

Thus, the PAR,,, may be considered the physiological component of PRI variability, which it is

sat
independent of the phenological component related to the PRI, or leaf biochemical properties,
as previously reported in Merlier et al. (2015).

In this experiment, the order of succession of stress conditions had an effect on the leaf
properties. The PRI of Q. ilex only varied when the atmospheric water deficit decreased prior
to ozone injection (Fig. 5 and Table 2). After exposure to drought stress, the addition of
oxidative stress induced by ozone caused additional stress to the plant. As reported in previous
studies, water stress before ozone stress may result in a lower response to ozone exposure (Low
et al. 2006; Hayes et al. 2015) compared with ozone exposure without water stress. This result
may be explained by the stomatal closure induced by drought stress, which can limit the
absorption of ozone and its impact on leaves (Alonso et al., 2014). However, Q. ilex showed

weaker physiological responses to water stress because it is a more drought-resistant species,
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and more pronounced effects were observed when drought and ozone were combined, which is
consistent with the results reported in Alonso et al. (2014).

Effects were not observed for plants undergoing atmospheric water deficit after the ozone
exposure (Table 2). In our experiment, the application of an atmospheric water deficit occurred
after the ozone exposure had reached an AOT40 of 1300 ppb, which may be insufficient to
provoke additional effects on the leaf properties.

The PRI is a composite signal impacted by both the phenological (structural and
biochemical) and physiological properties of leaves. Phenological effects may blur the
physiological response of PRI linked to LUE. For species with high chlorophyll content
variability, such as deciduous species, or during exposure to severe stresses, the PRI signal
interpretation may lead to a misunderstanding of the PRI vs. LUE relationship, which was
previously highlighted in Nichol et al. (2000) and Meroni et al. (2008). Thus, taking account of
the phenological component is required to correct the PRI.

As shown in Fig. 7, the PRI is exponentially linked to the quantum yield of photosystem,
Y(II), and this relationship is lost when the PRI is corrected after the subtraction of the PRI,
This result can be explained by the importance of the phenological component in the PRI that is
linked to the chlorophyll content (Hmimina et al. 2015; Merlier et al. 2015; Wu et al. 2015). As
shown in previous studies, Y(II) is mainly under the control of chlorophyll content. Subtracting
this phenological component leads to a diminishing of the relationship strength and induces an
overall reduced physiological variability, especially under our conditions, wherein plants were
adapted to the low light of the Ecolab cells and the leaves were considered shaded. Moreover,
this negative exponential relationship appears to be an aggregation of several linear
relationships controlled by biochemical properties (Fig. 6). The Y(NPQ) value expresses the
quantum yield of NPQ linked to the xanthophyll cycle and has a better relationship with the
PRI, than with the PRI value (R*=0.12 and R’=0.32, respectively). These results highlight the

effectiveness of the PRI to track the xanthophyll cycle, especially when the phenological
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component, which is xanthophyll independent, is subtracted. The use of this correction did not
modify the link between the PRI and Y(NO) because this parameter depends on both the
phenological and physiological leaf properties.

Many studies have shown that the PRI could be used to detect variations of chlorophyll
content before visible symptoms occurs (Gerosa et al. 2009; Meroni et al. 2009; Panigada et al.
2012); however, the use of PRI to track LUE is more erratic and not as well understood. The
high sensitivity of the PRI, to structural and biochemical properties suggests that the
relationship between the PRI and carbon assimilation of the canopy (LUE or GPP; Drolet et al.
2005; Goerner et al. 2009; Nakaji et al. 2014; Soudani et al. 2014), which have been observed
in many previous studies and established over long time scale, may be caused by canopy
structural and biochemical variations and not directly caused by the effects of abiotic factors on
photosynthetic functioning.

Finally, the common methods of using the PRI, which do not exploit the close
relationship between the PRI and PAR, may strongly limit the assessment of the physiological
component of PRI. The approach developed here used the kinetics of PRI vs. PAR to obtain the

PRI, and PAR,, parameters and allowed for the separation of PRI's physiological and

biochemical components. The physiological component ofthe PRI is highlighted by the
relationships between PARg and abiotic factors (atmospheric water deficit and ozone in this
study). The biochemical component (PRI)) is linked to the chlorophyll content and the

physiological component (PAR,,) is linked to the abiotic stress (ozone exposure and

atmospheric water deficit in this study).
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6. Conclusions

The present study investigated the responses of the PRI to abiotic stress conditions
(atmospheric water deficit and ozone) for two species (Q. robur and Q. ilex) in climatic
chambers. Measurements of the optical and fluorescence properties were coupled, and the PRI
responses to PAR variations were characterized under contrasting plant stress conditions.

Measurements of the PRI,, PRI in dim light on dark adapted leaves, and PAR,,, the value of

sat?
PAR when the PRI saturates, were determined to study the biochemical and physiological
sources of PRI variability.

The induced stress conditions led to different responses between the studied species. Q.
ilex seems to be more resistant to ozone and water stress, and drought stress applied prior to the
ozone injection had more important effects relative to the stresses that were applied
independently. Q. robur is more sensitive to both stress factors, and significant variations in
leaf biochemical and physiological characteristics were observed in all of the treatments.

The PRI, is correlated with the leaf chlorophyll content that varied with chronic
application of stress. For the same species, the relationship between the PRI, and chlorophyll
content is unambiguous, regardless of the stress factor. The use of the PRI, to correct the PRI
allows for the assessment of the PRI's physiological variability. Indeed, this correction
increased the strength of the relationship between the PRI, and the Y(NPQ), which is linked to

the xanthophyll cycle. The PAR,, values also varied when stress was induced. The

sat

relationships between the PAR, vs. AOT,, or PAR,, vs. EA did not vary with species or with

sat sat

stress intensity. These results highlight the ability of PAR to track the physiological

sat

component of the PRI. Compared with the PRI, PAR, appears not species-dependent.

sat
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CHAPITRE 1V

PRI responses to climatic drought conditions in

a mature deciduous forest
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PRI responses to climatic drought conditions in a mature

deciduous forest

1. Abstract

The use of remote sensing to understand ecosystem functioning allows studies at large
spatial and temporal scales. The photochemical reflectance index has the potential to estimate
the light use efficiency but confounding factors, as canopy structure and leaf biochemistry,
blur its interpretation at canopy scale. In this study, the variability of PRI of a mature forest
composed by pedunculate and sessile oaks (Quercus robur L. and Quercus petraea (Matt.)
Liebl) and a dense understory of coppiced hornbeam (Carpinus betulus L.) located in
Barbeau-Fontainebleau, are measured at high temporal resolution (from 100 ms to 5 seconds
depending on light environment) and analyzed in a context of drought period in summer
2015. The daily PRI vs. PAR (photosynthetically active radiation) relationships are used to
estimates parameters derived from PRI to deconvolute the physiological PRI variability
related to LUE, from the phenological variability related to canopy structure and leaf
biochemistry. The value of PAR at PRI saturation (PAR,) was highly correlated with the soil
water content (R?>=0.57, p<0.001 at 120-150 cm of depth), highlighting the capacity of PRI to
track the physiological variability of canopy. The estimated value of PRI in darkness (PRI),
which is the intercept of the relationship of PRI vs. PAR, was highly correlated to mNDI,s
(R?>=0.74, p<0.001) highlighting the capacity of this parameter to be a proxy of the canopy
biochemical variability. The daily value of PRI, was subtracted from PRI values to isolate the
phenological variability of PRI and access the PRI variability linked to LUE. This corrected
PRI (PRI, improved the correlation between PRI and LUE (R?=0.48, p<0.001 with PRI and

R?=0.52, p<0.001 with PRI,), which highlight the involvement of phenological component in
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the PRI even during a period during when the biochemistry variability is weak. However, the
climatic drought period induced a different relationship between PRI and LUE. Further
studies are required to validate the capacity of PRI to be a proxy of the canopy functioning in

case of drought.

2. Introduction

Forest ecosystems represent an important carbon sink (Running et al., 2007) but they
are particularly subjected to climatic constraints that can modify their physiological and
phenological responses counterbalancing this role. Soil water is the main limiting factor of
productivity over wide areas. Even when the effects of soil water deficit are not pronounced
and the damages caused on the leaves are not visible, the biochemical and physiological
properties of leaves are impacted. Regardless of abiotic causes of plant stress, the
photosynthesis rate decreases and the absorbed light energy rapidly excesses the capacity of
its utilization by the photosystems (Ort, 2001). To prevent to the formation of reactive oxygen
species under light excess, carotenoids and specially xanthophylls play an important role and
are directly involved in the mechanisms of dissipation of the excess energy and protection
against photo-oxidative stress (Szabo et al. 2005; Yamamoto, 1979; 2006, Pfundel and Bilger,

1994, Demmig-Adams & Adams, 1996; Jahns and Holzwarth, 2012).

The LUE, which is the ratio of the amount of carbon assimilated on the rate of
absorbed photosynthetically active radiation (PAR), allows the estimation of the
photosynthesis rate and is commonly measured at the canopy scale using Eddy-Covariance
method with the data acquired with flux-tower. While the upscaling of flux-tower derived
data improved the prediction of carbon fluxes, the evaluation of ecosystem responses to
abiotic stress remains a major challenge (Gebremichael & Barros 2006, Jung et al. 2009,
Anav et al. 2010). Moreover flux tower based monitoring of ecosystems cannot be

extrapolated to larger scales due to ecosystem heterogeneity.
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Remote sensing offers an important landscape and regional perspectives to study
vegetation structure and function (Asner et al., 1998). Remote sensing of vegetation is used to
derive indices of vegetation cover, such as the normalised difference vegetation index (NDVI)
(Tucker, 1979), mNDL,,s (Sims and Gamon, 2002), which have the potential to monitor the
temporal change of the forest canopy structure and biochemistry respectivelly, especially in
case of stress leading to significant variations in the amount of leaf biomass or chlorophyll
content. However these indices fail to capture physiological processes occurring on fine
temporal scale, as changes in LUE not accompanied with significant changes in canopy

structure and biochemistry.

Gamon et al. (1992; 1997) developed the photochemical reflectance index (PRI) from
the narrow-band reflectance at 531 nm, which is correlated to the de-epoxydation state of the
xanthophyll pigment pool - thus to changes in non-photochemical quenching (NPQ) -, and a
reference band at 570 nm, which is insensitive to variations in the concentrations of
xanthophylls. The PRI has been shown to be able to track changes in the xanthophyll cycle
pigment content at the leaf scale for many herbaceous and woody species (Gamon et al.,
1990; Fillela et al., 1996; Gamon and Surfus, 1999; Sims et Gamon, 2002; Peguero-Pina et
al., 2008) and is used to track the changes in light use efficiency in the photosynthesis process
at leaf and canopy scales, providing a widely applicable spectral indice of LUE over a wide
range of species, functional types and nutrient levels (Pefiuelas et al., 1995; Fillela et al.,
1996; Gamon et al., 1992; 1997; Garbulsky et al., 2011). However, at forest canopy scale,
studies reported contrasting results highlighting the implication of canopy structure, sun-view
geometry and biochemical properties of leaves in the signal, leading to difficulties in its
interpretation and its use as proxy for canopy-scale photosynthesis (Barton et al., 2001; Hall
et al., 2008; Hilker et al. 2009; Goerner et al., 2009). At canopy scale, recent studies
(Hmimina et al., 2013; 2015; Wong & Gamon, 2015; Soudani et al. 2014; Merlier et al. 2015)

concluded that the PRI is a complex composite signal and relationships between PRI and LUE
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need to be interpreted carefully in order to separate what is actually directly related to the
rresponse of photosynthesis to abiotic conditions, which is highly variable instantaneously,
from which is due to sun-view geometry, phenological and biochemical causes that occur on
longer time scales from days to seasons. Indeed, the wavelength around 530 nm is sensitive to
other bulk pigment content (Filella et al., 2009; Stylinsky et al., 2002) and to within canopy
light conditions. Hall et al. (2008) and Hilker et al. (2009) highlight this strong dependency
and established two distinct relationships between PRI and LUE for sunlit and shaded foliage

surfaces.

From these studies, several methods allowing the deconvolution of PRI sources of
variability were developed in order to separate physiological related-sources from other
sources, mainly related to angular, structural and biochemical effects that may blur the
interpretation of PRI vs LUE relationships. PRI variability due to sun angular effects are
studied based on exhaustive experimental approach in Hilker et al. (2011) and also using
radiative transfer modelling in Barton et al. (2001) but in this last approach, variations of PRI
are only considered from a physical point of view and physiological-related sources of
reflectance at PRI wavelengths are not taken into account. Sources of PRI related to variations
of canopy biochemical and structural properties were deeply studied in recent studies and
particularly in Gamon and Berry (2012); Hmimina et al. (2013; 2015) and in Merlier et al.
(2015). However, as the xanthophyll cycle responds to PAR changes at very short time scale
of order of minutes (Jahns & Holzwarth, 2012) depending on light conditions, the LUE and
the photosynthesis rate exhibit a high spatial and temporal variability (Falge et al., 2002; Le
Quere et al., 2009). This fine time scale variability must be taken into account in the use of
the PRI as proxy of LUE (Hmimina et al., 2015) to avoid the confounding factors that can
mask the low variability due to LUE in measurements. Moreover, as photosynthesis is known
to be sensitive to the ratio between direct and diffuse radiation (Alton et al., 2007; Urban et

al., 2007; Brodersen et al., 2008), the vertical distribution of radiation within the canopy,
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between sunlit and shaded leaves, can induce discrepancies between PRI and LUE
relationships depending of canopy structure and sky conditions. To isolate the phenological
variability of PRI, Hmimina et al. (2013; 2015) and Merlier et al. (2015) used the PRI, the
estimation of the value of PRI at dim light and showed its relationship with the canopy
chlorophyll content. This relationship was also highlighted in Merlier et al. (submitted). The
PAR,,, a second parameter derived from PRI vs. PAR relationship, represents the value of
PAR when PRI saturates, and was showed to be linked to factors limiting photosynthesis, as
the chlorophyll content during budburst and senescence phases and the soil moisture content

during the growing season (Merlier et al., 2015).

In this study, we investigated the relationships between PRI and LUE from continuous
in situ measurements of PRI at high temporal resolution acquired at the minute scale
simultaneously to eddy-covariance based measurements of net CO, exchanges acquired on a
half-hourly basis, in a deciduous mature forest in France in a context of climatic drought that
occurred during summer 2015. The main objectives are: (1) investigating the temporal
variations of PRI and LUE; (2) linking the PRI variations to influencing meteorological and
eco-physiological variables; and (3) evaluating the performance of PRI as a proxy of the

ecosystem LUE under climatic drought conditions.

3. Material and methods

This study took place in a mature temperate deciduous forest located in Fontainebleau-
Barbeau forest (48°28'35"N/2°46'48"E), in the southeast of Paris (FLUXNET site code: FR-

Fon; http://www .barbeau.u-psud.fr/, www .fluxnet.ornl.gov). This forest is representative of

the main deciduous broadleaf forest type in Europe and is occupied by two overstory species:
pedunculate and sessile oaks (Quercus robur L. and Quercus petraea (Matt.) Liebl) and a
dense understory of coppiced hornbeam (Carpinus betulus L.). The age of the overstory is

150 years, and the average height is approximately 25 m.
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Meteorological variables were recorded along with water and carbon fluxes, which
were assessed using the eddy-covariance technique. The meteorological data available were
those usually measured over flux tower sites. The net carbon exchange (NEE), the
evapotranspiration (ETR) and other climatic variables as wind speed, incident, reflected and
transmitted radiation, VPD (vapour pressure deficit), precipitation, air temperature, ozone
concentration, sap flux etc. were recorded half hourly. The soil water content was measured
each hour for different depths until 150 cm.

The gross primary production was calculated using the CARBOEUROPE database

standards (Delpierre et al., 2012):
GPP = NEE + ER (Eq.1)

where NEE is the net ecosystem exchange and ER is the ecosystem respiration.
The absorbed PAR (Photosynthetically active radiation) expressed as aPAR was

calculated as Soudani et al. (2014):
aPAR = iPAR — rPAR — tPAR (Eq.2)

where iPAR represents the incident radiations and rPAR represents the reflected radiation
measured above the canopy, and tPAR represents the transmitted radiations measured below
the canopy. In this study and because of the high variability of beneath canopy radiation,
tPAR is an average of measurements acquired by fifteen sensors installed in about 30 m
around the Fontainebleau-Barbeau flux tower.

The light use efficiency was calculated as:

GPP
aPAR

LUE = (Eq.3)

Measurements of PRI and NDVI were acquired continuously at 30 min time step using
two optical sensors fixed above the canopy since 2006 for the PRI and since 2005 for the
NDVI (Soudani et al.2014). For the PRI measurements, the model SKR 1800 manufactured
by Skyelnstruments (Skyeintruments Ltd., Llandrindod Wells, UK) was used and already
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validated in previous studies (Soudani et al., 2014). For NDVI measurements, data are
acquired using laboratory-made NDVI sensor following the description given in Pontailler et
al. (2003) and Soudani et al. (2012) and was already used and validated in Soudani et al.
(2012; 2014). In addition to these optical measurements, spectral measurements were made
from May to August 2015, using 2 spectrometers (LR1-T, 300-1000 nm, 0.66 nm resolution,
ASEQ instruments, Vancouver, Canada). The first spectrometer was used to measure incident
radiation collected with a cosine corrector (CCSA1, Thorlab, Newton, NJ, USA) and the
second one was used to measure radiation reflected by the canopy, collected within 25° field
of view. Both sensors are mounted at 7 m from the top of the canopy. The area covered by
downward looking sensor was about 8 m?. This sensor was installed on a boom facing south
and looking at nadir. Both spectrometers are synchronized, and their integration times are
continually adjusted in order to maximize their signal versus noise ratio, resulting in a
temporal resolution that varies between 100 ms and 5 seconds depending on light
environment. All measurements, from spectrometers and from PRI and NDVI sensors, are
acquired over the same leaf area at the top of canopy.

In this study, PRI and mNDI are derived from measurements acquired by
spectrometers because of their high temporal resolution and calculated as follows:

R _ -R _
PR] = [525—-535] [565—575]

(Eq.4)
R[525-535]% R[565-575] .

mNDI705 — P750—P705 (EqS)
P750tP705—2X P45

As underlined above, NDVI measurements are available over a long period than
measurements acquired by the two spectrometers and they are used in this study. NDVI is

computed from radiances as follows (Soudani et al. 2012):

R _ —-R -
NDVI = [640—660] —R[780-920] (Eq.6)
Rl640-660]T R[780-920]
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where R, Rg;, Ry, Ryps €t Ry, are the radiances integrated over a 10 nm wide band
centered on wavelengths 445, 531, 570, 705 et 750 respectively.
The values of incident PAR were calculated using strectra of incident radiation

acquired from the spectrometer and integrated over 400-700 nm wavelength bandwidth.

The PRI responses to PAR variations measured simultaneously to the PRI at the intra-
daily scale, were analyzed using a non-linear regression following the expression given in

Hmimina et al. (2015):

PAR(r)

PRI\t)=PRI,. + APRI. serf|] ———— (Eq.7)
2 o s redf PARsatj] 1
PAR ( ) 5 PAR(t)/PARsatj

t 2
with erf = f exp™ dx
PARsat ; \/; )

where PRI,., PAR and APRI,j are three parameters estimated using mean square
0, J p g q

sat,j

minimization for the day (j) and Erf is the error function.

PRI, ; estimated is the intercept of the relationship between PRI and incident PAR at the
canopy scale to express the link between PRI and structural and biochemical canopy

properties.

The PAR,,. corresponds to the PAR value when the PRI to PAR response shows

sat
saturation. This parameter is defined by similarity to the light saturation asymptote in the
photosynthesis light response curve of photosynthesis. Thus, in our experimental conditions,
it is expected that this parameter (PAR,,) should be sensitive to leaf chlorophyll content and

abiotic factors particularly soil water conditions because the maximum photosynthetic

capacity is strongly limited by these two variables.

The parameter APRI; expresses the range of canopy PRI variations at the intra-daily

scale. Thus, APRI reflects the temporal dynamic of PRI at a daily scale in response to light
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conditions. As discussed in the introduction, over short time scales, PRI is sensitive to the
xanthophyll cycle; therefore, we assume that APRI, may reflect temporal concentration

variations of different pigments involved in this cycle.

4. Results

The Fig. 1 illustrates the temporal variability of NDVI acquired half-hourly by NDVI
sensor in the Fontainebleau-Barbeau forest for the year 2015. The NDVI variability indicates
the seasonal variations of canopy structure and expresses the typical pattern of deciduous
forests. The dormancy season, which began the year 2014, lasted until the DOY 98 (day of
year), and was followed by budburst and the leafy season. The NDVI reached a plateau at
DOY 116 corresponding to the growing season with full expanded leaves. In 2015, the
drought period induced a tree growth cessation, which started in june 23" (DOY 174), lasted
22 days and ended in july 15" at DOY 196 (Fig. 2). To study the effects of climatic drought
on PRI, the following results focused on this period and few weeks around. The period

studied is from DOY 150 to DOY 210.
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Fig. 1: Seasonal variations in 2015 of NDVI measured every half-hour above the deciduous forest
canopy of Fontainebleau-Barbeau flux-tower site. The data were acquired between 8 h and 18 h TU.
The tree growth cessation occurred between red lines (DOY 174 to DOY 196), and the studied period

is between black lines (DOY 150 to DOY 210).
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The Fig. 2 illustrates the temporal dynamics of temperature, vapour pressure deficit
(VPD), incident photosynthetically active radiation (PAR), soil water content (SWC),
precipitations, evapotranspiration (ETR), mean tree growth, gross primary production (GPP),
light use efficiency (LUE) and PRI. The temperatures were significantly higher during the
climatic drought period than before and after it (21.9+0.34°C during the climatic drought vs.
16.94+0.25 and 20.2+0.33 before and after the drought respectively). The VPD dynamic
showed a sharp and significant increase at DOY 174 and remained important during the
drought period with a mean of 1.28+0.05 kPa (with a mean of 0.71+00.3 kPa for the period
before the DOY 174 and 0.89+0.05 kPa for the period after the DOY 196). The variability of
PAR before and during the drought showed different patterns. Before the drought, the
incident PAR variability showed strong temporal variations, related to sky conditions,
whereas there was less variability during the drought, after DOY 174 as shown in Fig. 2. The
values of PAR were also calculated using the incident PAR measured by spectrometer and
were validated with the incident PAR measured with the sensor (R?>=080, p<0.001 with a
slope of 1 and an offset of 83.9). Concerning the precipitation, there was 5.29 mm at DOY
172, then few precipitations occurred at DOY 184 and 185 (0.20 mm for both days). Finally,
after the dry phase, the precipitations were more abundant with 7.33 mm and 11.60 mm
during DOY 198 and DOY 199 respectively and 2.64 mm at DOY 206. The SWC constantly
decreased, with a small increase at the end of the drought (after the rain at DOY 198).The
evapotranspiration (ETR) increased at the beginning of climatic drought period and remained
high until DOY 183 then decreased during DOY 185 and increased again after the short rainy
and cloudy period. Concerning the tree growth, both oak and hornbeam showed an
interruption at DOY 174. This day is considered as the beginning of the drought period. The
average cumulative growth of circumference at breast high of hornbeam species remained

constant at 3 mm until DOY 196, whereas it remained constant at 6.5 mm for oak, with a very

133



weak increase at DOY 184 probably corresponding to a trunk dilatation not to real tree

growth. The tree growth started again at DOY 198.

The GPP followed a decreasing trend with a strong inter-daily variability during the whole
studied period. The LUE decreased at the beginning of the climatic drought period and
increased at DOY 184 and DOY 185, when few precipitations occurred, then declined until
the DOY 196, marking the end of the drought. The dynamic of PRI from DOY 170 to 210
showed a decrease at DOY 174, an increase from DOY 180 to 185, then a decrease until
DOY 195 and a new increase. The PRI was significantly lower during the tree growth
cessation with a mean of 0.1937+0.0069 vs. a mean of 0.2142+0.0070 before and
0.2251+0.0058 after the drought. An increase of PRI occurred at DOY 184-185 during the
short rainy and cloudy period then it dropped for the second week of drought. An increase of

PRI occurred at the end of drought linked to precipitations (DOY 196).

The Fig. 3 shows the boxplot of PRI grouped by week. The first two weeks correspond to
the period before the drought, the two weeks that started from DOY 175 correspond to the
two weeks of drought, during the period of discontinuation of the tree growth, and the two
lasted weeks are the resumption of growth, linked to the end of the drought. The notches of
the boxplot, which represent the confident intervals at the 5% of significance level, show that
PRI decreased significantly during the week beginning at DOY 175. The PRI of the other
weeks remained in the same confident interval except for the week of the DOY 196 where it

was higher.
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Fig.2: Variations of temperature (°c), vapour pressure deficit (VPD, kPa), photosynthetically active
radiation (PAR, pmol/m®/s)), soil water content (SWC in mm for 150 cm of soil depth, left axis) and
precipitation (mm/30 min, right axis), evapotranspiration (ETR, mm/30min), mean tree growth (mm),
gross primary production (GGP in umol(CO,)/m’/s ), light use efficiency (LUE in umol(CO,)/ umol of
PAR) and PRI. Measurements are acquired every half-hour above the canopy from DOY 150 to DOY
210, and every minute for the PRI. The data presented were acquired between 8 h and 18 h TU. Data
measured are in light blue and the means are in dark blue, the red lines mark out the period between

DOY 174 and DOY 196.
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Fig. 3: Boxplot of PRI for six weeks, from DOY 161 to DOY 203. The central red line is the median,
the blue edges of the box are the 25th and 75th percentiles, the whiskers extend to the data points not

considered outliers (in black), outliers are plotted individually (in red).

As shown in Fig. 4, a similar dynamic was observable between mNDI,,; and PRI,
During 4 days, from DOY 186 to DOY 190, there was malfunction of the acquisition system
by sepectrometers. The mNDL,;, proxy of canopy chlorophyll content, decreased few days
before the tree growth cessation (DOY 170). This decrease occurred also for PRI, but seems
to start earlier. A small rise appears around DOY 185, coinciding with the occurrence of
short-term and weak rains. At DOY 190, the PRI, increased until DOY 205 then decreased
again after DOY 210. A similar trend occurred for mNDIL, s, except the increase of DOY 190,

which was less linearly. A decreasing trend appeared for the PAR,, with an increase the DOY

172 two days before the tree growth cessation (DOY 174) and the days of weak rains (DOY
184-185). At DOY 192, after more abundant rains (7.33 mm) marking the end of drought

period, the PAR_, values stabilized and then increased with the occurrences of rains.
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Fig.4: Dynamics of mNDI,,;, PRI, and PAR,, calculated from measurements acquired above
the canopy. For mNDI,,;, data measured with the spectrophotometer are in light blue and the means
are in dark blue.

The PRI, was correlated with mNDI,,; (R>=0.74 p<0.001) and this result is in
agreement with the previous studies (Hmimina et al., 2015; Merlier et al., 2015). The PAR,
was correlated to soil moisture content and the correlations increased with the soil depth as

shown in Table 1.
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Fig.5: Relationship between SWC (mm) and PAR,,, from the DOY 150 to 210.
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Soil water content (mm)

0-30cm  30-60cm  60-90cm  90-120cm  120-150cm 0-150cm
R2 0.33 041 0.60 0.69 0.76 0.59
PAR,,

pvalue kk Kk skkosk Kk sksksk kkosk

Table 1: Summary of the regression between Soil water content (SWC in mm) and PAR,,, for the period
between DOY 150 and DOY 210 (R?; *, ** and *** indicate significant effects at p<0.05, p<0.0l and

p<0.001, respectively).
A significant relationship between PRI and LUE for the period between DOY 150 and
210 is shown in Fig. 6a (R?>=0.43, p<0.001). The relationship increased using the corrected
PRI (PRI,) (R?>=0.48, p<0.001). PRI, being obtained after subtracting the PRI, from the values
of PRI (Fig. 6b). When the PRI, is calculated only during the tree growth cessation, the
relationship between PRI, and LUE was stronger (R>=0.52, p<0.001). A good relationship

still appeared during the drought period (R?=0.44, p<0.001), with a shift along the PRI, axis.
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Fig.6: (a) Relationship between PRI and LUE (LUE in umol(CO,)/ ymol) from the DOY 150 to 210
and (b) the relationship between PRI, and LUE (PRI, calculated during the tree growth cessation are

in red and the PRI, for the period before and after the drought are in blue).
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5. Discussion

The year 2015 was marked by a climatic drought period that caused a tree growth
discontinuation in the Fontainebleau-Barbeau forest. The growth cessation lasted 22 days and
impacted both species, hornbeam and oaks (pedunculate and sessile), from DOY 174 to DOY
196. During this period, the temperatures and particularly the VPD (vapour pressure deficit)
were significantly higher. The SWC (soil water content) constantly decreased during the
studied period with the exception of a small increase after the weak rain that occurred at DOY
184 and DOY 185 (Fig. 2). The effects of the climatic drought were particularly evident on
the LUE which decreased and remained significantly low throughout the whole period. The
effects of drought on CO, exchanges are less visible on the GPP as this variable is mainly
controlled by the solar radiation. The LUE informs better on the effects of drought as this
variable is standardized and expressed per unit of absorbed solar radiation.

The decline of PRI was particularly marked during the first week of drought (DOY
175-181, Fig. 4). The decreasing trend of PRI in dry conditions may be related to the increase
of the incident radiation linked to a clear sky during drought periods. Indeed, PRI is highly
dependent on the incident radiation and decreases when the PAR increases. This decrease is
linked to the decrease in reflectance at 531 nm due to photoprotective pigment and the
necessity to dissipate the incident radiation to protect the photosystems (Gamon et al., 1997;
Hmimina et al. 2013). The decreasing trend of PRI may also be explained by decline of
mNDIL,, linked to canopy chlorophyll content (Hmimina et al., 2015; Merlier et al., 2015),
during the drought, or by changes in canopy structure (as leaf orientation). These are only
assumptions that need to be verified.

The PRI is a composite signal including different sources of variability depending on
the considered time scale, and has the same seasonal pattern as mNDI, ;. To separate between
phenological and physiological components of PRI, the parameters of Eq.6 were estimated.

The PRI,, the PRI parameter linked to canopy biochemistry, has a similar pattern than
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mNDI,,s (Fig. 4), highlighting the strong involvement of the canopy structure and the
biochemistry in the PRI signal. The PRI increased at the beginning of the second week of
drought, while few precipitations occurred at DOY 184, which can be linked to a rapid
mobilisation of chlorophyll content in response to more favourable weather conditions for
photosynthesis. This rapid mobilization of chlorophyll may also explain the increase of the
LUE during the second week of drought and growth cessation.

The PAR,, showed a decreasing trend during the climatic drought period (Fig. 4) and

was highly correlated with the SWC (Fig. 5, Table 1). This result is also in agreement with the
previous studies of Hmimina et al. (2015) and Merlier et al. (2015) who showed highly

significant positive relationships between PAR,, and soil moisture content over small

sat
canopies of young trees of beech, oak and Scots pine. In drought conditions, the limiting
factor for photosynthesis was the water availability. Being highly correlated to the availability

of water, the PAR_, was the parameter that provided information on the canopy physiology.

This parameter expressed the physiological component of PRI and its variability was directly
affected by the availability of water in the soil, and more particularly the SWC at the lower
soil horizons (Table 1).

The relationship between PRI and LUE was negative as also reported in Hmimina et
al. (2013; 2015) at leaf and canopy scales. The sign of this relationship varies depending on
the manner of calculating the PRI, which can result in a negative relationship (Nakaji et al.,
2006; 2007; Wu et al., 2010; Garbulsky et al., 2011; Soudani et al., 2014). Although
significant, the relationship between PRI and LUE was improved after subtracting the PRI,
linked to pigment content, from the PRI (Fig. 6b). The high correlations also obtained
between PRI and LUE before removing the PRI, variability may be due to small changes in
biochemical composition during the time period considered.

However, the climatic drought period caused a different relationship between PRI, and

LUE as shown in Fig. 6. The PRI, values during the tree growth cessation were higher for the
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same LUE values. During drought, the amount of incident radiation was higher and the soil
moisture was lower, inducing a quick saturation of PRI. Almost all PRI values were saturated
during these days, inducing a weak intra-day variability of PRI under drought conditions. In
these conditions, the LUE was low and its intra and inter-daily variability was weak. From
statistical point of view, theses conditions do not allow to assess the strength of PRI vs. LUE
relationships because of their low variabilities. Moreover, the PRI, was low during the
drought periods and the correction of PRI has a lesser effect. Furthermore, like many other
reflectance-based vegetation indices, PRI may provide only information about the upper part
of the canopy whereas LUE, which expresses the GPP per unit of absorbed solar radiation,
may contain the contribution of the lower strata of leaves even though this contribution
remains low due to the rapid extinction of radiation within the canopy. These different
sensitivities of these two variables to canopy structure may also explain the differences
between PRI, vs LUE relationships during and outside the period of drought. What are the
contributions of the different leaf canopy strata to LUE estimated at the ecosystem scale from
eddy-covariance flux measurements and how these contributions vary according to the
amount and the quality of the absorbed radiation (diffuse to direct solar radiation ratio) is an
important issue because the answers to these questions may help to better understanding of
causes of the variability of the PRI, vs. LUE relationships within the same forest ecosystem

and between ecosystems.

6. Conclusion

This study aims to assess the sources of PRI variability at canopy scale in a mature
deciduous forest stand located in Fontainebleau-Barbeau forest which experienced a period of
climatic drought during the summer 2015.

A significant decrease of light use efficiency and PRI were observed during the period

of drought that lasts about 22 days. The PRI was driven by confounding factors and has the
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same seasonal pattern as mNDI,,;. The PRI, was estimated as the structural component of
PRI, and its high correlation with the mNDI,,; allowed isolating the biochemical/structural-
related PRI variability. This study also highlights the strong dependency of PAR,,, which is
the value of PAR at PRI saturation, and the soil water content.

The relationship between PRI and LUE was linearly, positive and significant.
However the use PRI, to correct PRI values allowed to obtain PRI, that was more correlated to
LUE. Relationships between PRI, vs. LUE seem to be different depending on the period
considered.

These results confirm the relevance of the approach developed in the previous studies
concerning the PRI vs. PAR relationship to deconvolute the PRI variability and validates its

application to a mature forest in natural conditions that experienced climate drought

conditions.
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CHAPITRE V

Discussion Générale et conclusion
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Discussion Générale et conclusion

Le PRI est un indice optique développé dans les années 1990 par Gamon et al. (1990), sur
la base de mécanismes observés a 1’échelle de la feuille. Il permet d’accéder a 1’état de dé-
époxydation du cycle des xanthophylles qui sont des pigments protecteurs des feuilles. La
mise en place du cycle permet de switcher la distribution de 1’énergie lumineuse de son
utilisation par les photosystemes vers de la dissipation thermique afin d’éviter les dommages
encourus par I’accumulation d’un exces d’énergie. Le cycle des xanthophylles est bien connu
(Yamamoto, 2006 ; Demmig Adams, 1989), et le potentiel offert par la télédétection permet
d’approximer 1’état de ce cycle grace au PRI. Suivant le niveau de conversion de la
violaxanthine, 1’absorbance et la réflectance de la lumiere par la feuille varient dans les
longueurs d’onde autour de 505 nm et 530 nm respectivement (Gamon et al., 1992 ; 1997,
Govindjee et al., 2004). Suivre 1’état de dé-époxidation des xanthophylles permet donc
indirectement d’accéder a la gestion de I’énergie lumineuse absorbée et a la photosynthese de
la feuille. Ainsi de nombreuses €tudes se sont penchées sur l'utilisation de cet indice
prometteur (voir la review de Garbulsky et al., 2011). II en résulte des conclusions
contradictoires sur I’emploi du PRI comme proxy de la LUE. En effet, le PRI est sensible a
des facteurs confondants tels que la biochimie de la canopée (Moran et al. 2000, Stylinski et
al. 2002; Nakaji et al. 2006; Filella et al. 2009) et sa structure (Hilker et al. 2008 ; Soudani et
al. 2014 ; Merlier et al. 2015). Ces facteurs confondants viennent masquer la variabilité
physiologique d’intérét, notamment lors de son utilisation a des échelles temporelles et
spatiales larges, en raison de la variabilité biochimique et structurale qui en résultent. Ces
facteurs confondants nuisent a la généralisation de 1’usage du PRI lors des transferts d’échelle
et sont un frein a son utilisation. Bien que les causes de variabilité observées dans les relations
PRI vs. LUE entre sites soient connues, peu de travaux ont entrepris la démarche de mieux

comprendre les facteurs qui jouent sur cet indice aux différentes échelles, en lien avec les
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variations abiotiques de 1’environnement, dans le but d’isoler clairement les différents
facteurs de variabilité et de permettre ainsi une généralisation de son utilisation quelque soit

I’échelle considérée.

Le travail réalisé ici s’inscrit dans ce contexte et cherche a évaluer I’apport du PRI en tant
que proxy de I’activité photosynthétique notamment en cas de contraintes environnementales
aux différentes échelles spatiales (feuille, mini-couvert, peuplement) et temporelles (de la
seconde a 1’année). L’organisation de cette discussion permet de replacer dans un contexte

général les résultats obtenus a 1’aide des différentes approches développées.

1. La réponse du PRI au PAR peut étre décrite par trois

parametres

L’analyse des relations de forme exponentielle négative entre le PRI et le PAR
(rayonnement photosynthétiquement actif) permet de résumer la réponse du PRI a
I’énergie lumineuse en trois parametres. Le PRI, est défini comme le PRI d’une feuille ou
d’un couvert adapté a I’obscurité tandis que le PAR, est la valeur de PAR a partir de laquelle

le PRI sature dans cette relation. Le APRI est quant a lui la variation entre le PRI, et la valeur

de PRI maximum a saturation.

1.1. La variabilité phénologique du PRI : le PRI,

Le PRI, a été estimé en utilisant I’ordonnée a 1’origine de la relation PRI vs. PAR (Chap.II
et Chap.IV) et mesuré sur des feuilles adaptées a 1’obscurité a tres faible lumiere afin de ne
pas activer le cycle des xanthophylles (Chap.IlI). L approche concernant le suivi des mini-
couverts a mis en évidence la forte corrélation entre PRI, estimé et mNDI, s a I’échelle de la
canopée, toutes especes et traitements confondus. Afin de vérifier et valider I’hypothese selon

laquelle le PRI, est dépendant de la biochimie de la feuille, la seconde approche a consisté a
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mesurer le PRI, a I’échelle de la feuille en lien avec la fluorescence. Ces deux approches ont
été validées et ont mis en évidence la forte corrélation entre ce parametre du PRI et la teneur
en chlorophylle des feuilles obtenues par mesures directes (Chap.IlI, Table 1), par analyses
spectrophotométriques de laboratoire (Chap.II, Table 2) et par mesures optiques in situ grace
a I’indice du mNDIL, s (Chap.II, Fig. 10a, Chap.IlI, Fig. 4a) lui méme treés fortement corrélé au
contenu en chlorophylle foliaire comme montré dans d’autres travaux (Sims et Gamon, 2002).
A 1’échelle de la canopée, le PRI est corrélé aussi bien au contenu en chlorophylle mesuré sur
un échantillon de feuilles qu’au contenu total en chlorophylle de I’ensemble du couvert estimé
a ’aide de I’'indice mNDI,;; du couvert. Dans ces conditions, en tant qu’indices optiques
mesurés a I’échelle du couvert, le PRI et le mNDI,;, sont non seulement li€s au contenu total
en chlorophylle du couvert mais aussi a sa structure en raison de la dépendance entre le
mNDI, s et I'indice foliaire ou le faPAR (Chap. II, Fig. 2b et Fig. 4). Ce résultat est aussi
conforme aux résultats obtenus dans des études antérieurs, et en particulier Xiao et al. (2013).
Cette relation PRI, et contenu en chlorophylle est maintenue chez les 5 especes étudiées
(Hétre commun, Chéne vert, Chéne pédonculé, Chéne sessile et Pin sylvestre) quelque soit
I’état phénologique des feuilles et la contrainte abiotique appliquée aux différents stades

foliaires (débourrement, saison de végétation et sénescence).

Les valeurs de PRI, foliaires ont pu étre mises en relation avec les valeurs de fluorescence
des feuilles adaptées a 1’obscurité (Fo et Fm) mais cette approche nécessite des études
complémentaires afin d’affiner la compréhension des liens entre fluorescence et mesures

optiques sur des feuilles adaptées a 1’obscurité.

Ce travail a montré qu’en fonction de la sensibilité des especes aux contraintes abiotiques,
la variabilité du PRI, est fortement li€e a 1’intensité des stress. La comparaison de pente des
relations entre PRI et variables explicatives de ces stress a mis en évidence des réponses

différentes entre especes et stress considérés (Chap 111, Table 2). Cela souligne 1’existence de
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réponses biochimiques contrastées en fonction de 1’espece et de ’intensité et sources du
stress, certaines étant plus sensibles que d’autres. Fréchette et al. (2015) montrent ainsi une
variabilité du PRI liée a la composition en pigment sur le long terme 6 fois supérieure a celle
liée au cycle des xanthophylles sur le court terme. La variabilité du PRI, est donc importante

et nécessite d’étre prise en compte lors de I’étude du PRI.

1.2. L’intervalle de variabilité du PRI : le APRI

La variabilit¢ du PRI en réponse au rayonnement est comprise entre les valeurs de PRI et
les valeurs de PRI maximales a saturation. Cette variabilit€, nommée APRI, a été étudiée a
partir des courbes PRI vs. PAR a I’échelle de la journée. Le APRI reflete la dynamique
temporelle du PRI, a I’échelle de temps considérée, en réponse aux conditions d’éclairement.
En d’autres termes il s’agit de la variabilité du cycle des xanthophylles en réponse au PAR
incident. Deux hypothéses sont avancées, la premiere est que APRI est lié au contenu en
xanthophylle et implique que les valeurs de APRI augmentent lorsque davantage de
violaxanthine (V) est convertie en anthéraxanthine (A) et en z€éaxanthine (Z), notamment en
condition de stress. La seconde hypothese est que APRI est lié au niveau de déépoxydation
des xanthophylles et répond a un ratio de xanthophylle déépoxydé sur le total de xanthophylle
disponible. Dans le chapitre II (Merlier et al., 2015), le APRI n’a montré aucune variation au
cours de la saison pour le chéne pédonculé et le hétre commun et entre les différentes
conditions hydriques imposées. Le pin montre une différence significative du APRI entre les
plantes contrdles et les plantes soumises a un déficit en eau du sol mais cette différence reste
faible et inexpliquée. Ces résultats sont en accord avec Hmimina et al. (2015) et Gamon et
Surfus (1999) qui ne montrent pas de variation de ce parametre. De plus aucune corrélation
avec la concentration en contenu en xanthophylle n’a été observée au cours de la saison. En
effet, tandis que le APRI ne varie pas, la concentration totale en xanthophylle des especes

décidues étudiées diminue au cours de la saison (zéaxanthine (Z) + anthéraxantine (A) +
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violaxanthine (V), Chap.l, Fig. 5a). Garcia-Plazaola et al. (1997) Filella et al. (2009)
observent une variabilité de ce pool en fonction du niveau d’éclairement des feuilles au cours
de la saison (et notamment une augmentation du pool total de xanthophylles pour les feuilles
de lumiere). Ces résultats laissent supposer que le APRI répond a un ratio de dé-époxidation
des xanthophylles, plutét qu’a une concentration. Des études ont montré que le PRI répond
effectivement a un ratio de xanthophylles (Z+A)/(Z+A+V) (Demmig-Adams & Adams,
1966 ; Filella et al., 2009 ; Porcar-Castell et al., 2012 ; Gamon et al., 2015). Ces résultats sont
en accord avec les résultats obtenus dans le Chap.Il qui ne montrent pas de variabilité¢ des

différents pools de xanthophylles au cours de 1’année.

Des études plus approfondies sur le APRI en lien avec le niveau de dé-époxydation des
xanthophylles devraient étre menées pour mieux comprendre ce parametre et les mécanismes
sous jacents. En effet, ’absence de variabilité observée dans ce travail peut confirmer
I’hypothese d’un ratio mais peut aussi €tre expliquée par nos conditions expérimentales, ou
I’échantillonnage est effectué en état de conversion maximale des xanthophylles, ce qui ne
permet pas de confirmer cette hypotheése. De plus, il est possible que la variabilit¢ du APRI
soit en partie masquée par la variabilité du PRI, dans le modele utilisé. Une approche intégrée
pourrait étre réalisée a 1’aide de courbes de réponse du PRI a de nombreux paliers de PAR,

pour lesquels la concentration en Z, A et V est connue.

1.3. La variabilité physiologique : le PAR_,,

Le troisieme parametre dérivé de 1’analyse des relations entre PRI et PAR est le PAR,
correspondant a la valeur de PAR a partir de laquelle le PRI sature. En d’autres termes, a ce
niveau de PAR, il n’y a plus de variation du PRI car toute la violaxanthine disponible pour le
cycle des xanthophylles est convertie en zéaxanthine, afin de permettre la dissipation
thermique de la lumiére incidente par ’intermédiaire des mécanismes du NPQ. Ainsi, une

valeur de PAR_, élevée correspond a une feuille possédant une forte capacité d’assimilation

150

sat



de la lumiere incidente et donc une mise en place lente des mécanismes de protection liés au
cycle des xanthophylles lorsque le PAR augmente. Le contenu en violaxanthine est converti
en zéaxanthine pour un PAR plus important, entrainant de concert une saturation du PRI. A
I’inverse, une feuille peu adaptée a la lumiere, ou subissant un stress, a une capacité
d’assimilation de la lumiere faible. Ses photosystemes saturent pour un PAR incident réduit et

sa valeur de PAR_ , est diminuée.

sat

A Téchelle de la canopée et sur une année de mesure, le PAR,, montre un pattern

sat

similaire a celui du mNDI,;; avec une plus grande variabilité temporelle (Chap II, Fig. 4 et

Fig. 9). Cette variabilité¢ additionnelle a été étudiée et montre que le PAR_, est non seulement

sat
significativement corrélé au contenu en chlorophylle mais aussi au contenu en eau du sol
(Chap.II, Fig. 10). La contribution de ces deux facteurs est différente en fonction de la période
de I’année. Lors de la période de végétation, et a I’échelle de la canopée, le facteur explicatif

de la variabilité du PAR, est le contenu en eau du sol (Chap.II, Fig. 10c, Chap.IV, Fig. 5). En

sat
effet, la disponibilité en eau peut limiter le taux de photosynthése et induire 1’établissement
précoce des mécanismes de NPQ afin de protéger la plante de I’exces d’énergie absorbée.

Ceci est confirmé par la relation positive entre le PAR,, et le contenu en eau du sol qui

sat
indique que les processus liés aux NPQ se mettent en place d’autant plus rapidement que ce
contenu en eau est faible. Cependant, lors du débourrement et de la sénescence, cette relation
est masquée par la plus forte contribution de la chlorophylle du couvert (estimée a partir du
mNDIL,;) dans la variabilit¢ du PAR,, (Chap.l, Fig. 11). Ces deux phases phénologiques
étant sujettes a une grande variabilit¢é du contenu en chlorophylle, les mécanismes
physiologiques liés a la photosynthése sont limités par la teneur en chlorophylle des feuilles.
A D’échelle de la feuille, I’approche développée dans le chapitre III a permis d’aller plus loin
et de mettre en évidence la relation entre le PAR, et les stress appliqués. A ’échelle de la

feuille, ce parametre est corrélé au déficit en eau de I’atmosphere et a 1’ozone (Chap.III, Table

2). Les résultats des deux approches a I’échelle du couvert et celle a 1’échelle de la feuille
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développées dans ce travail permettent de mettre en évidence une forte relation entre le PAR

et les facteurs limitants la photosynthese.

L’analyse des pentes entre le PAR,, et le facteur explicatif considéré (dans notre cas le

sat
pouvoir évaporant de I’air, EA pour le déficit en eau de 1’atmosphere et 1’AOT40 pour

I’0zone) a montré une relation linéaire unique pour chacun des traitements et especes. Le

PAR,

sat

peut étre considéré comme un potentiel proxy du fonctionnement physiologique des
feuilles car il dépend de leurs réponses aux contraintes abiotiques. Un approfondissement de
la compréhension de ce parametre est nécessaire pour confirmer ces résultats avec d’autres

especes et contraintes.

Enfin, on peut noter que le PRI, comme variable quantifiant la composante phénologique

du PRI et le PAR,, comme variable quantifiant la composante physiologique du PRI vont

sat
dans le sens des résultats décrits par Gamon et Berry (2012) et Hmimina et al. (2013 ; 2015,
Annexe 2) qui décrivent la variabilit¢ du PRI comme le cumul d’une variabilité constitutive

due aux variations de composition chimique des feuilles et d’une variabilité facultative due a

I’activité du cycle des xanthophylles.

2. Le PRI en tant que proxy du fonctionnement
photosynthétique est sujet a des facteurs de variabilité liés aux

contraintes abiotiques

2.1. L’usage d’indices optiques pour suivre les impacts des facteurs

abiotiques sur la photosynthese

La disponibilité en eau du milieu est un facteur limitant la photosynthése de part son
implication majeure dans ce processus. Le déficit en eau impacte dans un premier temps les

mécanismes physiologiques de la plante en limitant sa photosynthese, puis si le stress persiste,
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la phénologie de la plante est altérée et on observe des nécroses, des brunissements voir des
phénomenes de chutes foliaires. Ces dommages se retrouvent aussi chez les plantes sujettes a
une exposition chronique a un agent polluant toxique, tel que 1’ozone qui détériore I’activité
des photosystemes. L’usage d’indices tels que le NDVI (normalised difference vegetation
index) et le mNDIL, s (modified normalised difference index) est répandu est permet de suivre
ces réponses phénologiques de la canopée. Le NDVI permet principalement d’accéder a la
structure de la canopée et a sa variabilité temporelle intra et interannuelle (Soudani et al.,
2012), tandis que le mNDI,,s est un bon proxy de 1’état biochimique des feuilles et des
couverts a I’échelle saisonniere. Cependant ces indices permettent de mettre en évidence 1’état
de stress des plantes seulement lorsque les dommages sur la plante sont déja établis.
L’utilisation du PRI peut permettre d’accéder a 1’état de stress de maniere plus efficace, et
cela avant que les symptoOmes n’apparaissent, grace a sa capacité a suivre le rendement de la

photosynthese de 1’échelle de la minute a I’échelle de 1’année.

Comme montré plus haut, les mesures de PRI peuvent étre déconvoluées afin de

distinguer une partie physiologique, le PAR,,, d’une partie phénologique, le PRI,. Le PRI,
étant tres corrélé aux composantes biochimiques et structurales des feuilles et de la canopée, il
a permis de corriger la variabilité saisonniere et inter-feuille du PRI de maniere a obtenir un
PRI, (PRI corrigé) moins sensible aux propriétés phénologiques du couvert. Ce PRI, est tres

corrélé au NPQ (Chap.IlI, Fig. 6), et donc au cycle des xanthophylles, et permet d’obtenir une

forte relation avec la LUE.

2.2. Effets des variations de lumiere incidente

La photosyntheése des plantes est tres sensible aux conditions d’éclairement, et varie
rapidement avec les changements de lumiére incidente, notamment en cas de passages
nuageux. Le PRI a I’échelle journaliere est directement affecté par les variations de PAR

incident avec un pattern opposé (Chap. II, Fig. 7) et la relation observée entre ces variables est
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de forme exponentielle (Chap.l, Fig. 8). Cette relation a permis de mettre en évidence

différents parametres estimés (PRI,, PAR,, et APRI) qui s’averent de bon indicateurs pour

sat
étudier le fonctionnement des feuilles et des canopées. Le PRI, est un parametre dont la
variabilité et I’implication dans le PRI est importante de part sa corrélation au contenu en
chlorophylle et a la structure du couvert. En tant que valeur de I’ordonnée a 1’origine de cette
relation exponentielle négative, il s’avere important d’étudier les relations PRI vs. PAR avec
une résolution et une échelle temporelle fine. Cela afin d’estimer au mieux ce parametre et
d’éviter sa variabilité qui conduirait a un découplage de la relation entre PRI et PAR et une
mauvaise estimation du PRI_. Dans cette étude, les corrélations entre PRI et PAR sont mises
en évidence sur une période de quelques minutes 1’échelle de la feuille et d’un jour a 1’échelle
de la canopée avec une résolution temporelle fine (environ un spectre par minute, Chap.II, ou

seconde, Chap IV). Une résolution temporelle fine est nécessaire au suivi du fonctionnement

de la photosynthese et cela pour deux raisons principales :

- De nombreuses mesures de PRI a faibles lumieres sont nécessaires a I’estimation précise

du PRI car la variabilité du PRI est importante aux niveaux de PAR faibles (Chap.II, Fig. 8)

- Le PRI sature pour des valeurs de PAR relativement faibles suivant 1’espéce considérée
(dans nos conditions expérimentales : de 200 a 500 ymol/m?/s de PAR pour le hétre commun,
de 300 a 800 pmol/m?/s de PAR pour le chéne pédonculé). Lorsque I'intensité lumineuse
incidente est élevée, notamment a midi, le PRI sature et son analyse ne reflete plus les
variations du cycle des xanthophylles en lien avec la dé-époxydation. Ces résultats sont aussi

observés dans Kovac et al. (2013).

Si ces conditions ne sont pas remplies, la variabilité¢ inter-journaliere et saisonniére
mesurée du PRI reflete davantage la composante phénologique du PRI que sa composante
physiologique. En effet, la composante phénologique est prépondérante dans le PRI et induit

une forte variabilité du PRI inter-feuilles et saisonniere a 1’échelle de la canopée.
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3. Le PRI en tant que signal optique composite est sujet a des

facteurs de variabilité spatiale et temporelle

La variabilité inter et intra-sites, qu’elle soit temporelle ou spatiale, est souvent liée a la
structure du couvert et a sa biochimie. En effet, le LAI et le mNDI,;, indices respectivement
liés a ces deux variabilités, sont corrélés aux variations du PRI, et plus particulierement au
parametre PRI, au cours de la saison et entre sites. A I’échelle de la feuille le mNDIL,; est un
indice qui est 1ié au contenu en chlorophylle. A I’échelle de la canopée le mNDI,y; est aussi
lié a la variabilité du contenu en chlorophylle a laquelle s’ajoute de la variabilité liée a la
structure du couvert, et il s’avere difficile d’estimer la part de chaque variabilité. Dans ce
manuscrit, une forte relation linéaire entre le mNDI,; et le contenu en chlorophylle a I’échelle
de la feuille (Chap.IlI, Fig. 3) et a 1’échelle de la canopée pour les feuilles de lumiere
(Chap.II, Fig. 3) a été montrée. Cette relation est différente pour les feuilles d’ombre et de
lumiere. Pour les feuilles d’ombre, la relation entre mNDIL, s a 1’échelle de la canopée et le
contenu en chlorophylle foliaire atteint un plateau au niveau de la concentration maximale en
chlorophylle mesurée, ce qui s’explique par I’incapacité de cet indice optique a répondre aux
propriétés biochimiques des feuilles d’ombre dans un couvert fermé. Ainsi les variations
structurales et biochimiques, et spatiales et temporelles, des couverts végétaux engendrent de
la variabilité dans le signal du PRI avec une importance variable de la proportion de feuilles

d’ombre et de lumiere dans le signal.

Le PRI est sensible a la variabilit¢ du LAI et du contenu en chlorophylle des couverts
végétaux ce qui biaise I'interprétation du signal PRI en tant que proxy de la LUE. Cela peut
expliquer les relations obtenues dans la littérature qui montrent des relations significatives
mais différentes entre les types de peuplement décidus, sempervirents et herbacés (Nichol et
al., 2002). A 1’échelle du couvert, la relation obtenue entre PRI et LUE est de forme

exponentielle lorsque différentes especes sont combinées (Garbulsky et al., 2011 ; Hmimina
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et al., 2015, Annexe 2, Fig. 9) alors qu’elle est linéaire entre PRI, et LUE (Hmimina et al.,
2015, Annexe 2. Fig. 9). La forme exponentielle est due a I’'implication de la structure et de la
biochimie du couvert qui sont différentes entres especes, et la relation qui en découle est
composée de nombreuses relations linéaires qui se déplacent sur I’axe du PRI. Ce phénomene
se retrouve a 1’échelle de la feuille, au sein d’'une méme espece, avec la stratification verticale
qui induit ’implication de feuille d’ombres et de lumieres (montré avec la relation PRI vs.
Y(II) dans le Chap.Ill), mais aussi a 1’échelle de la canopée et de l’année, reflétant
I’importance de la composante biochimique dans le signal au cours de la saison, notamment
chez les especes décidues. En utilisant le PRI, c'est-a-dire en supprimant le PRI, et la
composante phénologique du signal, la relation obtenue entre PRI et fonctionnement

physiologique est de forme linéaire.

Ces résultats mettent en évidence 1’importance de la variabilité spatiale et de la variabilité
temporelle dans le signal du PRI et notamment concernant la structure et la biochimie du

couvert.

4. Conclusions

Le PRI est un indicateur prometteur du fonctionnement photosynthétique des plantes de
part son utilisation aux différentes échelles temporelles et spatiales (mesures instantanées ou
suivi sur le long terme a 1’échelle de la feuille, du couvert ou des peuplements) mais son
interprétation est complexe compte tenu de la variabilité induite par sa sensibilité a la fois aux
facteurs structuraux, biochimiques et physiologiques des couverts végétaux. Ce travail a mis
en évidence la nécessité de recourir a une haute résolution temporelle d’acquisition du PRI car
cet indice répond tres rapidement aux variations des conditions d’éclairement. L’acceés aux
parametres qui décrivent précisément cette réponse est nécessaire a la déconvolution des

composantes phénologique et physiologique qui les font varier. Mieux comprendre le signal
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du PRI est un pré-requis au suivi du fonctionnement photosynthétique a 1’échelle de la
canopée. L approche PRI vs. PAR présentée dans ce travail représente une premiere réponse
quant a I'interprétation du signal et permet d’obtenir un PRI, fortement 1ié a I’efficacité de la
plante a utiliser la lumiere. Bien que la mise en place de mesures sensibles a haute résolution
temporelle présente des difficultés de mise en ceuvre a grande échelle, son recours a 1’échelle
de la canopée grace a des capteurs in situ représente une avancée majeure dans le suivi du

fonctionnement des écosystemes.

En tant qu’indice optique a base de réflectances dans le visible, le PRI est limité au
feuillage de la premiere couche de la canopée, ce qui implique une faible représentativité du
fonctionnement global pour les couverts a fort LAI et peut entrainer une perte de relation avec
la LUE. Des études sur I'impact de la stratification dans le couvert sont nécessaires,
notamment a 1’aide du couplage des mesures in situ et de la modélisation afin de prendre en
compte ’'implication des feuilles des strates inférieures aussi bien dans le PRI que dans la
LUE. Ceci peut étre réalisé grace a un couplage d’un modele de fonctionnement carboné basé
sur des processus tels que CASTANEA (Dufréne et al., 2005) qui permet de simuler la
photosynthese par strate et un modele de transfert radiatif tel que le modele DART (Gastellu-
Etchegorry et al., 2004). A I’heure actuelle ce type de modele ne tient pas compte des
mécanismes physiologiques a I’origine de la variabilité de réflectance des couverts dans les
bandes du PRI et qui sont associées au cycle des xanthophylles en réponses aux conditions
d’éclairement et de contraintes abiotiques. Ce type d’approche nécéssite une caractérisation
fine des propriétés optiques et biochimiques foliaires (chlorophylle et xanthophylles) selon un
gradient vertical dans la canopée. La mise en ceuvre de cette approche sur un site de mesure
de flux de carbone et d’eau et de PRI a I’échelle du couvert, pour les besoins de validation,

permettra de mieux comprendre ’effet de la stratification sur les relations PRI vs. LUE.
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A Déchelle foliaire, D’acquisition de propriétés spectrales et de fluorescence
chlorophyllienne (telles que développées dans le chapitre III) pourrait €tre couplée aux
mesures d’échanges gazeux en conditions controlées. Cette approche permettra d’une part
d’avoir accés de maniere exhaustive au fonctionnement photosynthétique en conditions
controlées (notamment a I’aide d’un couplage avec le LiCor 6400) simultanément a des
mesures optiques, et permettra d’autre part le suivi de ces deux catégories de variables
(écophysiologiques et optiques) en réponses a des variations fines des conditions

environnementales au sein de la chambre de mesure.

En outre ces approches aussi bien a 1’échelle de la feuille que du couvert doivent étre
accompagnées par une caractérisation de la variabilité des xanthophylles aux échelles intra-
journaliere et saisonniére afin de mieux comprendre le lien entre le PRI et 1’activité du cycle

des xanthophylles.
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ANNEXES

Annexe 1:
Protocol of quantification of xanthophylls content in woody species by UPLC-

TOF analysis

Annexe 2:
Hmimina G., Merlier E., Dufréne E., Soudani K., 2015. Deconvolution of
pigment and physiologically-related PRI variability at the canopy scale over an

entire growing season, Plant. Cell Environ. doi:10.1111/pce.12509.
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Annexe 1
Quantification of xanthophylls content in woody species

by UPLC-TOF analysis

Xanthophyll pigment cycle has a crucial role of photoprotection to maintain
photosynthetic functions. Plants collect photons for the photosynthetic system using
pigment-protein complexes in thylakoid membranes. When the incoming photons
excess the photosynthetic rate, the energy absorbed may lead to photo-oxidative
damages to the photosynthetic apparatus and other essential cell components. To avoid
such damages, mechanisms to dissipate the excess energy is used by the leaf. These
processes are induced by a lower pH within the photosynthetic membrane, which
activates a particular carotenoids cycle, the xanthophyll cycle. The violaxanthin is
converted into antheraxanthin, then zeaxanthin, which allows dissipating energy by
heat (R.Goss et al., 1998; Demming-Adams et al. 1988, Telfer A, 2002, Jahns P,

Holzwarth AR, 2012).

This non photochemical quenching consists in the involvement of two enzymes, the
violaxanthin de-epoxidase (VDE) which converts violaxanthin into antheraxanthin then
zeaxanthin, and the zeaxanthin epoxidase (ZE), which, on the contrary, converts
zeaxanthin into antheraxanthin and then violaxanthin. VDE is located in the luminal
surfaces of the thylakoid membrane and required ascorbic acid and a pH of 7.5 to be
activated (D.Siefermann, H.Y., 1988, Yamamoto, 1975) whereas ZE is located on the
stromal surface of the thylakoid membranes (H.Y. Yamamoto, 1979). Thus, the

xanthophyll cycle allows monitoring the photosynthetic state of the leaf.
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Xanthophyll pigments are commonly quantified using HPLC-UV methods
(Susan S. et al., 1990; Bino RJ et al.2005), and recently using a coupling with Mass
Spectrometry (MS) using HPLC-time of flight (TOF) (Aparicio-Ruiz R et al., 2011) or
triple quadrupole (QqQ) (Gentili A, Caretti F, 2011) as MS. These strategies are time
consuming as they require further fragmentation studies and identification of pigments

present in the sample (Gentili A, Caretti F, 2011).

Recently, UPLC-MS was developed to reduce analysis time and sample
quantity, and increase accuracy collecting both unfragmented and fragmented ions
(Bateman KP et al., 2007). The major difficulty in the application of these methods for
the xanthophylls is the extraction pigment. It appears difficult to separate lutein [beta,
e-carotene-3,3'-diol] and zeaxanthin [beta,beta-carotene-3,3’-diol] which are two
isomers that only differ in the position of one double bond. Extraction procedures have
been reported and described by few works but are complex and time consuming
(Khachik et al., 1986 Chen and Chen, 1993, Yamauchi ans Watada, 1993). The use of
woody species samples makes the extraction more difficult, due to the presence of

lignin.

This protocol is a method for the quantification of xanthophyll pigments in
woody species. We used an UPLC-UV-MS coupling with TOF methods to separate
violaxanthin, antheraxanthin and the 2 isomers zeaxanthin and lutein in a 27 minutes

analysis.

1. Protocol

All the leaves were immediately packed in aluminium paper after sampling,
frozen in liquid nitrogen and preserved at —80°C. Then, leaves are lyophilized and
weighted. The samples are crushed and the resulting powder was kept in the dark and

at -80 °C.
163



1.1. Xanthophyll extraction

The extraction protocol was based on Alegre & Munne (2000). 20 mg of leaf
powder was extracted with 1 ml of cold 85% w/w acetone using a cooled mixer mills
with micro-bead during 2 minutes at 1800 rpm. Then, the extract was centrifuged for
10 min at 4°C at 5000 rpm, and the supernatant was transferred to another flask. The
pellet was re-extracted with 1 ml of cold 85% w/w acetone and agitated during 10 min
at 4°C and 5000 rpm. Supernatant was combined and filtered through a 0.2 ym syringe
filter. Samples were dried using air flux system and re-concentrated for UPLC-UV

injection. 200 uL of methanol was added in each sample before the injection.

1.2. Liquid chromatography and UV detection

UPLC-UV separation was performed on an ACQUITY UPLC (Waters, MS
Technology, UK) in reversed-phase, using an ACQUITY UPLC HSS T3 1.8 ym (2.1 x
100 mm) column + a pre-column. This protocol was based on Fu (2012). The mobile
phase (B1) of UPLC was a mixture of acetonitrile (ACN) + methanol (MeOH) +
methyl tert-butyl ether (MTBE) (70 + 10 + 10 + v + v + v) at pH 6.15. Phase Al was
composed of 10 mM ammonium acetate. The column temperature was 45°C, and the
elution flow rate at 0.4 ml/minutes with a gradient of 27 minutes. The first 3 minutes
were an isocratic gradient with 60% of mobile phase B1, 70% at 7 minutes, 100 % at
20 minutes and 98 % at 23 minutes during 1 minute and 60% between 24 and 27
minutes. This gradient allowed the separation of lutein and zeaxanthin which are
initially co-elute. Standards were purchased by DHI (Denmark) for antheraxanthin and
violaxanthin and by LGC Standards (France) for zeaxanthin and lutein, and were used

in 8 concentrations from 0.05 yM to 20 uM for the standard range. The elution time
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was 11.65 minutes for the violaxanthin, 13.44 minutes for the antheraxanthin, 14.91

minutes for the zeanxanthin and 15.08 minutes for the lutein.

The UPLC-UV was coupled in line with a Time-Of-Flight system (MicrOTOF
II, Brucker Daltonics, Wissembourg, France), using the positive mode of electrospray
ionization interface. We used Luthium hydroxide (LiOH) as solvent reference at 0.135

mL/hour debit.

Xanthophyll data were acquired and processed using the softwares MicrOTOF-

Control, Data-analysis and Target-Analysis (Bruker Daltonics, Wissembourg, France).
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Deconvolution of pigment and physiologically-related
PRI variability at the canopy scale over an entire

growing season
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1. Abstract

The sensitivity of the photochemical reflectance index (PRI) to leaf pigmentation and its
impacts on its potential as a proxy for light use efficiency (LUE) have recently been shown to
be problematic at the leaf scale. Most leaf-to-leaf and seasonal variability can be explained by
such a confounding effect. This study relies on the analysis of PRI light curves that were
generated at the canopy scale under natural conditions to derive a precise deconvolution of
pigment- and physiologically-related variability in the PRI. These sources of variability were
explained by measured or estimated physiologically relevant variables, such as soil water
content, that can be used as indicators of water availability and canopy chlorophyll content.
The PRI mainly reflected the variability in the pigment content of the canopy. However, the
corrected PRI, which was obtained by subtracting the pigment-related seasonal variability
from the PRI measurement, was highly correlated with the upscaled LUE measurements.
Moreover, the sensitivity of the PRI to the leaf pigment content may mask the PRI versus
LUE relationship or result in an artificial relationship that reflects the relationship of

chlorophyll versus LUE, depending on the species phenology.

Keyword index

Photochemical reflectance index, PRI, light use efficiency, LUE, drought
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2. Introduction

The FLUXNET global network consists of more than 500 flux tower sites that use the
eddy-covariance method to directly measure regional-scale canopy carbon fluxes (Baldocchi
et al. 2001). However, the extrapolation of these measurements to all biomes is problematic
because the density of the flux tower sites may not be sufficient for describing the spatial
heterogeneity of carbon fluxes, particularly in tropical ecosystems, which exhibit the highest
gross primary productivity (GPP) (Jung et al. 2009). An alternative option is provided by the
MODIS project, which aims to derive GPP and annual NPP (net primary production) maps
across the globe with an 8-day time step (for GPP) and a spatial resolution of 1 km?. The light
use efficiency (LUE) estimation used in the MODIS model relies on biome-specific
maximum LUE values that are modulated based on daily minimum temperature and vapor
pressure deficits (VPD), as described by Running et al. (2000). When the resulting modeled
GPP values were compared with the flux tower-based measurements, inaccurate LUE
estimations were a major source of uncertainty (Gebremichael and Barros 2006; Turner et al.
2006). Thus, the retrieval of canopy LUE is important for accurately estimating the global
carbon budget.

In the last twenty years, considerable research has focused on using the photochemical
reflectance index (PRI) to assess the LUE over broad spatial scales. The PRI, which is based
on the canopy reflectance in two bands centered at 531 and 570 nm (Gamon et al. 1997), was
developed to track the violaxanthin-based xanthophyll cycle (Gamon et al. 1990, 1992, 1997),
which plays an important role in the regulation of LUE (Demmig-Adams and Adams 1996).
Because this index is based on reflectances, it can be estimated using satellite data, including
MODIS images, which have been used extensively to compute PRI at a daily temporal
resolution and at a spatial resolution of 1-km? (Drolet et al. 2005; Drolet et al. 2008; Goerner

et al. 2009; Moreno et al. 2012).
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Good relationships between the PRI and LUE over short periods have been shown for

several species at the leaf (Penuelas et al. 1995, Gamon et al. 1992 and 1997, Guo and Trotter
2004, Nakaji et al. 2006) and canopy scale (Filella et al. 1996, Trotter et al. 2002, Wu et al.
2010). However, at the seasonal scale, the relationships between these variables deteriorate
(Garlbulky et al. 2011, Rahimzadeh-Bajgiran et al. 2012, Hmimina et al. 2013).
The sensitivity of the PRI to the proportions of sunlit and shaded leaves in the canopy, which
depend on the 3D canopy structure and sun-view geometry (Barton et al. 2001; Hall et al.
2008; Hilker et al. 2008; Hilker et al. 2009; Hilker et al. 2010; Garrity et al. 2011), have been
studied extensively as a possible explanation for contrasting results (Hilker et al. 2008;
Garlbulky et al. 2011).

In addition, the PRI is strongly related to the leaf pigment content (i.e., the chlorophyll
content (Moran et al. 2000) and the carotenoid to chlorophyll ratio (Sims and Gamon 2002;
Stylinski et al. 2002; Filella et al. 2009)). This sensitivity to the leaf pigment content was
recently shown to introduce variability in the PRI versus LUE responses (Rahimzadeh-
Bajgiran et al. 2012, Gamon and Berry 2012, Hmimina et al. 2013). While the LUE accounts
for most of the facultative diurnal PRI variability, the constitutive pigment-related PRI
variability at the seasonal scale introduces a change in the PRI versus LUE relationship.
The effects of this constitutive PRI variability on the PRI versus LUE relationship at the
canopy scale remain unclear. For example, a clear decrease in the PRI versus LUE correlation
was observed at the leaf scale due to changes in the leaf pigment content. However, similar
results were not observed at the canopy level or at the seasonal scale (Garbulsky et al. 2011).
The observed PRI versus LUE relationships at such scales may result from correlations
between the LUE and leaf area index (LAI) or leaf pigment content. Thus, these relationships
may be year, site and scale dependent, as suggested by Hmimina et al. (2013).

In summary, the PRI has been shown to be a composite signal at the leaf and canopy

scale. The PRI is composed of responses to the leaf pigment content and the physiological
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responses of the leaves to environmental conditions. These effects could be disentangled at
the leaf scale and a strong impact of leaf pigment content on the PRI versus LUE relationship
was shown in Hmimina et al. 2013. These effects are poorly documented at the canopy scale.
The canopy pigment content is expected to strongly affect the PRI versus LUE relationships,
but have not been described yet.

The aim of this study is to assess and explain the variability in the PRI of different tree
species under natural conditions over a wide range of total chlorophyll and soil water
contents. Specifically, we focus on distinguishing between the variability due to changes in
canopy light use efficiency and variability due to canopy structural and biochemical
properties in order to assess the effects of the composite nature of the PRI on its use as a

proxy for LUE.

3. Materials and methods

3.1. Plant materials and experimental setup

One hundred three-year-old oak (Quercus robur L.), beech (Fagus sylvatica L.) and
pine (Pinus sylvestris L.) saplings were divided into two groups of fifty individuals each (see
Hmimina et al. 2013). The species within a group had similar heights (approximately 45 to 60
cm for oak, 40 to 55 cm for beech, and 30 to 40 cm for pine). Each group was assigned to a 2-
x 2- x 0.5-m outdoor planter box. For each species, the planter boxes were equipped with one
or two drains at the bottom of the box to create different soil water contents. The saplings
were planted in February 2011 into a medium containing 2/3 compost and 1/3 sand.
Throughout the entire experiment, the 6 planter boxes were covered using a plastic tarp
during strong rain events and were differentially irrigated to introduce different soil moisture

contents while avoiding severe water stress.
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3.2. Measurements

3.2.1. Canopy-scale measurements

The six planter boxes were placed under a 3- to 5-m tall galvanized steel pipe
greenhouse structure with an adjustable height. Two cross bars of the greenhouse structure
were located directly above the center of each planter box and were used for attaching optical
fibers. Six fibers (Numerical aperture 0.37, core diameter 200 um, field of view 43.4°,
Thorlabs, Inc., USA) pointed downwards to collect the reflected radiation from each planter
box. The height of the entire structure was adjusted so that the distance between the optical
fibers and the soil was 2.5 m, allowing each field of view of each fiber to cover a diameter of
approximately 1.90 m at the ground level. The alignment and field of view of each fiber was
checked at the beginning of the experiment, and the effective field of view diameter at the
canopy-level was 1.42 m, 1.53 m and 1.6 m for oak, beech and pine, respectively. One optical
fiber, directed toward the sky and equipped with a cosine corrector (Ocean optics, IL, USA),
was mounted on top of the structure and used to measure the incident photosynthetic photon
flux density (PPFD). Another fiber was pointed downward 7 cm from a Spectralon reference
panel (Spectralon 99%, 25 cm * 25 cm, Labsphere, Inc., USA) to collect the reflected
upwelling irradiance. The Spectralon reference panel was located immediately adjacent to the
planter boxes and was positioned at a height of approximately 1.5 m (i.e., the same level as
the top of the tree canopy). All optical fibers were connected to an optical multiplexer with 16
input ports (MPM2000, OceanOptics, IL, USA). The 8 unused input ports were masked and
used to measure the dark noise (instrumental noise) associated with each used input port. The
output port was connected to a spectrometer (USB2000 + 350-1100 nm, ~ 0.3 nm FWHM
(full width at half maximum), OceanOptics, IL., USA). The entire optical setup was calibrated
for radiance measurements (W/nm/m?) using a calibration lamp (HL-2000 CAL,
OceanOptics, IL, USA) connected to the end of each fiber. The multiplexer and spectrometer

were interfaced using a Visual Basic script under OOIBase32 software (OceanOptics, IL,
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USA) and were programmed to scan each input port sequentially. When the multiplexer
settled on an incoming fiber port, the signal versus noise ratio was checked and the
spectrometer integration time was adjusted when necessary.

Photosynthetically active radiation was computed from the radiance data acquired
from the Spectralon panel and the cosine corrector by integrating the radiance spectra over an
interval of 400-700-nm. The reflectance of each planter box was calculated as the ratio
between the reflected radiance from each planter box and the radiance reflected by the
Spectralon panel. Then, the reflectance spectra were used to compute three spectral indices as
follows:

- The canopy NDVI (Normalized Difference Vegetation index) as an indicator of the

canopy structure dynamics using the following formula:

- NDVI = (Rgoo—Res0) (Eq.l)

(Rgoo+Res50)

where Ry, and R, represent the leaf reflectance integrated over the 40- and 20-nm

wavelength bands centered at 800 nm and 650 nm, respectively.

- The canopy mNDI,; (modified Red-edge Normalized Difference index) as an
indicator of canopy chlorophyll content, which was calculated using the following

formula presented in Sims and Gamon (2002):

- mMNDILys = (R750—R705) (Eq.2)

(R750+R705—2*R445)

where R,,s, R;os and R,5, represent the canopy reflectance spectrum integrated over a
25-nm waveband centered at 445 nm, 705 nm and 750 nm, respectively. The use of
this optical indicator was previously validated at the leaf scale (Hmimina et al. 2013).

- The canopy PRI was calculated using the following formula:

- PRI = M(qu)

(Rs31+R570)
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where Rg;, and Ry, represent the leaf reflectance integrated over a 10-nm wavelength

band centered at 531 nm and 570 nm, respectively.

The soil water contents of the six planter boxes were monitored over the entire soil
profile using an access tube installed near the center of each box. Measurements were
collected weekly every 5 cm using a PR2 soil moisture profile probe (Delta-T Devices, UK).
The PR2 measurements were calibrated for volumetric humidity over ten 250-cm’ soil

samples for each box (a total of 60 samples).

3.2.2. Leaf-scale measurements

The leaf LUE was estimated from leaf maturity to senescence (i.e., from DoY 197 to
250) from 9 photosynthetic measurement campaigns that were performed for oak and 6 that
were performed for beech using a LICOR 6400-40 open-flow portable photosynthesis system
(LICOR, Lincoln, Nebraska USA). All measurements were collected at the incident PPFD
using the LICOR quantum sensor. In each planter box, twenty leaves were selected and
measured repeatedly from 9 am to 8 pm. Each leaf was measured approximately 5 times per
day.
The LUE of Scots pine was not measured for practical reasons (instrument limitation).
Nevertheless, the three species were compared by examining the temporal variability of the

PRI responses to PPFD and by analyzing the canopy structure and biochemistry.

3.2.3. Data analysis
Canopy PRI versus PPFD (canopy PRI light curves) were analyzed on a daily basis
using a non-linear regression:

PPFD(t)
PPFDsat j

PRI(t) = PRIy, + APRI; * erf( ) (Eq. 4)

PPFD(t) 2 (PPFD(t)/PPFDsatj _,2
where erf | ——=| = —= e dx
f(PPFDsatj) nfO
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where PRI, APRland PPFDsat are three parameters that are determined daily using mean
square minimization and Erf represents the Error Function. The speed of xanthophyll de-
epoxidation, which is associated with changes in the PRI, followed a Gaussian curve with
changes in light intensity (Takizawa et al. 2007). Therefore, the Erf function, which is a
Gaussian integral, was used to account for the continuous regulation process of the
xanthophyll cycle between a PPFD.
This model allows for the direct retrieval of the PRI, the full range of PRI variation and
saturating PPFD values. In addition, this model was used to explain the variability of the PRI.
The time series of the PRI at a seasonal scale was analyzed using the following non-

linear model:

PRI (t) = a * mNDIos(t) + b + APRI = Erf (%) (Eq. 5)

where RH is the soil moisture content and a, b, ¢, d and APRI are the fitted parameters of the
model at a seasonal scale. The model goodness of fit was assessed using the R? value and the
observed versus predicted relationships. The significance level was fixed at 5%.

At the leaf scale, the LUE versus PPFD relationship was determined on a daily basis
using the LICOR measurements. A non-rectangular hyperbola model (Thornley 1998) was
modified to express the maximum photosynthetic and maximum photosynthetic efficiency
parameters as a function of canopy mNDI,; and soil moisture content and was fitted to these
relationships.

Photosynthetic assimilation was expressed as follows:

__ PPFD*Apmqx*0
0*PPFD+Amax

+ Ry (Eq. 6)
where A,,.. (light saturated rate of gross photosynthesis) and & (quantum yield of
assimilation) were expressed as

0 =f+mNDIl,;s +g
Apax = h*mNDI, s +i* RHgy +

and f, g, h, 1 and j were fitted parameters. The LUE was calculated as
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LUE = ———
PPFD

For the days between the measurement campaigns, the LUE was estimated by using the
model described above and by measuring the incoming PPFD, soil moisture content and

mNDL,,.

4. Results

4.1. Seasonal variability of the soil water content, canopy structure,

pigmentation and light use efficiency

The seasonal dynamics of the NDVI, mNDI,,;and soil water content are shown in
Fig.1.

The temporal dynamics of the soil water content exhibited an increasing difference
between the control and treated plots throughout the entire experimental period for all species
(Fig. 1.a). The differences in the soil water status between the species were evident
throughout the experiment. The greatest differences between the control and treated plots
were observed from DoY 219 onwards. Thus, a wide range of soil water contents (from 5% to
35%) was investigated. Irrigation resulted in peaks in the soil water content, particularly in the
control plots.

The temporal dynamics of the canopy NDVI showed an increasing trend until DoY 220, when
a plateau was reached. Next, a decreasing trend occurred from DoY 265 in the deciduous oak
and beech plots (Fig. 1.b). In the Scots pine plots, the NDVI exhibited a continuous increase
until DoY 210, and then reached a plateau before decreasing after DoY 245. The NDVI was
relatively stable between DoY 190 and DoY 280 for all species and treatments.

The pattern exhibited by the mNDIL,differed from the NDVI (Fig. 1.c). Moreover, the
mNDIL,; pattern and magnitude differed between the species. In the oak plots, the mNDIL,

increased from the beginning of the study to DoY 220, coinciding with the NDVI increase.
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Then, the mNDI,; decreased slowly while the NDVI remained stable. However, in the beech
plots, the mNDIL,; was lower and linearly decreased throughout the study period. No
significant differences were evident between the control and treated oak or beech plots. In
Scots pine, a continual increase in the mNDI,; occurred until DoY 250, when a plateau was

reached, and decreased after DoY 280. The control and treated Scots pine plots differed

significantly.
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Figure 1. (a) Seasonal dynamic of soil water content at 30 cm depth, (b) canopy normalized difference
vegetation index (NDVI), (c) modified red-edge normalized difference index (mNDIys). Blue for
control plots and red for treated plots; points for oak, empty circles for beech and asterisks for Scots

pine.
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Figure 2. Seasonal dynamic of mean leaf light-use efficiency (LUE; umol CO2 umol™" photon) in oak
(a) and beech (b) (blue boxes in control and red boxes in treated plots).The centre of each box is the

median and bounds correspond to the median 95% confidence interval.

The leaf LUE did not differ significantly between the control and treated beech or oak
plots (P>0.05), except for the beech LUE that was measured on DoY 219 and 234 (P <0.01
and P <0.04, respectively) (Fig. 2). Moreover, the temporal patterns of the LUE over the
entire experimental period were similar for these two species. Two peaks in the LUE were
observed on DoY 215 and 246 for oak, and between DoY 219 and 227 and on 241 for beech.
These patterns differed from the soil water content, and the NDVI and mNDI, 5 patterns are
shown in Fig. 1.

The variations in the canopy PRI over the entire experimental period are shown in
Fig.3. High variability occurred in the daily PRI values. The PRI increased until DoY 220 in
oak and 240 in pine, whereas the beech PRI linearly decreased throughout the entire

experiment. These patterns are similar to those observed in the mNDI, (Fig. 1).
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PRI

200 220 240 260 280

Fig. 3: Photochemical reflectance index (PRI) over the whole experiment period for the three species
(blue symbols stands for control plots and red symbols for treated plots, points for oak, circles for
beech and asterisks for Scots pine). (Number of reflectance spectra used in PRI calculation is of about

5000 samples per species and treatment).

4.2. Canopy physiological and optical responses to PPFD variations

The canopy ecophysiological responses to environmental factors were described for
each measurement campaign using daily light curves. These curves are presented for the
entire experimental period (Fig. 4.a). For days between measurement campaigns, the LUE
versus PPFD relationship were interpolated following the procedure described in the

Materials and Methods section (Eq. 6).
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0.67 t0.0.98 for LUE versus PPFD)

The daily PRI versus PPFD light curves were fitted as described in the Material and
Methods section (Eq.4). These relationships are illustrated in Fig.5. The distribution of the
residuals was checked, and outliers outside two standard deviations (15% of the entire dataset,

N=4457) were excluded from the following analyses.
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Figure 5. Examples of daily fitted photochemical reflectance index (PRI) light curves under varying

soil moisture content and leaf modified red-edge normalized difference index (mNDIs).

4.3. Analysis of the PRI versus PPFD relationship

The estimated parameters (i.e., the PRI, PRI range and saturating PPFD) of Eq. 4,
which express the daily variability in the PRI (Fig. 5), were analyzed using simple linear
regressions of NDVI, mNDI,,; and the soil moisture content. The results of the regressions are

presented in Table 1 for all species and treatments.

PRI, PRI range Saturating PPFD
NDVI R2=0.1, P<0.08  R2=0.02, P<0.37 R?>=0.01, P<0.42
mNDI,5 R2=0.92, P<0.001 R?=0.04, P<0.17 R?=0.03, P<0.33

Soil moisture content R2=0.02, P<0.22 R2=0.02, P<0.34 R2=0.88, P<0.001

Table 1: Simple linear regression goodness of fit (R? and P-value) using the NDVI, mNDI )5 and soil
moisture content as explanatory variables (lines) of the PRI,, PRI range and saturating PPFD

(columns). The data were pooled across species and treatments.

The NDVI was not linearly correlated with any of the estimated parameters, whereas
the mNDI,; was a good estimator for the PRI, and the soil moisture content was correlated
with the saturating PPFD. However, the PRI range was not correlated with any of the tested

variables and exhibited low variability over the entire experimental period (mean value =
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0.072, standard deviation = 0.0056). The relationships between these variables are shown in

Fig.6.
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Figure 6. Relationships between PRIO and modified red-edge normalized difference index (mNDI,s5)

(left) and between the saturating photosynthetic photon flux density (PPFD) and soil moisture content

(blue symbols for control plots and red symbols for treated plots; points for oak, empty circles for

beech and asterisks for pine plots).

The PRI, and saturating PPFD were linearly correlated with the mNDIL, s and soil

moisture content (Fig. 6). Consequently, the PRI model (Eq. 4) described in the Materials and

Methods section for use on a daily scale was modified to generate a generic model at a

seasonal scale according to Eq. 5 by replacing the two constants (PRI, and saturating PPFD)

with their expressions as linear functions of mNDI,,; and soil moisture content, respectively.

The range of daily PRI variability (Eq. 5) was kept as a constant in the generic model. This

generic model allows the expression of the PRI as a continuous function of the PPFD, soil

moisture content and mNDIL, ;. The expression of the generic model is given by Eq. 5.

The regression statistics for each species and the entire dataset are summarized in Table 2.
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Oak Beech Pine Whole dataset

R? 084 094 085 098

RMSE 0.0095 0.0098 0.0097 0.0058

RMSE/daily range 12.5% 164% 129% 69%

Table 2: Goodness of fit of the PRI regression for the PPFD, soil moisture content and mNDI,; for

each species and the entire dataset. The RMSE/daily range corresponds to the ratio between the

RMSE and parameter “c” in Eq. 5.

Observed PRI

-0.15 0.1 -0.05 0 0.05 0.1
Predicted PRI

Figure 7. Measured versus predicted photochemical reflectance index (PRI) over the whole experiment
period using the generic model (Eqn. 5) applied on the whole dataset (without distinction between
neither species nor treatments).

There were no significant species differences in the parameters.
The parameters of this generic model were estimated using the entire dataset over the full
experimental period for all species and treatments. The measured versus predicted PRI

relationships are shown in Fig.7.

The model R? for all data (N=19412) was 0.97, and the model RMSE was 0.0058, which

accounted for 6.9% of the estimated daily PRI range.
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4.4. Deconvolution of the PRI variability
The effects of the pigment content were disentangled by expressing the PRI, as a linear
function of the mNDI,; in the generic model, and by subtracting from the simulated and
measured PRI to obtain the PRI, (the corrected PRI). The temporal patterns of the simulated

PRI, PRI, and LUE for the full range of PPFD values are shown in Fig. 8.

Control Oak Treated Oak Control Beech Treated Beech Control Pine Treated Pine
Interpolated PRI Interpolated PRI Interpolated PRI Interpolated PRI Interpolated PRI Interpolated PRI
- 0.1
@ 0.05
£
3 0
é -0.05
E 0.1
& 500 .
-0.15
200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280
Interpolated corrected PRI Interpolated corrected PRI Interpolated corrected PRI Interpolated corrected PRI Interpolated corrected PRI Interpolated corrected PRI
2500 2500 2500 2500 2500 2500 g 0
;@ 2000 2000 2000
& -0.05
"i' 1500 1500 1500
a 1000 1000 1000 1000 0.1
& 500 500 500 500 _ 500 500
-0.15
200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280
Interpolated LUE Interpolated LUE Interpolated LUE Interpolated LUE Interpolated LUE Interpolated LUE
2500 2500 2500 2500 0.06
= 2000 2000 2000 2000
NE — - 003
3 1500 1500 1500 1500 3
E. 0.04
E’ 1000 1000 1000 1000 1000
=
& ” - ” _ ” - ” - ” - ” _ B
'0.02

200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280

200 220 240 260 280 200 220 240 260 280
Julian Days Julian Days Julian Days Julian Days

Julian Days Julian Days

Figure 8. Surface plots of photochemical reflectance index (PRI) from the generic model Eq.5 (upper
line), corrected PRI (PRIc) after subtracting PRIO (middle) and light-use efficiency (LUE) (bottom
line) for each experimental plot, over the full range of photosynthetic photon flux density (PPFD) and

the whole experiment duration.
Different patterns were evident between the species and treatments, as shown in
Fig.8. After correction, the PRI, and LUE patterns were similar. This finding indicated that
most of the seasonal PRI pattern was explained by the leaf pigment content, and that a
residual component depended on the physiological functioning of the canopy, especially for

beech and pine.

The relationships between the PRI, PRI, and LUE are shown in Fig.9.
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Figure 9. Photochemical reflectance index (PRI), measured and estimated PRIc versus measured and
estimated light-use efficiency (LUE) from Day ofYear (DoY) 197 to 250.Red symbols stand for
uncorrected measured PRI versus estimated LUE (in oak, beech and pine) at canopy scale; blue
symbols stand for measured PRI cor- rected after subtraction of PRIO versus estimated LUE (in oak,
beech and pine) at canopy scale. Gray symbols stand for estimated cor- rected PRI versus measured

LUE at leaf scale for oak and beech.

The measured PRI exhibited two distinct clouds of data points; the upper cloud
contained data that were acquired from the oak and pine planter boxes and the lower cloud
contained data that were acquired from the beech planter box (Fig.9). Although the PRI and
LUE were exponentially related (R?>=0.66, P<0.001, RMSE=0.009), residuals were not
uniformly distributed (P<0.001). In contrast, the measured PRI, and estimated LUE at the
canopy scale were highly correlated (R?>=0.93, P<0.001, RMSE=0.0037), and the residuals
were normally distributed (P>0.22). The estimated PRI, and measured LUE in the oak and
beech at the leaf scale exhibited a similar linear relationship (R?=0.95, P<0.001,
RMSE=0.0045, no significant difference in slope). The slight difference in the intercepts of
the canopy- and leaf-scale relationships potentially resulted from differences in the PRI,
versus mNDI,,;. The relationship between the PRI, and LUE did not depend on species or

treatment.
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Figure 10. Ratio of simulated photochemical reflectance index (PRI) variance explained by PRIc over
the DoY 195 to 280 period for each planter box. Simulations were performed using the PRI continuous

model over several temporal resolution and measurement timing.

The percent of PRI variability that was explained by changes in the xanthophyll cycle
are shown in Fig. 10 for each planter box for several sampling times and temporal resolutions
obtained using sub-samples of PRI measurements. In oak and pine, which exhibited low
mNDI, s variability over the growing season, the proportion of simulated PRI variability due
to the facultative component was higher during the early morning (between 7 and 9 AM) and
afternoon (between 15 and 19 PM) and decreased rapidly as the temporal resolution
increased. Between 9 AM and 15 PM, a temporal resolution of less than 30 minutes was
needed for the facultative PRI variability to reach more than 50% of the simulated variability.
In beech, most of the PRI variability resulted from the constitutive variability at a temporal

resolution of more than 30 minutes for each tested sampling hour.
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5. Discussion

Six experimental plots containing saplings from three different species (oak, beech
and pine) were subjected to two different water treatments, which resulted in different
seasonal trends in the soil water contents between the treatments (as shown in Fig. 1).The
experiment spanned from the end of a sharp increase in the NDVI (due to green-up) to the
beginning of a sharp decrease in the NDVI (due to leaf senescence of the deciduous species).
In the pine plots, the NDVI showed a continuous increase due to green-up before a slight
decrease, which likely resulted from the lower branch needle flushing that was observed in
mid-summer. Small differences in the NDVI between the control and treated plots are evident
in the deciduous species (Fig. 1.b).

The mNDI,ys which is used as a proxy for the leaf chlorophyll content (Sims et al.
2002), exhibited different patterns between species and small differences between the control
and treated plots (Fig. 1.c). This observation agrees with the observations of Damesin et al.
2003, which indicated that the leaf chlorophyll concentration per area increased sharply in
beech at the beginning of budburst and then decreased. In pine, the steady increase in the
mNDIL,,; can be explained by the formation of new cohorts of needles. Differences in the
trends between the mNDI,,; and NDVI suggest that these two indices provided different
information during the experiment.

The measured leaf LUE exhibited a slight seasonal pattern (Fig. 2) that cannot be
explained solely by the soil water content, LAl or mNDI,,;. This pattern was similar for both
deciduous species (oak and beech) and was mostly explained by the variations in the PPFD.
The variability in the daily LUE was of the same order of magnitude as the seasonal
variability.

The measured LUE decreased with increasing PPFD before exhibiting an asymptotic pattern
at high PPFD values. The saturating PPFD value varied with the DoY based on the leaf

chlorophyll and soil water content, as reported in Ogaya et al. 2003 and Xu et al. 2003. The
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seasonal variability, which was linked to the leaf chlorophyll and soil moisture contents, and
the daily variability, which was driven by PPFD, were accurately reproduced (Fig. 4).

The measured PRI exhibited high daily variability and strong seasonal patterns that
differed between the species (Fig. 3). Although the oak and pine measurements did not differ
significantly regarding their PRI level or PRI seasonal dynamics, the beech PRI was
significantly lower throughout the experiment. While these seasonal trends and the
differences between species cannot be compared with those observed in the LUE (Fig.2), they
are similar to those observed in the mNDI,y; (Fig.1.c). These results are comparable to those
shown at the leaf scale by Hmimina et al. 2013, and suggest a strong sensitivity of the PRI to
leaf pigment content, as shown by Moran et al. 2000, Rahimzadeh-Bajgiran et al. 2012 and
Gamon and Berry 2012. To determine the impacts of this sensitivity, the variability of the PRI
associated with the leaf pigment and LUE must be disentangled.

The PRI measurements were fitted on a daily basis for each plot. The model described
in the Materials and Method section provides three biologically relevant parameters, the PRI,
(as defined in Hmimina et al. 2013), the maximum daily PRI range, and the saturating PPFD
value. The PRI range exhibited very low seasonal variability, which can be explained by an
absence of a noticeable change in the total xanthophyll pool size (data not shown) in
accordance with Gamon and Surfus 1999. The saturating PPFD value was highly correlated
with the soil water content, while the PRI, was highly correlated with the mNDIL, ;. Thus, the
two following distinct components of PRI variability at the leaf scale are distinguished
(Gamon and Berry 2012; Hmimina et al. 2013).

- A physiological component explained at the daily scale by the PPFD and at the
seasonal scale by the variability in the soil moisture content.
- A structural component explained at the seasonal scale by the mNDI,,s which was

used as a proxy for the chlorophyll content.
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Because the relationships between the PRI, and mNDIL, at the canopy scale and between the
saturating PPFD and soil moisture contents were strong and linear between the different
species and treatments, a generic PRI model was designed to integrate these variables and was
fitted to each species and the entire dataset (Table 2). The parameters of this generic model,
which related the mNDIL,,; and soil moisture content to the PRI, and saturating PPFD,
respectively, did not differ significantly from those obtained using specific models. Therefore,
the generic model can be used to deconvolve the PRI variability that is associated with the
physiological response to PPFD from the variability associated with the leaf chlorophyll
content over the entire experiment.

The temporal variability in the PPFD versus PRI, PPFD versus PRIc and PPFD versus
LUE relationships (Fig.8) exhibited strong discrepancies between the PRI and LUE, which
could be alleviated by subtracting the estimated PRI,. We concluded that the PRI would not
be an accurate proxy of LUE without correcting for seasonally changing canopy pigment
content. Indeed, variability in the canopy chlorophyll content may lead to non-functional
relationships when the chlorophyll content coincidentally matches the seasonal pattern of
LUE.

This strong sensitivity of the PRI versus LUE relationship to leaf pigment content may
explain the observed variability in the strength of the PRI versus LUE relationships between
the sites and across the different temporal resolution scales as shown in Grace et al. (2007)
and Garbulsky et al. (2011). Spatial and temporal changes in the leaf pigment content may
mask the physiologically-related PRI variability, and this effect may be amplified at low
temporal resolution measurements (high variability in the leaf pigment content between
observations) and high PPFD (low LUE variability).

In fact, while the relationships between the PRIc and the LUE (Fig.9) were strong and unique
across all plots, the relationship between the PRI and LUE was poor and non-linear. This poor

PRI versus LUE relationship mainly resulted from the strong PRI, variability in beech and the
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differences in the PRI, levels between the species. Moreover, the PRI versus LUE relationship
exhibited a non-linear pattern that was similar to previously reported patterns (Garbulsky et
al. 2011), while the PRIc versus LUE relationship was clearly linear. Thus, the non-linearity
of the PRI versus LUE relationship that was reported in Garbulsky et al. 2011 for deciduous
species (Nichol et al. 2000, Nakaji et al. 2008) and combined sites may result from the shift in
the PRI versus LUE relationship due to changes in the leaf pigment content.

The impacts of this shift on the PRI variability, which were simulated for different temporal
resolutions and measurement times (Fig.10), were highly dependent on canopy phenology. In
oak and pine, which exhibited low variability in the canopy chlorophyll content during the
growing season, the PRI facultative variability was masked by its constitutive variability for
measurements made between 9 AM and 3 PM. In beech, which exhibited high variability in
the canopy chlorophyll content, the PRI facultative variability only exceeded the constitutive

variability at low temporal resolution (<30 minutes).

6. Conclusions

In agreement with previous studies at the leaf scale, the PRI was shown to be a
composite index that varied with the LUE (facultative variability) and leaf pigment content
(constitutive variability). The PRI exhibited seasonal patterns that differed from those of the
measured LUE. While the LUE appeared to be driven mainly by the PPFD at the seasonal
scale, the PRI dynamics differed significantly between the species and exhibited features
similar to the pattern of the canopy pigment content.

The high temporal resolution and high dynamic range of the setup described in this
work allowed us to describe the PRI changes under a broad range of PPFD values. Thus, the
PRI, was precisely estimated and could be related to the mNDI,,;, which was used as an

indicator of variations in leaf pigment content. Moreover, the range of daily PRI variation and
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the PRI facultative change were shown to be constant in each species and treatment, and the
saturation PPFD was correlated with the soil water content.

This description of the PRI variability enabled us to design a continuous seasonal
scale model that was able to accurately reproduce the seasonal variability of the PRI. The
continuous PRI model was used to interpolate the PRI measurements to describe the PPFD
and pigment-related temporal patterns and to disentangle the constitutive and facultative PRI
variability. The obtained PRI, which was calculated as the measured PRI minus the estimated
PRI, was highly correlated with the interpolated LUE. During the growing season, and while
excluding sources of significant changes in the LAI, high temporal resolution PRI
measurements were shown to provide an estimate of the overall canopy pigment content
(PRI,) and LUE (PRI,). Moreover, while the relationship between the PRI, and LUE was
clearly linear, the relationship between the mostly pigment-related PRI and LUE was
exponential (as reported in previous studies). Thus, the observed PRI versus LUE relationship
may be strongly affected by the temporal and spatial variations of the LAI and leaf pigment
content. The direct use of the PRI as LUE proxy at large scales (in a remote sensing context)
may lead to inaccurate LUE estimations due to the dominant effect of canopy pigment content
on PRI.

The described continuous model may be applicable over broader scales, but requires
the use of water availability and of a reliable proxy of canopy pigment content. The described
daily-scale PRI light-curve analysis may be used to provide a coarser estimation of the PRI,
but requires a high temporal resolution and reliable PRI measurements under low light
conditions. The proportion of the PRI variability associated with changes in the xanthophyll
pigment concentration which could be observed in several sub-samples decreased rapidly
with the temporal resolution of the measurements and was dependent on the timing of the
measures. At coarse temporal resolution and around midday, when photosynthesis is light-

saturated, PRI variability is mainly explained by seasonal changes in canopy pigment content.
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Moreover, while these methods were shown to deconvolve the LUE and pigment-related PRI
variability, the effects of different and varying canopy structures were not assessed in this

work.

The potential of the PRI as a proxy for LUE before and after deconvolution should
be assessed over broader temporal and spatial scales, across forests that exhibit different
structural properties, and under varying climatic constraints. In this context, linking PRI
measurements with carbon flux sampling appears to be the next step in order to improve our

understanding of PRI variability at canopy scale.
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CHAPITRE I

Fig.1 : La lumiere incidente (I) arrivant sur une feuille peut étre réfléchie (R), absorbée (A) ou
transmise (T). p.19

Fig.2 : Schéma simplifié de I’absorption d’un photon (hV) par une molécule de chlorophylle
de I’antenne collectrice, et de sa transmission jusqu’au centre réactionnel du
photosysteme II. Le centre réactionnel perd un électron qui va rejoindre son accepteur
primaire (phéophytine) avant d’entrer dans la chaine de transport d’électron. p.21

Fig.3 : Schéma simplifié du trajet des protons et des électrons lors de la photosynthése au
sein de la membrane thylacoidale d’une feuille (d’apres Zaks et al., 2012). p.21

Fig. 4 : Schéma simplifié distinguant les trois étapes du cycle de Calvin: la fixation du
carbone grace a la RubisCO, la réduction du carbone pour la synthése des glucides, et la
régénération du substrat RuBP pour un nouveau cycle. p.23

Fig. 5 : Schéma du fonctionnement de la phase non-photochimique de la photosynthese pour
les plantes au métabolisme en C3, C4 et CAM. p.23

Fig. 6 : Schéma des différentes variables mesurables par fluorescence en fonction de 1’état
d’adaptation a la lumiere de la feuille étudiée. p.26

Fig. 7 : Florescence chlorophylienne induite par le soleil (SIF) et spectres de reflectance d’une
feuille. (A) Spectre de la feuille entre 650 et 800 nm avec les deux pics de fluorescence
dans les bandes d’absorption de 1’oxygene atmosphérique a 680 et 760 nm. (B) Mise en
évidence de la fluorescence chlorophylienne dans les bandes d’absorption de 1’oxygene
(d’apres Meroni et al. 2009). p.28

Fig. 8 : Schéma de la conversion de la violanxanthine en anthéraxanthine et en zéaxanthine
dans les thylakoides via le cycle des xanthophylles en réponse a un exces de lumiere.

p-29
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Fig. 9 : Schéma général des processus de dissipation de 1’énergie lumineuse par les plantes
(modifi€ a partir de Zaks et al., 2012). p.30

Fig. 10 : spectres de réflectance et de transmittance d’une feuille de hétre commun. p.35

Fig. 11 : (a) - Série temporelle des spectres de réflectance mesurés sur la méme feuille sous un
PAR qui augmente puis qui diminue. L’insert permet d’agrandir la zone autour de 550
nm. (b)- Dynamique du PRI (en noir) et du rendement de la fluorescence (en rouge) en
réponse a la séquence de PAR imposée (en bleu, ymol/m?/s), issue de la méme série que
(a) (Hmimina et al., 2013). p.38

Fig. 12 : Relation entre PRI et rendement photochimique effectif de fluorescence d’une part
(sur des feuilles de lumieres de 15 especes ayant grandi en conditions de lumiere et de
nutrition optimales), et le taux net de CO, utilisé par des feuilles de lumiere d’autre part
(d’apres Gamon et al., 1997). p.38

Fig. 13 : (a) Coefficient de détermination de la relation entre LUE (light use efficiency) et PRI
(photochemical reflectance index) pour différentes échelles d’études. Les barres de
dispersion représentent les erreurs standards (n=24 études pour les feuilles, n=22 études
pour les canopées et n=7 €tudes pour les écosystemes) d’apres Garbulsky et al., 2011.
(b) Exemples de relation entre LUE et PRI a 1’échelle de 1’écosystéme sur une année
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plantation d’Eucalyptus (cercle), une forét de décidus méditerranéenne (carré) et une
forét sempervirente subtropicale (cercle noir) d’apres Garbulsky et al. 2010. p.40

Fig. 14 : Le systeme expérimentale constitué de 3 especes (chéne pédonculé, hétre et pin
sylvestre) chacune étant répartie dans 2 bacs distincts afin d’introduire un contraste de
contenu en eau dans au sein de chaque espece. p.49

Fig. 15 : Le systeme expérimental composé de : une fibre optique située au dessus de chaque

bac permettant de mesure la lumiere réfléchie par les bacs ; une fibre optique située au
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dessus d’une référence spectralon permettant de mesurer la lumiere incidente ; un
multiplexer a 16 entrées relié a un spectrophotomeétre ; un ordinateur. p.49

Fig. 16 : Plateforme de 1’écotron composée de plusieurs écolab, chaque écolab est composé de
3 cellules. p.53

Fig. 17 : Schéma du systeme expérimental réalisé afin d’injecter de 1’ozone dans une cellule
de I’Ecolab. p.54

Fig. 18: Design expérimentale : Un clip de feuille pour mesurer la fluorescence
chlorophyllienne couplé a un systtme de mesure optique avec la méme zone de
mesure : Pour une mesure de référence (spectralon), une mesure de feuille et pendant la
mesure d’une cinétique sur une feuille. p.56

Fig. 19 : Design temporel des traitements échantillonnés pour chaque cellule. RH concerne le
traitement li€ au stress hydrique atmosphérique, OZ concerne le traitement lié a I’ozone,
RH_OZ concerne le traitement avec les pots qui subissent un stress OZ apres un stress
RH et OZ_RH concerne le traitement avec les pots qui subissent un stress RH apres un

stress OZ. p.57

Fig. 20 : Photo des installations situées sur la tour a flux de Barbeau. p.58

CHAPITRE 11

Fig. 1: The experimental design: (a) — the steel pipe greenhouse with the optic fiber above
each planter box (6 planter boxes composed of three species (oak, beech, and scots
pine) under two water conditions); (b) — the optical multiplexer with 16 input ports (6
for above canopy optical measurements, 1 for the reference spectralon panel and the
remaining inputs for dark noise measurement); and (c) — optical fiber above the
reference spectralon panel. p.71

Fig. 2: (a). Dynamics of soil water content measured at a depth of 30 cm for each of the 6
planter boxes. (b). Temporal dynamics of the canopy structure based on the fraction of

absorbed photosynthetically active radiation (faPAR) for each of the 6 planter boxes.
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Blue denotes the pine plots; red denotes the oak plots; black denotes the beech plots;
solid lines denote the control plots; and thin dotted lines denote the treatment plots. p.77

Fig. 3: Relationship between canopy mNDI,,; and measured leaf chlorophyll content (mg/g)
for pooled oak and beech species. (Red circles indicate sunlit leaves and blue triangles
indicate shaded leaves). p.78

Fig. 4: Dynamics of canopy mNDI,s and leaf chlorophyll content in mg/g. (Histograms of
chlorophyll content: blue indicates shaded leaves; red indicates sunlit leaves; green
indicates needles; black lines indicate the moving median mNDI,.; and shaded areas
indicate the 95% tolerance intervals). p.79

Fig. 5: (a). Dynamics of canopy xanthophyll pigment (violaxanthin, antheraxanthin,
zeaxanthin in nmol/g dry matter; blue indicates shaded leaves and red indicates sunlit
leaves; mean and standard error of mean). (b). Relationship between the chlorophyll
content (mg/g) and violaxanthin content (nmol/g dry matter). (c). Relationship between
the chlorophyll content (mg/g) and xanthophyll content, including violaxanthin,
antheraxanthin, zeaxanthin and lutein (nmol/g dry matter). p.81

Fig. 6: Temporal dynamics of PRI throughout the experiment for the three species (blue full
circle denotes the canopy PRI; black continuous line denotes the moving median PRI;
shaded area denotes the 95% tolerance intervals). p.82

Fig. 7: Intra-daily variations of PAR (#mol/m?/s, in blue) and canopy PRI (in black) between
8 AM and 8 PM (left - control pine at DOY 107; right - treatment oak at DOY 98). p.83

Fig. 8: Fitted canopy PRI versus incident photosynthetically active radiation (PAR -
umol/m?/s) for the control pine plot on different days (blue denotes DOY 106, green
denotes DOY 117, red denotes DOY 216 and black denotes DOY 220). p.84

Fig. 9: The temporal dynamics of PRI, and PAR, (#mol/m?/s) during the growing season

sat

(control plots in blue and treatment plots in red). p.84
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Fig. 10: (a) - Relationships between PRI, and mNDI,, - Relationships between (b) PAR_,
and mNDI,; and (c) PAR_, and soil moisture (control plots shown in blue and treatment
plots shown in red; points denote oak, empty circles denote beech, and stars denote pine
plots). p.87

Fig. 11: Relative importance of the canopy chlorophyll content and soil moisture content for
the variability of PAR, throughout the experiment, from spring budburst to autumn
senescence (green circles indicate canopy chlorophyll content and blue circles indicate
soil moisture content). p.88

CHAPITRE 111

Fig. 1: Experimental design: a leaf clip was used to acquire the fluorescence measurements as
well as the spectral measurements, and the same field of view was used: above a
reference spectralon panel, above a sampled leaf and during the kinetics display on a
leaf. p.105

Fig. 2: Temporal design of the cells sampled for each treatment. RH indicates the atmospheric
water stress treatment, OZ indicates the ozone treatment, RH_OZ indicates the plots in
the OZ treatment after undergoing the RH treatment and OZ_RH indicates the plots in
the RH treatment after undergoing the OZ treatment. p.106

Fig. 3: Relationship between mNDI,,; and chlorophyll content (mg/m?) for both species (Q.
robur in blue and Q. ilex in green). p.110

Fig. 4: (a) Relationship between the PRIO and mNDI, s and (b) relationship between the PRI,
and (Fm-Fo) for both species (Q. robur in blue and Q. ilex in green). p.110

Fig. 5: Dynamics of the (a) chlorophyll content (mg/m?) and (b) PRI, for the entire
experiment. RH represents the atmospheric water stress treatment and OZ represents the
ozone treatment; dots in blue (Q. robur), green (Q. ilex) and red represent the combined
RH-OZ treatment (atmospheric water deficit treatment followed by ozone treatment and

vice-versa). p.112
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Fig. 6: Relationships between the quantum yield of photochemistry Y(II), active non
photochemical quenching Y(NPQ), passive non-photochemical quenching Y(NO), PRI
and PRI, (PRI corrected). Blue points are Q. robur species and green points are Q. ilex
species. p.115

CHAPITRE 1V

Fig.1: Seasonal variations in 2015 of NDVI measured every half-hour above the deciduous
forest canopy of Fontainebleau-Barbeau flux-tower site. The data were acquired
between 8 h and 18 h TU. The tree growth cessation occurred between red lines (DOY
174 to DOY 196), and the studied period is between black lines (DOY 150 to DOY
210). p.132

Fig.2: Variations of temperature (°c), vapour pressure deficit (VPD, kPa), photosynthetically
active radiation (PAR), soil water content (SWC at 1500 cm of depth, cm3/cm3, left
axis) and precipitation (mm, right axis), evapotranspiration (ETR, mm), mean tree
growth (mm), gross primary production (GGP), light use efficiency (LUE) and PRI.
Measurements are acquired every half-hour above the canopy from DOY 150 to DOY
210, and every minutes for the PRI. The data presented were acquired between 8 h and
18 h TU. Data measured are in light blue and the means are in dark blue. p.135

Fig.3: Boxplot of PRI for six weeks, from DOY 161 to DOY 203. The central red line is the
median, the blue edges of the box are the 25th and 75th percentiles, the whiskers extend
to the data points not considered outliers (in black), outliers are plotted individually (in
red). p.136

Fig.4: Dynamics of mNDI,, PRI, and PAR, calculated from measurements acquired above
the canopy. For mNDIL, s, data measured with the spectrophotometer are in light blue
and the means are in dark blue. p.137

Fig.5: Relationship between SWC (mm) and PAR, from the DOY 150 to 210. p.137
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Fig.6: left: Relationship between PRI and LUE from the DOY 150 to 210 and right:
relationship between PRIc and LUE (PRIc calculated during the tree growth cessation

are in red and the PRIc for the period before and after the drought are in blue). p.138
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Table 1: Summary statistics of the xanthophyll content (nmol/g dry matter) and chlorophyll
content (mg/g dry matter) of oak and beech species (mean (standard error), min — max).
p.81

Table 2. Goodness of the PRI, and PAR,, regressions for mNDIL,,; and the soil moisture
contents for the entire dataset (estimate value (standard error); *, ** and *** indicate
significant effects at p<0.05, p<0.01 and p<0.001, respectively). p.85
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Table 1: Summary of the regression for mNDIL, s, Fo, Fm and Fm-Fo on PRIO and PARsat for
the entire dataset (R?; *, ** and *** indicate significant effects at p<0.05, p<0.01 and
p<0.001, respectively). p.111

Table 2: Relationships of the AOT40 (ppb) and EA (mm) with the PRIO and PARsat for Q.
robur and Q. ilex in the 5 treatments. The significance of the predictors is *, ** and ***,
which indicates significant effects at p<0.05, p<0.01 and p<0.001, respectively.
Estimates of coefficients with standard error. Control represents the control plants, RH
represents atmospheric water deficit treatment, OZ represents the ozone treatment,
RH_OZ represents the plots in OZ treatment after undergoing RH treatment and
OZ_RH represents the plots in RH treatment after undergoing OZ treatment. Sample
size: number of observations (leaves). RMSE: root mean square error. p.114

CHAPITRE 1V

Table 1: Summary of the regression between Soil water content (SWC in mm) and PARsat
for the period between DOY 150 and DOY 210 (R?; *, ** and *** indicate significant

effects at p<0.05, p<0.01 and p<0.001, respectively). p.138
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Résumé :

Anticiper les impacts des changements
climatiques sur les écosystémes terrestres,
notamment sur le cycle du carbone, nécessite la
compréhension et la quantification du
fonctionnement photosynthétique des végétaux
et leurs réponses aux contraintes abiotiques.
Suivre I’évolution des propriétés spectrales des
couverts végétaux par la télédétection permet
d’avoir acces a leur fonctionnement a des
échelles spatiales et temporelles variées.
Plusieurs indicateurs optiques ont été
développés afin d’accéder a la structure, la
biochimie et le fonctionnement
écophysiologique des végétaux. Le PRI
(photochemical reflectance index), déterminé a
partir de la réflectance mesurée dans des bandes
étroites a 531 nm et 570 nm, est un proxy de
I’efficacité de la plante a utiliser la lumiére
(LUE, light wuse efficiency) et plus
particulierement du cycle des xanthophylles,
utilisé par la plante pour dissiper 1’énergie
lumineuse excédentaire sous forme de chaleur.
Cependant son usage a 1’échelle du couvert
végétal, ou a plus larges échelles temporelles et
spatiales, entraine 1’implication de nombreuses
sources de wvariabilités qui masquent la
sensibilitt du PRI au fonctionnement
photosynthétique, particuliérement les
variations biochimiques et phénologiques.
L’objectif de ce travail est de mieux
comprendre les facteurs qui jouent sur la
variabilité du PRI a I’échelle de la feuille et du
couvert, afin de caractériser ses réponses aux
variations abiotiques de 1’environnement et de
déméler la composante phénologique de la
composante physiologique du PRI. Des études
ont été menées en conditions contrdlées, semi-
naturelles et naturelles, sur des jeunes arbres et
en forét adulte, soumis a différentes contraintes
abiotiques. L’analyse des courbes de réponse du

PRI aux variations de lumiére incidente utilisée
pour la photosynthése (PAR, photosynthetically
active radiation) permet d’isoler 3 paramétres.
Le PARy,, la valeur de PAR pour laquelle le
PRI sature, le PRI, la valeur du PRI a une
intensité lumineuse faible (mesurée) ou nulle
(estimée) et le APRI, I’amplitude de variation
entre le PRI, et la valeur de PRI maximum. En
période de végétation, la variabilit¢é du PARy
est principalement contrdlée par la disponibilité
en eau pour la plante. La variabilit¢é du PARg,
est aussi impactée par la concentration d’ozone
atmosphérique. En période de débourrement et
de sénescence, la variabilit¢ du contenu en
chlorophylle régit la valeur du PARy. Ce
parameétre explique la variabilité physiologique
du PRI et varie en fonction du facteur limitant la
photosynthése. La variabilit¢ du PRI, a été
expliquée par la variabilit¢ du contenu
biochimique des feuilles en réponse au cycle
saisonnier de la chlorophylle et a sa variabilité
en conditions de stress. A 1’échelle de la
canopée, la variabilité de la structure du couvert
s’ajoute a la variabilité biochimique du PRI,. Le
PRI, en temps que composante phénologique
de la variabilit¢ du PRI, peut étre utilisé pour
corriger le PRI afin de lui soustraire la
variabilité structurale et obtenir un PRI,
fortement corrélé a la LUE. A 1’échelle de la
canopée, il a ét¢é montré que le PRI est
principalement représentatif de la strate
supérieure du couvert. Le APRI n’a montré
aucune variation intra et inter-journaliere,
suggérant que le PRI répond non pas au contenu
en xanthophylle des plantes, mais a un ratio
maintenu constant. Ces résultats mettent en
é¢vidence I’importance d’isoler les différentes
sources de variabilité du PRI avant de I'utiliser
comme proxy du fonctionnement
photosynthétique des écosystémes terrestres.
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Title : Optical responses of forest canopies to abiotic stress
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Abstract :

Anticipating impacts of climate change on
terrestrial ecosystems, particularly on the
carbon cycle, requires the understanding and
the quantification of the plant photosynthetic
functioning and of their responses to abiotic
factors. Tracking wvariations of spectral
properties of plants using remote sensing
allows the access of plant functioning at
various spatial and temporal scales. Several
optical indices have been developed to assess
plant canopy structure, biochemistry and
ecophysiological  functioning. @~ The PRI
(photochemical reflectance index), determined
from reflectances measured in narrow bands at
531 nm and 570 nm, may be used as a proxy of
light use efficiency (LUE) at leaf and canopy
scales, and more particularly of the xanthophyll
cycle used by plants to dissipate the excess
light energy as heat. However the use of PRI at
the canopy scale and at large temporal and
spatial scales faces several difficulties related
to the involvement of different sources of
variability that blur PRI sensitivity to
photosynthetic functioning. These sources of
PRI variability are particularly linked to spatial
and temporal variations of biochemical and
phenological canopy properties. The aim of
these studies is to better understand the factors
affecting PRI variability at leaf and canopy
scales, to assess the strength of the
relationships between PRI and vegetation
responses to environmental abiotic constraints
and disentangling the phenological component
from the physiological component of PRI.
Studies were conducted under controlled, semi-
natural and natural conditions, on young trees
and a mature deciduous forest subjected to
various abiotic constraints. The analysis of PRI
responses to the variations of

photosynthetically active radiation (PAR)
allowed isolating three parameters. The PARgy,
the PAR value at the PRI saturation; the PRI,
the value of PRI at dim light (measured) or in
darkness (estimated) and the APRI, the range of
PRI variations between the PRI, and the
maximum value of PRI. During the leaf
growing season, PAR, variability is mainly
controlled by the availability of water content
for the plant. The PARg, variability is also
impacted by the atmospheric  ozone
concentration. During the phenological phases
of budburst and the senescence, the variability
of the leaf chlorophyll content governs PARg,
values. This parameter describes the
physiological variability of PRI and varies
depending on the limiting factor for
photosynthesis. The PRI, variability has been
explained by the dynamic of the biochemical
content of the leaves linked to the seasonal
variations of chlorophyll content and to abiotic
stress conditions. At canopy scale, the
structural  variability is added to the
biochemical variability of PRI,. The PRIy, as
the phenological component of PRI variability,
can be used to correct PRI, removing its
structural variability to obtain a PRI, strongly
correlated to LUE. At canopy scale, it was
shown that the PRI is mostly representative of
the upper layer of the canopy. The APRI
showed no variation within and between days,
suggesting that the PRI does not respond to the
plant xanthophyll content but rather to a ratio
maintained constant. These results highlight the
importance of isolating the different sources of
PRI variability before its use as a proxy of the
photosynthetic ~ functioning of terrestrial
ecosystems.
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