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INTRODUCTION GENERALE







“If an apple blossom or a ripe apple could
tell its own story, it would be, still more
than its own, the story of the sunshine that
smiled upon it, of the winds that whispered
to it, of the birds that sang around it, of the
storms that visited it, and of the motherly
tree that held it and fed it until its petals
were unfolded and its form developed.”

Lucy Larcom






1. CONTEXTE DE LA THESE

Le pommier, Malus domestica Borkh, est une espéce d’arbres fruitiers de la famille des
Rosacées. Avec une production mondiale d’environ 80 millions de tonnes en 2014 (FAO), la pomme
occupe la troisieme place en termes de production de fruits, aprés celles des agrumes et des bananes.
La production européenne moyenne calculée sur la base de 5 ans de 2010 a 2014 est d’environ
12 millions de tonnes (FranceAgrimer, 2016) et la France se positionne comme 7°™ producteur
mondial et 3™ producteur européen avec 1,6 millions de tonnes et une superficie totale de
production de prés de 36 mille hectares en 2015. Sur la période 2010-2015, on observe une forte
oscillation du rendement de production qui peut étre attribuée aux conditions climatiques comme les
dégats dus au gel, les précipitations, des périodes de températures basses au moment de la floraison
ou de périodes de fortes chaleurs a I’approche de la récolte (FranceAgrimer, 2016). Le maintien du
rendement constitue un enjeu économique fort pour les producteurs francais afin de pouvoir se
démarquer des autres pays ou les cotlits de production sont souvent moins élevés. Au-dela du
rendement, le maintien voire 1’amélioration de la qualité des produits doit également permettre a la
filiére pomme frangaise de maintenir sa position commerciale a 1’échelle internationale dans un
contexte de plus en plus concurrentiel.

La qualité¢ de la pomme, et plus globalement celle des fruits, dépend d’une multitude de
facteurs qui peuvent étre endogenes ou exogenes et qui interagissent entre eux. Les facteurs exogenes
comportent les pratiques culturales (taille, éclaircissage), I’environnement (radiation lumineuse,
température de 1’air et du sol, taux de dioxyde de carbone dans I’air, apport en eau et en minéraux...),
I’impact des pathogeénes. Les facteurs endogenes, eux, sont de 2 types : d’ordre génétique lié au
cultivar ou au génotype indépendamment du milieu; et d’ordre éco-physiologique lié¢ aux
compétitions trophiques — notamment pour le carbone — pouvant exister au sein de 1’arbre a différents
niveaux d’échelle. Ainsi, une meilleure compréhension du fonctionnement de ’arbre fruitier en
relation avec son milieu est primordiale afin d’assurer une bonne gestion des cultures, faire face aux
différentes contraintes environnementales et proposer des techniques culturales adéquates.

L’alimentation des fruits en carbone constitue 1’'un des parameétres principaux dans la
détermination de la qualit¢ de la pomme. Depuis sa production ou sa remobilisation depuis les
organes sources (feuilles et tissus de réserves), le carbone est transporté jusqu’aux organes puits (les
fruits, notamment) ou il s’accumule et participe a leurs croissances. Une meilleure compréhension du

transport et de la répartition du carbone dans le cadre de ces relations sources/puits au cours du



développement du fruit devrait permettre de mieux comprendre voire de prédire la qualité du fruit a
la récolte. La répartition du carbone entre les différents organes puits au sein d’un arbre fruitier
dépend a la fois de la répartition spatiale des sources et des puits et de la capacité des puits a attirer le
carbone pour leurs croissances. Le transport du carbone au sein de I’arbre fruitier est donc un
processus complexe dont I’étude nécessite a la fois une prise en compte des composantes structurales
liées a I’architecture de I’arbre et fonctionnelles liées aux relations sources/puits et au transport des
assimilats. Chez le pommier, cette complexité est accentuée notamment par la diversité des types de
pousses végétatives (longues, courtes, préformées ou sylleptiques), 1’age du bois porteur et la
composition des unités fructiféres. Toutefois sa compréhension constitue un enjeu majeur afin de
mieux maitriser in fine la croissance des fruits et leur qualité.

C’est dans ce contexte que s’inscrivent une partie des activités de recherche de 1’équipe
QualiPom (Qualit¢ des Pomoidées) de 'UMR IRHS (Institut de Recherche en Horticulture et
Semences) qui vise 1’étude et la modélisation des processus écophysiologiques impliqués dans la
croissance et 1’¢laboration de la qualité de la pomme. Pour cela, I’équipe a fait le choix de ne pas
aborder 1’échelle globale de 1’arbre mais de se restreindre a la branche fruitiére de premier ordre
appelée « charpentieére » qui constitue la composante principale de 1’architecture du pommier. L un
des objectifs de I’équipe est donc le développement d’un modele de type FSPM (Functional-
Structural Plant Modelling) a I’échelle de la charpentiére du pommier permettant de simuler la
croissance et la qualité des pommes par une prise en compte du transport de 1’eau et la production, le
transport et la répartition des assimilats a 1’échelle de la charpentiére. Le travail de thése présenté ici

constitue une premiére étape dans I’élaboration de ce modéle.

2. ETATDE L’ART

L’¢étude du transport et de la répartition des assimilats se base sur la compréhension des
mécanismes physiologiques permettant de véhiculer les glucides photosynthétisés au niveau des
feuilles matures vers les autres organes de la plante. De fagon schématique, le transport des glucides
se fait entre les organes sources qui fournissent les glucides et les organes puits qui vont les recevoir.
Le transport dépend d’une multitude de facteurs a savoir le stade de développement des organes, la
distance séparant les organes, la vascularisation, la force de puits des organes ainsi que le pool de
carbone disponible. L’architecture de 1’arbre constitue la structure physique qui va impacter

I’ensemble de ces processus. D’abord, la surface foliaire ainsi que I’insertion, la superposition,



I’orientation et I’exposition des feuilles sont des facteurs déterminants de la capacité
photosynthétique et donc de la production de carbone. Par ailleurs, la topologie et le port des arbres
en relation avec les distances entre les sources et les puits peuvent aussi influencer le transport. Enfin,
I’architecture vasculaire, correspondant au réseau interne de transport, constitue un facteur important
dans le contrdle de la distribution des assimilats carbonés. En 1968, Aristid Lindenmayer
(Lindenmayer 1968a, b) introduisit un formalisme mathématique constituant des regles de réécriture
en parallele appliqué a une chaine de symboles. Ce formalisme, désormais connu sous la désignation
« Lindenmayer-systems » ou "L-systems", a été relayé par des informaticiens et infographistes et a
ensuite évolué en méthodologie permettant la simulation de la dynamique de D’architecture des
végétaux. La combinaison de cette méthodologie avec une autre approche de modélisation — celle des
modeles basés sur les processus (« process-based models » ou « crop models ») — a mené a une
nouvelle approche en modélisation qui a pour but de faire le lien entre 1’architecture d’une part et les
processus physiologiques controlant le développement, la croissance et la fructification du végétal
d’autre part et ce, a différentes échelles spatiales et temporelles. Ces modeles sont désignés par le

terme "Functional-Structural Plant Models" (FSPMs) (Vos et al. 2010, Buck-Sorlin 2013).

2.1. Production et répartition des assimilats a I’échelle de la branche fruitiére chez le pommier

Une partie de ce paragraphe reprend une mini-review réalisée par [’équipe et publiée dans

la revue Frontiers in Plant Science (Fanwoua et al., 2014).

2.1.1. L’architecture et structures fructiferes chez le pommier

La notion d’architecture a été officiellement introduite par Hallé et Oldeman (1970) qui ont
établi des modeles architecturaux de classification des arbres en se basant sur la morphologie et les
ramifications selon les espeéces. L’architecture — a savoir l'organisation dynamique de ses
composantes et leur distribution spatiale — joue un role essentiel dans I’interception de la lumicre
disponible dans 1’environnement de la plante. En effet, cette derni¢re déploie son appareil végétatif
dans I’espace afin d'optimiser l'interception du rayonnement qui lui parvient. Cependant, les angles
d'incidence des rayonnements directs varient en permanence en fonction de la trajectoire solaire.
L’environnement lumineux d'une plante est également modifi¢ par le rayonnement diffus provenant
de différentes parties de I'hémisphére du ciel et est perturbée par la végétation voisine (Fourcaud et
al, 2008). L'architecture de la plante est aussi modifiée a travers l'attribution des assimilats qui

détermine les différents taux de croissance des organes. En méme temps, la plante est soumise a des



contraintes mécaniques externes, telles que les forces de gravité ou le vent, et doit adapter sa forme et

développer des structures de soutien. Afin d'adapter leur forme a I'environnement en constante

évolution, et en réponse a la concurrence des plantes voisines, les plantes développent
progressivement leur architecture en fonction des activités sources-puits et des facteurs endogenes.

Dans le contexte des plantes cultivées, les producteurs modifient consciemment l'architecture des

plantes (par exemple par la taille) afin d'optimiser la production et la qualité de la biomasse. Les

sé¢lectionneurs choisissent également de nouvelles variétés possédant les traits morphologiques
souhaités. La structure en 3 D de la plante est alors un facteur clé pour l'intégration et la
compréhension des relations entre les fonctions des différents organes au niveau de la plante enticre

(Fourcaud et al, 2008).

L’architecture de 1’arbre est donc importante dans I’étude du transport puisqu’elle constitue
la structure porteuse des différents flux et signaux qui controlent le fonctionnement et le
développement des différents organes des plantes (Godin et Sinoquet, 2005). Chez le pommier, la
charpentiére, qui désigne la branche de premier ordre, constitue la composante structurale principale
de I’architecture de I’arbre.

Il existe néanmoins une variabilité architecturale entre les différents cultivars du pommier.
Lespinasse et Delort (1986) ont proposé une classification des architectures du pommier selon 1’angle
d’insertion des branches sur le tronc, la distribution des branches, la distribution des fruits sur les
branches et le type de rameaux porteurs des fruits. Ainsi les différents cultivars de pommiers ont été
classés en 4 groupes (Figure 1); cette classification ayant ensuite ét¢ modifiée par Lespinasse
(Lespinasse, 1992) suite a I’apparition de variétés colonnaires :

* Le type I : Ce type est colonnaire dans le sens ou il est caractérisé par un axe principal unique ne
portant que des rameaux courts sur lesquels se trouvent les structures "spur" de
fructification.

* Le type II: C’est aussi un type "spur". L’arbre a tendance a étre basitone avec des angles d’insertion
ouverts. Les ramifications fruitiéres se situent sur des branches agées proches du centre de
I’arbre.

* Le type III : C’est un type a forte ramification, avec une certaine dominance apicale. Il est
caractérisé par une fructification en position terminale ou en position latérale pour les

rameaux longs.



* Le type IV : Ce type regroupe les cultivars caractérisés par une ramification acrotone au port
retombant. Les points de fructification se situent majoritairement en position terminale sur

rameaux de 1 an.

Type I

Type 111

Figure 1. Les différents types architecturaux chez le pommier (d’aprés Lespinasse, 1980)

Au sein de chaque charpentiére, sont retrouvés tous les organes aériens du pommier qu’ils
soient végétatifs ou fructiféres, sources ou puits. L’architecture des arbres est définie par
I’organisation de ses sous-structures qui résulte de 1’activité des méristémes (Costes et al., 2006). En
effet, le méristéme se trouve au sein du bourgeon auquel il a donné naissance et tous les tissus formés
chez le végétal résultent d’une activité méristématique. Le pommier est une espéce a feuilles
caduques dont les bourgeons entrent en dormance sous [’effet des températures basses et du
raccourcissement des jours (Lauri et al., 1996). La dormance est un processus nécessaire a la survie,
le développement et I’architecture de la plante. Tres souvent, la levée de la dormance engendre une
augmentation de la division cellulaire et des changements dans le développement. (Horvath et al.,
2003). Au printemps, en fonction du génotype et des conditions environnementales, une partie des
bourgeons vont reprendre leur activité physiologique. Chez le pommier, on distingue 2 types de

9



bourgeons : les bourgeons végétatifs et les bourgeons floriferes qualifiés de « mixtes ». Ainsi, les
bourgeons végétatifs donnent naissance aux pousses végétatives annuelles composées d’une
succession de phytomeéres, chaque phytomere étant constitué d’un nceud, d’un entre-nceud, d’une
feuille et d’un méristeme axillaire (Room et al., 1994 ; Seleznyova et al., 2003). Les pousses
végétatives peuvent €tre soit longues, soit courtes selon les conditions environnementales et leurs
positions sur la charpenti¢re (Costes et al., 2006 ; Stéphan et al., 2007). Les bourgeons « mixtes »,
eux, se développent en une pousse trés courte appelée bourse portant une rosette de feuilles
préformées, correspondant aux primordia foliaires contenus initialement dans le bourgeon, surmontée
d’une inflorescence de 5 a 7 fleurs en corymbe. D¢s la floraison, a ’aisselle d’une ou plusieurs
feuilles de rosette se développent une ou plusieurs pousses végétatives appelées pousses de bourse a
partir de méristemes axillaires (Costes et al., 2006). Les premiéres feuilles qui se trouvent a la base
de la pousse de bourse sont généralement préformées alors que celles qui vont se développer par la
suite sont néoformées. L’ensemble, composé de la rosette de feuilles, de la bourse, de la (ou des)
pousse(s) de bourse et du corymbe, est qualifié de « spur » (Figure 2) qui peut étre considéré comme

une unité fonctionnelle.

Jeune pomme

Pousse de bourse

Rosette de feuilles /
(feuilles dites de « rosette »
AN i

Figure 2. Dessin du « spur » du pommier (adapté de Luckwill, 1970)

La charpentiere est donc formée de 1’ensemble des pousses qui se sont développées chaque année a

partir des bourgeons végétatifs ou mixtes. Le nombre d’organes sources et d’organes puits ainsi que
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leur répartition sur la charpentiére varient en fonction des génotypes, mais aussi d’une charpentiére a
y 5

une autre sur un méme arbre.

2.1.2. Les organes sources et puits

Tout organe qui peut exporter les sucres a un moment de son développement peut étre
considéré comme une source de carbone et tout organe qui va recevoir les sucres a un moment de son
développement est considéré comme un puits et ce durant cette phase. Au cours de leurs
développements, les différents organes constitutifs de la charpentiére peuvent étre soit d’abord puits
puis sources pour le carbone (cas des feuilles) ou rester puits (cas des fruits) ou bien encore d’abord
sources puis puits (cas des organes de réserves). Ainsi, les jeunes feuilles sont des puits puisqu’elles
sont hétérotrophes étant donné qu’elles ont besoin, dans les premicres phases de leur développement,
d’importer le carbone d’autres organes sources tandis que les feuilles matures sont des sources
puisqu’elles sont autotrophes et qu’elles produisent méme des glucides en exceés qui seront
transportés vers les organes puits. Les feuilles matures sont ainsi la principale source de glucides
chez les plantes. Les jeunes feuilles commencent a étre autotrophes peu de temps apres qu’elles se
soient étalées et la transition hétérotrophie/autotrophie se fait progressivement de la base vers la
partie apicale de la feuille (Turgeon, 1989). De la méme maniére, le fruit, connu pour étre un puits
important pour le carbone, est également capable de produire par lui-méme du carbone au cours des
phases trés précoces de son développement méme si cette production reste, a priori, trop faible pour
satisfaire sa demande. Clijsters (1969) a ainsi pu mettre en évidence une activité photosynthétique
non négligeable au niveau de la peau des jeunes pommes qui décroit au cours du développement du
fruit en lien avec une réduction de la teneur en chlorophylle de la peau.

Ainsi, le transport du carbone pour une méme structure architecturale peut se comporter
différemment en fonction du stade de développement et I’age des organes sources et puits. Son étude

nécessite donc la prise en compte a la fois des composantes architecturale et temporelle.

2.1.2.1. Sources et production de carbone

La production de carbone est assurée par la photosyntheése qui est souvent exprimée comme
la résultante de la structure de la feuille (forme, surface et orientation) et 1’effet de 1’interception
lumineuse (Mierowska et al., 2002 ; Li et Lakso, 2004). La position et 1’orientation de la feuille
influencent son exposition a la lumiére, et donc le taux de photosynthése. Ainsi, les feuilles situées
aux extrémités des branches, et donc plus exposées a la lumiére, ont un taux de photosynthése plus

important que celles en situations plus ombragées (Li et Lakso, 2004). De la méme manicre, la
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position des pousses végétatives les unes par rapport aux autres et leur densité au sein de la canopée
impactent donc la production de carbone de I’arbre (Lakso et Grappadelli, 1992 ; Wiinsche et Lakso,
2000a ; Li et Lakso, 2004). La maitrise du développement végétatif est donc déterminante pour
permettre une production de carbone satisfaisante en lien avec la charge en fruits. Par ailleurs, il a été
montré que le rendement en fruits est davantage corrélé a I’interception lumineuse par les feuilles du
spur qu’a celles des pousses végétatives (Wiinsche et Lakso, 2000a), ce qui implique une conduite
des arbres maximisant I’exposition lumineuse des spurs (Figure 3). On pourrait ainsi penser que les
feuilles du spur sont les plus impliquées dans ’apport du carbone aux fruits et qu’en maximisant
I’interception lumineuse des feuilles des pousses végétatives, on induit une réduction du rendement

par le biais d’un fort ombrage des sites fructiferes.

60+
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30
= Figure 3. Relation entre le rendement en fruits et le pourcentage
s 197 . . . . . .
= ! d’interception lumineuse au niveau de I’ensemble des feuilles, soit
3 Spur canopy
o des spurs soit des pousses végétatives, pour différents systémes de
j= 3
< o] a production de pommier (d’aprés Wiinsche et Lakso, 2000a).
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La variabilité¢ dans le taux de photosynthese des feuilles est ¢galement dépendante de leurs
morphologies (taille, forme) qui varient selon la taille de pousse. Ainsi, la taille des feuilles est plus
importante sur les pousses longues que sur les pousses courtes. En effet, une étude menée par Lauri
et Kelner (2001) sur deux cultivars de pommiers a montré que, bien que le nombre de feuilles portées
par ’ensemble des pousses courtes sur la branche est beaucoup plus important que celui des feuilles

portées par ’ensemble des pousses longues, la surface totale des feuilles de pousses longues est la
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plus élevée au sein de la branche. Au sein du spur, la taille des feuilles préformées (feuilles de rosette
essentiellement) est déterminée 1’année précédente, par le niveau d’éclairement du rameau portant le
spur. Ainsi, les spurs portés par des rameaux ombragés I’année précédente donne des feuilles plus
petites avec un taux de photosynthése plus faible que celles de spurs portés par des rameaux ayant été
en pleine lumiére (Tustin et al., 1992). Les caractéristiques morphologiques ou la capacité
photosynthétique des feuilles sont également différentes selon que le spur porte ou non des fruits
(Schechter et al., 1992) et la charge en fruits (Palmer et al., 1997). Ainsi, I’activité photosynthétique
des feuilles est plus faible lorsque le niveau de charge en fruits, et donc la demande en carbone, est
faible et serait liée a la réduction de la conductance stomatique due a une augmentation de la teneur
en amidon des feuilles (Palmer, 1992 ; Blanke, 1997 ; Wiinsche et al., 2005). De la méme maniere,
une incision annulaire ou girdling (suppression d’une portion d’écorce pour limiter 1’exportation de
carbone) a la base d’une pousse végétative conduit & une diminution de la photosynthese des feuilles
de la pousse (Cheng et al., 2008 ; Fan et al., 2010). Les techniques culturales telles que la taille des
arbres ou I’éclaircissage des fruits impactent donc la photosynthese des feuilles en agissant sur leur
exposition a la lumicre (Mierowska et al., 2002 ; Li et Lakso, 2004) ou la variation du ratio sources-
puits (Blanke, 1997 ; Cheng et al., 2008). D’autres techniques telles que la courbure (ou arcure) des
branches — qui chez certains cultivars de pommiers permet de favoriser la floraison (Lauri et
Lespinasse, 2001 ; Han et al., 2007) — peut aussi induire une augmentation de I’épaisseur des feuilles,
la conductance des stomates et le taux de photosynthése (Ming-Yu et al., 2008).

Outre les feuilles matures, qui peuvent étre considérées comme les principales sources de
carbone, les réserves carbonées composées d’amidon et de sucres solubles et qui peuvent représenter
jusqu’a 30% de la matiere seche du pommier (Oliveira et Priestley, 1988), constituent également une
source de carbone remobilisable au printemps. Toutefois, I’alimentation des fruits par le carbone
remobilisé reste trés limitée puisqu’il a été montré que la remobilisation des réserves carbonées au

printemps décline trés vite dés le stade floraison (Hansen, 1971 ; Hansen et Grauslund, 1973).

2.1.2.2. Fruits (puits) et croissance

Au sein de la branche fruitiére du pommier, les fruits constituent les principaux puits pour le
carbone. Toutefois, d’autres organes ou tissus sont également des puits pour le carbone, notamment
les tissus de stockage tels que I’écorce, ou bien encore les pousses et rameaux pour leurs croissances
primaires et secondaires. Dans ce cas précis, a 1’échelle du spur, la bourse subit au cours du

développement végétatif, une croissance en diamétre qui peut étre relativement forte chez certaines
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variétés telles que ‘Rome Beauty’ (observations personnelles). Les variétés acrotones présentant des
bourses de grande taille ont tendance a réguler naturellement leur production d’une année a 1’autre
tandis que les variétés basitones caractérisées par des bourses plus petites sont beaucoup plus sujettes
a I’alternance (Lespinasse et Delort, 1993). Par ailleurs, sur la base des travaux conduits sur le poirier
(Zaidi et al., 1993), on peut supposer qu’elle pourrait permettre I’accumulation de réserves carbonées
utilisables 1’année suivante mais ¢galement jouer un réle mécanique grace a I’accumulation de tissus
de soutien afin d’éviter qu’elle ne casse sous le poids des fruits en croissance. Néanmoins, peu

d’études ont été faites sur le role de la bourse et son role précis mériterait toutefois d’étre élucidé.

a) Les phases de développement de la pomme

La pomme est un « faux fruit » ou piridion résultant du développement de I’ovaire et du
réceptacle floral fusionné avec la base des pieces du périanthe et de I’androcée. A maturité le fruit
comprend alors 3 zones : une zone interne appelée endocarpe qui est composé des loges carpellaires
contenant les pépins et correspondant au développement de I’ovaire ; une zone charnue ou
parenchyme cortical ou cortex appelée mésocarpe et correspondant majoritairement au
développement du réceptacle floral ; une zone externe appelée épicarpe correspondant a la peau de la
pomme composée de I’épiderme et d’une couche de cuticule.

En conditions optimales, 1’évolution de la croissance du fruit (en poids frais ou en diamétre)
suit une courbe sigmoide caractéristique pour laquelle on peut distinguer 3 phases de développement
(Figure 4). La premicre phase correspondant a la phase de division cellulaire qui suit la fécondation
et au cours de laquelle le nombre de cellules du cortex augmente fortement grace a une activité
mitotique intense qui perdure pendant 3 & 5 semaines. Durant cette premicre phase, le poids et le
diametre du fruit évoluent peu. La phase de division cellulaire est déterminante pour la taille finale de
la pomme puisqu’il a été montré que le poids a la récolte de la pomme était fortement corrélé au
nombre de cellules corticales (Goffinet et al, 1995). La deuxiéme phase correspond a la phase de
grossissement du fruit au cours de laquelle on observe une forte activit¢ d’expansion cellulaire avec
une nette réduction de I’activité mitotique. Cette phase d’expansion cellulaire s’accompagne
¢galement d’une évolution des méats cellulaires en véritables espaces intercellulaires dont le volume
peut représenter jusqu’a 25-30% du volume total du parenchyme cortical (Herremans et al., 2015).
Enfin, la troisieme et derniere phase correspondant a la phase de maturation de la pomme qui se
caractérise par un fort ralentissement de la croissance du fruit et par de nombreuses modifications

physiologiques et biochimiques permettant au fruit d’acquérir I’aptitude a mirir. Cette derniere phase
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se termine par la phase de mirissement, qui chez la pomme est de type climactérique et
s’accompagne donc d’une forte activité respiratoire et de production d’éthyléne, et conduit a rendre le
fruit consommable. En production, la récolte des pommes est souvent réalisée avant cette phase de

mirissement afin de pouvoir ensuite stocker les fruits durant de longues périodes.
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b) Alimentation hydrique de la pomme

Contrairement a d’autres fruits comme la péche, 1’alimentation xylémienne en eau du fruit
n’est pas pilotée par son activité transpiratoire. En effet, du fait notamment d’une cuticule qui
s’¢épaissit rapidement (Miller, 1982), ’activité transpiratoire de la pomme diminue trés rapidement au
cours de son développement (Jones et Higgs, 1982). Des travaux conduits par Lang (1990) et Lang et
Volz (1998) ont permis de montrer que 1’alimentation en eau du fruit était étroitement liée a la
surface des feuilles du spur gridce un processus faisant intervenir des variations jours/nuits de
potentiels hydriques entre les feuilles et les fruits conduisant a un efflux d’eau le jour et un influx la
nuit avec un bilan net positif. Ces variations jours/nuits permettraient également 1’alimentation en
calcium du fruit. Ce processus reste toutefois limité dans le temps car progressivement, avec le

développement du parenchyme cortical, les vaisseaux de xyléme du fruit deviennent non fonctionnels
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(Drazeta et al., 2004) et I’entrée d’eau dans le fruit ne peut alors étre assurée que par le flux

phloémien.

¢) Alimentation en carbone et force de puits du fruit

La pomme est alimentée en carbone grace au sorbitol et au saccharose qui sont les deux
principales formes de transport chez le pommier (Teo et al., 2006). Une fois dans la pomme, le
sorbitol est converti en fructose via la sorbitol déshydrogénase et le saccharose en partie en glucose et
fructose via I’action d’invertases et de la sucrose synthase (Figure 5). Une partie du glucose est
ensuite polymérisée en amidon qui s’accumule dans les plastes. Au cours de la phase d’expansion
cellulaire, la pomme accumule donc majoritairement du fructose, du saccharose et de I’amidon. Lors
de la phase de maturation, I’amidon est progressivement dépolyméris¢ conduisant a une forte
augmentation de la concentration en glucose. Cette dépolymérisation de 1’amidon est d’ailleurs
utilisée comme indicateur pour le déclanchement de la récolte. A la récolte, les sucres de la pomme

sont ainsi composé€s majoritairement de fructose, de glucose et de saccharose (Beriiter, 2004).
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Figure 5. Métabolisme et transport du carbone entre la feuille (sources) et le fruit (puits) chez le pommier (d’aprés Teo et

al., 2006)
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L’alimentation en carbone de la pomme au cours de son développement est pilotée par sa
force de puits qui peut étre définie comme sa capacité a attirer les assimilats (Ho, 1988). La force de
puits d’un organe peut étre calculée, selon Warren-Wilson (1972), comme étant le produit entre la
taille de I’organe — qui peut étre présenté par un nombre de cellules — et son activité puits — qui est
définie comme étant I’activité métabolique pilotant la demande en carbone de 1’organe puits. Chez la
pomme, comme indiqué plus haut, le nombre de cellules étant déterminé tres précocement, cela laisse
supposer que la force de puits du fruit est en partie déterminée des la fin de la phase de division
cellulaire. Concernant 1’activité puits, les travaux conduits par Archbold (1992, 1999) semblent
indiquer qu’elle pourrait étre déterminée par Dactivité de la sorbitol déshydrogénase. Par
approximation et en conditions non limitantes, la force de puits d’un fruit peut étre assimilée a sa
vitesse de croissance absolue (absolute growth rate), I’activité puits a sa vitesse de croissance

relative (relative growth rate) par rapport a son poids initial (Marcelis, 1996).

2.1.3. Transport et répartition des assimilats

Beaucoup de travaux conduits sur différentes especes fruitieres, et en particulier le pommier,
tendent a montrer que le transport et la répartition des assimilats seraient pilotés d’une part par la
distance sources/puits (les sources alimentant les puits les plus proches) (Bruchou et Génard, 1999) et
d’autre part la force de puits des organes puits (Gucchi et al., 1995, Zhang et al., 2005). La
répartition des assimilats entre les sources et les puits évolue donc au cours de leurs développements

et peut donc étre considérée a deux niveaux d’échelle au cours du temps.

2.1.3.1. Au stade précoce : [’échelle « spur »

Au début de la saison, la croissance des pousses et des fruits a lieu simultanément sur la
branche fruitiere ce qui conduit a une forte compétition entre les puits végétatifs et fructiferes. Dans
les deux premieres semaines apreés la floraison, les jeunes fruits de chaque spur sont presque
entierement alimentés par les feuilles de la rosette (Tustin et al., 1992). Pendant cette période les
assimilats produits par les pousses de bourse et les pousses végétatives sont exportés vers leurs
extrémités afin d’alimenter les jeunes feuilles encore hétérotrophes pour le carbone et qui exercent
une force de puits plus importante que celle des fleurs ou des jeunes fruits (Tustin et al., 1992 ;
Grappadelli et al., 1994). Cela peut méme conduire au sein du spur a ce qu'une partie du carbone
produit par les feuilles de rosette serve a alimenter la pousse de bourse en croissance (Tustin et al.,
1992). Grappadelli et al. (1994) ont estimé ainsi que les jeunes feuilles de pommier sont des puits

prioritaires jusqu'a ce qu'elles atteignent la moiti€ ou le tiers de leur taille adulte et ce n’est que trois a
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cinq semaines apres la floraison, que 50% du carbone fixé par les feuilles de la pousse de bourse sont
exportés vers le fruit (Tustin et al., 1992). La pousse de bourse ne commence a exporter le maximum
de sa production de carbone que lorsqu’elle atteint environ 10 feuilles bien étalées et exposées a la
lumiere (Grappadelli et al., 1994). Les fruits portés par des spurs avec des pousses de bourse courtes
sont donc plus rapidement alimentés en carbone par ces pousses que ceux portés par des spurs avec
de longues pousses de bourse.

La compétition trophique intra-spur qui s’exerce au stade précoce entre le fruit et le
développement de la pousse de bourse est accentuée par celle existant entre les fruits du méme spur.
En effet, au cours de leurs développements les fruits d’'un méme spur entrent en compétition pour le
carbone avec en général le fruit central ou « king fruit » dominant les fruits latéraux ce qui peut
méme conduire plus tard a une abscission des fruits latéraux (Bangerth et al., 2000). La floraison au
sein du corymbe étant centrifuge (la fleur centrale s’épanouissant la premiére), cette différence de
taille entre le « king fruit » et les fruits latéraux s’explique par une fécondation plus précoce pour la
fleur centrale et donc un développement plus précoce du fruit central qui exerce alors une force de
puits plus importante.

Toutefois, dans la situation d’une faible vigueur végétative du spur (petites feuilles de
rosette et/ou pousse de bourse trés courte) ou ratio feuilles/fruits intra-spur faible, les fruits peuvent
¢galement €tre alimentés en carbone a partir de spurs non fructiféres et d’autres spurs fructiferes
vigoureux plus distants. (Grappadelli et al., 1994).

Les compétitions trophiques qui s’operent précocement au sein du spur (pousse/fruit et
fruit/fruit) s’aveérent déterminantes pour la taille finale du fruit a la récolte puisqu’elles sont
susceptibles de pénaliser la phase de division cellulaire du fruit qui est associée a une forte

respiration et donc une forte demande en carbone.

2.1.3.2. Stades plus avancés : [’échelle « branche fruitiere »

A des stades plus avancés, une quantité croissante d'assimilats produits par les feuilles des
pousses végétatives est exportée vers les fruits et les autres parties de la branche (Wiinsche et Lakso,
2000a). La mise en place de cet export est toutefois retardée si les pousses sont en situation ombragée
(Grappadelli et al., 1994). Pour une feuille donnée, I'export en dehors de la pousse qui la porte
dépend de sa position sur la pousse et du stade de développement de la pousse : les feuilles
positionnées a la base exportent plus de 80% de leurs assimilats en dehors de la pousse alors que

celles situées en zone apicale exportent seulement 20% (Hansen, 1967a). La présence de fruits sur la
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branche influence aussi le schéma de distribution des assimilats. Quand le fruit grossit, sa force de
puits grandissante, il devient capable d'importer des assimilats de sources éloignées (Hansen 1967b).
Hansen (1969) a ainsi montré que le ratio feuilles/fruits a différents points de la branche influence la
direction et la quantité de flux de carbone dans la branche. Il a observé que des spurs avec un faible
ratio feuilles/fruits importent davantage de carbone a partir des pousses végétatives ou des spurs sans
fruits. Les travaux conduits par Black et al. (2000) semblent également indiquer que cette
importation de carbone a partir de pousses végétatives €loignées permet de compenser les
compétitions trophiques pouvant s’exprimer entre des spurs proches les uns des autres. Ces
observations suggérent une certaine remise en cause de 1'importance de la distance dans la répartition
des assimilats entre les sources et les puits. Déja, Hansen (1969) avait observé que l'importation du
carbone « extra-spur » était plus élevée pour les fruits proches des sources dans seulement 61% des
cas ¢étudiés. Dans la plupart des autres cas, l'importation du carbone la plus élevée était enregistrée
sur le deuxiéme fruit le plus proche de la source et dans des cas plus rares sur le troisiéme et le
quatrieme fruit plus proche (Figure 6). De tels schémas d'allocation, pas directement reliés au facteur

distance, pourraient &tre associés a l'architecture vasculaire de la branche.
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Figure 2. Transiocation to fruits from extension shoots (A-B-C) or from spurs without
fruits (D-H). Activity in fruils and in exposed leaves (columns) on branch sections, given

in per cent of total MC iaken up immediately following exposure, @ =leaf bearing spur,
LO =fruit, () =extension shoot. Apex of branch to the right. Exposed parts haiched.

Only the sequence and number of spurs are shown, not their actual mutual distance. The

points drawn indicate the leaf/fruit ratios (cm®/fruit) calculated from cm?® leaves and num-

ber of fruits taken from exposed leaves (not included) up to and including the spur above
which the point is placed.

Figure 6. Résultats de travaux conduits par Hansen (1969) mettant en évidence que la distance sources — puits ne peut pas

expliquer a elle seule la translocation de "“C depuis les feuilles sources (en hachuré) et les puits (en blanc).

2.1.3.3. Le role du systeme vasculaire

A T'architecture de la charpentiére est associée celle du systéme vasculaire. Le systeme
vasculaire est composé de deux types de tissus dont le développement se fait généralement en méme
temps : le xyleme a travers lequel circulent 1'eau et les sels minéraux et le phloéme permettant le
transport des composés organiques (Aloni, 1987 ; Niu et al., 2011). Le systeme vasculaire est a
I’origine de la connexion des organes sources spécifiques a différents puits, et par conséquent
détermine les voies principales pour la distribution des assimilats dans la branche. Bien que la
proximité des puits des organes sources soit importante dans leur importation de carbone, des
exemples ou des feuilles exportaient des assimilats vers des puits plus éloignés ont été notés sur le
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pommier et sur d'autres espéces (Hansen, 1969 ; Barlow, 1979 ; Antognozzi et al., 1991). Plusieurs
auteurs ont émis I'hypothése que ces observations pourraient étre liées a I'existence de connexions
vasculaires privilégi¢es entre la feuille source et le puits ¢loigné (Hansen, 1969 ; Minchin et al.,
1997). En effet, certains vaisseaux émergeant des feuilles peuvent s’étendre sur plusieurs nceuds et
avoir des connexions avec des organes éloignés (Watson et Casper, 1984 ; Dengler, 2006). Des
¢tudes histologiques ont montré que les connexions vasculaires sont étroitement liées a la phyllotaxie
de la plante (Barlow, 1979 ; Orians et al., 2005 ; Dengler, 2006). La phyllotaxie est représentée par
une fraction dans laquelle le numérateur et le dénominateur se rapportent respectivement au nombre
de tours autour de l'axe de la plante et le nombre de feuilles se situant entre deux feuilles superposées
(Watson et Casper, 1984). Chez le pommier, la phyllotaxie est de 2/5 ou de 3/8 (Costes et al., 2006)
et les feuilles alignées verticalement appartiennent a la méme orthostiche (Watson et Casper, 1984).
Les feuilles appartenant a des orthostiches adjacentes pourraient étre connectées les unes aux autres,
mais les connexions vasculaires les plus directes se trouvent entre les feuilles de la méme orthostiche
(Barlow, 1979 ; Watson et Casper, 1984). Par conséquent, le flux des assimilats dans la méme
orthostiche devrait rencontrer moins de résistance qu'entre des orthostiches adjacentes (Orians et al.,
2005). Barlow (1979) a ainsi suivi, grace a du carbone marqué, 1’acheminement du carbone produit
dans une feuille a la base d’un rameau végétatif de pommier et de prunier et en a déduit que le
carbone était export¢ majoritairement depuis la feuille source vers des feuilles successives

appartenant a la méme orthostiche (Figure 7).

Figure 7. Mise en évidence de I’importance de la
phyllotaxie chez la pousse végétative du pommier
et du prunier dans le transport du carbone entre

sources et puits (d’aprés Barlow, 1979)

(a} (b}

Leal arrangement round the stem of (a) apple, with leaves inserted at the average observed
angle of 136:7°, and (b) plum, angle 137-8°, The source leaf is marked 0, and successive leaves
upward are numbered 1-24. The distribution patt¢ms agree reasonably well with a ‘ vascular
phyllotaxis’ of (a) 3/8 and (b) 5/13; the dashed lines indicate three of the sets of leaves which
ate assumed to have the most direct vascular connexions. In most cases only the dominant
patiern found in each leaf is shown, but in certain leaves a less frequent pattern is indicated by
broken lines, Mata were not available for leaves 24 in (a) and 22-24 in (b) - their positions are

indicated by the broken outlines.
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Par extrapolation a la branche, il existerait alors une connexion privilégiée entre les sources
et les puits fructiféres qui pourrait alors remettre en cause la distance entre les sources et les puits
comme facteur prioritaire dans la répartition des assimilats, participerait a la compétition entre les
puits pour I’importation des assimilats (Orians et al., 2005) et pourrait également affecter la tolérance
de l'arbre aux stresses environnementaux selon Zanne et al. (2006). En effet, la modification de
l'architecture vasculaire en réponse a des changements dans le développement de la plante — stress ou
techniques culturales — pourrait ainsi altérer les voies majeures pour la distribution des assimilats. Le
débourrement des bourgeons et la naissance de nouveaux organes sont accompagnés par un
¢tablissement de nouvelles connexions vasculaires (Aloni, 1987). Le développement des tissus
vasculaires est 1i¢ aux dynamiques du transport des auxines qui sont produites par les jeunes organes
en croissance et transportées de fagon basipétale (Aloni, 1987 ; Lucas et al., 2013). Dans la pomme,
la différenciation du systéme vasculaire dans le pédicelle commence avant la floraison et se termine 3
a 4 semaines apres et avant le stade du grossissement rapide du fruit (Drazeta et al., 2004). De petits
vaisseaux de faible conductivité se développent avant la floraison, alors que les larges vaisseaux a
haute conductivité¢ sont formés aprés (Lang et Ryan, 1994 ; Drazeta et al., 2004). Chez d’autres
especes d'arbres, l'augmentation de l'importation du carbone par le fruit en réponse a l'incision
annulaire a été associée a l'augmentation de la surface vasculaire dans le pédicelle du fruit
(Antognozzi et al.,, 1991 ; Bustan et al.,, 1995). San¢ et al. (2012) ont émis I'hypothése que
'augmentation de l'importation des assimilats par le fruit dans l'inflorescence du pommier pourrait

étre corrélée avec une augmentation de la vascularisation de la bourse.

2.2. La modélisation comme outil pour I’arboriculture fruitiére

Un modele est la représentation, souvent sous forme algorithmique sur un ordinateur, d’une
partie de la réalité, et d’habitude, d’un systéme que I’on veut étudier. Les modéles sont utilisés pour
abstraire, décrire, simuler, extrapoler et enfin comprendre la fonction des systémes complexes,
comme par exemple les plantes. Les modeles n’intégrent pas tous les processus impliqués dans le
systéme que I’on cherche a modéliser et nécessitent donc une sélection qui doit étre raisonnée afin
d’obtenir une représentation simplifiée du systéme qui toutefois est réaliste, compréhensible et

utilisable (Figure 8).
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Fig. 1 General diagram indicating that as models increase in complexity from the most
simple (e.g. single driving factor), the accuracy of predictions may increase. but the
understandability of all the interactions and regulation of the model decreases. Finding
an appropriate balance is a challenge with all models, but especially with crop models in
natural environments.

Figure 8. Schéma de Goldschmidt et Lakso (2005) illustrant le fait que plus un modéle augmente en complexité plus il
devient pertinent, mais qu’il perd en paralléle en compréhensibilité et ainsi en utilité pour les praticiens. Le défi serait

donc de construire un modéle qui soit a la fois pertinent et suffisamment compréhensible.

Cette sélection est souvent guidée d’une part par les disciplines (agronomie, agriculture et
horticulture, biologie, écologie, foresterie, paysage, infographie et informatique, mathématiques et
langues formelles) des individus ou des groupes qui développent ce type d’approche pour les plantes,
et d’autre part par 'utilisation qui en est faite. En général, ces différentes utilisations peuvent étre
classées, de maniere non exclusive, en trois groupes, selon les objectifs visés. Le premier groupe
correspond aux mode¢les avec un intérét purement scientifique qui sont développés par des chercheurs
pour des chercheurs. Ils servent notamment a mieux comprendre un processus (eco-)physiologique en
lien ou pas avec la structure de la plante, et ne sont généralement pas appliqués ni applicables en
pratique par des non-scientifiques par manque d’interfaces. Le deuxieéme groupe comprend les
modeles servant a visualiser les plantes, pour des raisons pédagogiques (enseignement en biologie)
ou bien commerciales (visualisation infographique de paysages/plantes individuels). Ce groupe de
modeles ne considére souvent que la structure et la morphologie car ce qui compte, dans ce cas, c’est
I’apparence réaliste de la plante. Enfin, le troisieme groupe correspond aux modeles utilisés comme
outils d’aide a la décision (OAD). Cette classification n’est bien siir pas exclusive car un bon nombre
de modeles peuvent émarger dans deux voire les trois groupes.

Au-dela de cette classification basée sur les objectifs assignés au modéle, les modeles

peuvent étre classés, notamment en écophysiologie végétale, selon qu’ils ne prennent en compte que
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les processus (Process-Based Models) ou bien qu’ils intégrent en plus et en interaction 1’architecture

de la plante (Functional-Structural Plant Models).

2.2.1. La modélisation basée sur les processus (Process-Based Models ou PBM)

Les premiers modeles qui ont décrit des aspects de croissance et de développement des
pommiers étaient du type « Process-Based Models », donc sans prise en considération de
I’architecture de 1’arbre ou de ses branches. Alan Lakso (Johnson et Lakso, 1986 a et b ; Lakso et
Johnson, 1989 ; Lakso et al., 1995, 1999, 2000) peut étre qualifi¢ de pionnier dans ce domaine. La
plupart de ses mode¢les simulent d’'une maniere simplifiée I’accumulation de la matiére séche au sein
de I’arbre, avec un pas journalier, et donc en prenant en considération des processus intégrés plutdt
que des taux instantanés (par heure, minute ou seconde), ceci éliminant la complexité de changement
en rayonnement journalier. L’intégral journalier de la photosyntheése est calculé par une approche
basée sur I’efficacité¢ d’utilisation du rayonnement (radiation use efficiency), prenant en compte le
taux maximal de la photosynthése, 1’efficacité photochimique, I’intégrale du rayonnement journalier,
la longueur du jour, le coefficient d’extinction du couvert ainsi que I’index de la surface foliaire (ou
la fraction de la lumiére interceptée disponible). Puis, dans ce type de modele, le développement de la
surface foliaire est basé sur le cumul des degrés-jours, un taux constant de production de feuilles par
degré-jour, avec le nombre de pousses et la fraction des pousses en état de croissance en méme
temps. La respiration est controlée par la température. Tandis que la respiration du bois et des feuilles
dépend des surfaces, celle du fruit dépend de son poids.

Une autre approche, correspond au modele QualiTree (Lescourret et al., 2011 ; Mirés-
Avalos et al., 2011, 2013a et b ; Figure 9). C’est un mod¢le de croissance de pécher centré sur les
rameaux mixtes et les fruits. Il intégre des modeles a plusieurs échelles : des tissus (notamment pour
les fruits) a l'arbre tout entier. Son exécution s’étend de l'apparition des fruits a la récolte. Il permet
de simuler des techniques culturales comme 1'éclaircissage et la taille en vert. Son prédécesseur, le
modele de Lescourret et al. (1998), décrit un systéme isolé comprenant les éléments pousses et fruits
qui simule I’assimilation journaliére du carbone et son allocation vers les puits. Le systéme simulé est
divisé en trois compartiments : les fruits, la tige d’un an, et les pousses feuillées récentes. Dans ce
modele, la croissance des organes puits est controlée par un réservoir de carbone comprenant la
quantité journaliere de carbone produit par les feuilles ainsi que celle mobilisée des réserves si la

demande des organes puits dépasse la quantité produite par la photosynthese.
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Fig. 1 Structure of QualiTree according to the UML language. Boxes
are classes, and lines are relationships between classes, dealing either
with generalisations (arrows Stem wood is an organ) or with
composition (black circles Tree is composed of coarse roots, fine
roots, etc.). Cultivation practices and their targets are indicated

Figure 9. Schéma objet-orienté¢ du modele QualiTree (Lescourret et al. 2011), illustrant les relations entre les différentes

classes (compartiments) ainsi que les pratiques de gestion prises en considération par le modéle.

Le sous-modele décrivant la photosynthése inclut une rétroaction inhibitoire baissant le taux
d’assimilation en fonction des réserves foliaires en amidon et le modele est capable d’apprécier
I’effet de I’extinction luminaire causée par les feuilles. Finalement, 1’assimilation du carbone par les
fruits est prise en considération, offrant ainsi la possibilit¢ de couplage de ce modéle avec les
modeles du type Fruit Virtuel (Fishman et Génard, 1998 ; Lechaudel et al., 2005 ; Génard et al.
2007 ; Etienne et al., 2013 ; Nordey et al., 2014 ; Figure 10). Ces modeles ont pour objectif de
simuler, pour différentes especes fruitieres (pécher, manguier, bananier...), d’'une maniére générique,
les processus écophysiologiques au sein du fruit et dans son entourage immédiat (pétiole du fruit),
qui menent a la mise en place des composantes moléculaires contribuant a la qualité du fruit : le(s)
sucre(s), I’amidon, 1(es) acide(s) et 1’eau, mais aussi la couleur ; et leur dynamique au cours de la
maturation du fruit, de la nouaison a la récolte. Les processus modélisés sont la photosynthese
foliaire, la demande du fruit en assimilats, la respiration du fruit, le stockage et la remobilisation des

assimilats des réserves dans la feuille et tige.
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Figure 10. Schéma illustrant le principe des modeles de la méme classe que Fruit Virtuel (Génard et al., 2010)

2.2.2. La modélisation structuro-fonctionnelle (Functional-structural plant models ou FSPM)

2.2.2.1. Importance de la prise en compte de | ’architecture pour le pommier

Contrairement a certaines especes fruitieres comme le pécher ou le mode de conduite et de
taille des arbres conduit a simplifier 1’architecture a un ensemble de rameaux longs portant les fruits
et les pousses végétatives en position axillaire, chez le pommier les opérations de taille ne conduisent
pas a réduire la complexité existante. Cette complexité s’exprime au travers des différents types
architecturaux (cf. partie 2.1.1.) déterminés par différentes longueurs de pousses végétatives (Costes,
2003, Seleznyova et al., 2003) et de bois porteur (pousses courtes : lambourdes, médianes :

brindilles couronnées et longues: rameaux longs). Chez le pommier, la prise en compte de

I’architecture s’avere donc étre une nécessité pour la modélisation.
2.2.2.2. Principe de la modélisation FSPM

La modélisation nommée « Modélisation structuro-fonctionnelle des plantes », qui est mieux
connue par son nom Anglais « Functional-Structural Plant Modelling » avec 1’acronyme FSPM, a été
définie par Vos et al. (2010) de la maniére suivante : « Functional-structural plant models, FSPMs or
virtual plant models are the terms used to refer to models explicitly describing the development over
time of the 3D architecture or structure of plants as governed by physiological processes which, in

turn, are driven by environmental factors”. Buck-Sorlin (2013) a légeérement modifié et élargi cette
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définition en précisant que FSPM (Figure 11) représente une approche visant a décrire une plante par
la création d’un modéle informatique (le plus souvent objet-orienté) de sa structure et par une
sélection des processus physiologiques et biophysiques, et ceci a différents niveaux d’échelle :
organe, plante (individu), couvert (population) ou peuplement (un petit groupement des plantes en
rangs et lignes), et dans lequel les processus sont modulés par I’environnement de chaque organe

qualifi¢ de « phylloclimate » selon Chelle (2005).

forest areas
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Figure 11. Schéma représentant, sous forme d’un triangle, un panorama des modéles de plantes en fonction du degré
d’intégration ou agrégation. La position des FSPM est le point bleu a la base du triangle, a I’échelle individuelle, et entre
les deux cotés basals du triangle qui, eux, représentent les modéles purement structurels ou purement fonctionnels

(d’apres Kurth 1994, modifié).

La structure comprend la topologie explicitée (connexion entre organes) ainsi que la
géométrie (orientation, inclination, et forme) des organes et de la plante. A ’échelle de I’individu,
cette organisation constitue 1’architecture de la plante. Un FSPM peut prendre en considération le
changement dans le temps d’un organe par rapport a sa structure et ainsi simuler la croissance,
I’extension, ou bien encore les processus de ramification d’une plante donnée. Cette classe de FSPM
est qualifiée de « dynamique » par opposition au FSPM « statique » pour lequel la structure reste
inchangée dans le temps et est donc non simulée et constitue alors une entrée du modele pour
analyser 1’hétérogénéité des processus physiologiques simulés en lien avec la structure. C’est cette
prise en compte de la géométrie et topologie des éléments structurels qui distinguent les FSPM de
leurs prédécesseurs, les modeles basés sur des processus (en Anglais crop models ou encore Process-
Based Models) (Buck-Sorlin, 2013).
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Les processus physiologiques et physiques habituellement pris en compte comprennent les
fonctions essentielles ou « primaires », basiques et caractéristiques, telles que la photosynthése et la
croissance (accumulation de la biomasse ainsi que 1’extension d’un organe en longueur, en diamétre
ou en surface) dépendant des facteurs environnementaux tels que la température, le rayonnement
photosynthétiquement actif (PAR), la concentration en CO; de 1’air, ou encore I’humidité relative de
I’air. Ces processus (ou fonctions) sont normalement implémentés a I’échelle de I’organe et
requierent un paramétrage a partir de données environnementales avec une résolution spatiale et
temporelle assez fines.

Une caractéristique clé¢ des FSPM est 1’existence des rétroactions entre structure et certaines
fonctions. Ainsi, une structure donnée (statique ou le résultat de I’application des régles de
croissance) peut moduler la sortie locale d’un processus : par exemple, 1’auto-ombrage des feuilles
peut engendrer localement une diminution de la lumiére interceptée et donc de la photosynthése ;
d’un autre coOté, toutes les structures sont construites et entretenues par des processus : par exemple la
croissance des structures est assurée en partie par les assimilats issus de la photosynthése (Buck-

Sorlin, 2013).

2.2.2.2. Applications aux plantes et especes fruitieres

Les études qui ont utilisé des FSPM sont nombreuses : citons, a titre d’exemple, les premiers
modeles appliqués aux arbres développés par les pionniers et protagonistes de FSPM : le modéle
LIGNUM par Sievidnen et al. (2000) ; ou le modele de 1’épicéa par Kurth (1994), un des premiers
exemples d’application des grammaires sensitives de croissance — nommeées « sensitives » car
équipées de capteurs virtuels simulant la perception de la lumiére ou des obstacles — (Figure 12). Ce
formalisme des « sensitive growth grammars » ¢était réalisé dans la continuité des L-systémes
évoqués plus haut (Lindenmayer 1968a, b).

Les premieres implémentations dans le domaine agronomique ont été réalisées par Fournier
et Andrieu (1999) et Fournier et al. (2003) pour les céréales (respectivement les modeles ADEL-
maize et ADEL-wheat), suivies par des modeles sur 1’orge (Buck-Sorlin et al. 2008), le riz (Luquet et
al. 2006 ; Xu et al. 2011) et les plantes ornementales comme le rosier (Buck-Sorlin et al. 2011 ;
Figure 13). Concernant les espéces fruitiéres, on peut citer les modéles développés pour la vigne
(Pallas et al. 2009), le kiwi (Cieslak et al. 2011a, b), le palmier (Pallas et al. 2013), le pécher (L-
Peach: Allen et al. 2005 ; Lopez et al. 2008, Smith et al. 2008) et enfin le pommier (MAppleT:
Costes et al. 2008, da Silva et al. 2014).
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Fig. 9: Competition for light in a simple 2D tree stand, consisting of 3 uneven-aged trees, produced by
GROGRA from the sensitive growth grammar light2d.ssy (see Table 3).
The steps 12, 25 and 31 are shown.
Figure 12. Exemple d’un modele utilisant « the sensitive growth grammars » pour simuler la compétition pour la lumiére

dans un petit groupement d’arbres (Kurth 1998).

Figure 13. Exemple pour un FSPM d’une plante ornementale, avec interaction avec la structure : rosier a fleurs-coupées
(Buck-Sorlin, 2009, non publi¢).
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Chez le pommier, le modele MAppleT (Costes et al. 2008, da Silva et al. 2014) est dédi¢ a
la simulation de I’architecture de jeunes pommiers en combinant la topologie et la géométrie dans
une seule simulation de manicre a ce que 1’architecture du pommier devienne un trait émergent des
interactions entre les processus des croissances primaire et secondaire des pousses. Plus récemment,
Pallas et al. (2016), en reprenant le modele MAppleT et le couplant avec QualiTree (Figure 14), ont
cherché a adapter QualiTree au pommier afin de pouvoir simuler des traits décrivant la croissance des
différents organes ainsi que leurs variabilités intra-arbre. Dans cette approche, MAppleT a été utilisé
pour générer des architectures correspondant au cultivar ‘Fuji’ en intégrant la variabilité intra- et
inter-individuelle. Ces architectures étaient ensuite importées dans QualiTree pour simuler la
croissance des pousses et des fruits pendant un cycle de développement. QualiTree a été modifié afin
de prendre en considération le polymorphisme au niveau des pousses du pommier. Les résultats
montrent que I’approche combinant MAppleT et QualiTree est appropriée pour la simulation des
traits de croissance et d’architecture a I’échelle de 1’arbre (surface foliaire totale, nombre et types de

pousses, poids de fruits a la récolte).
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Figure 14. Représentation schématique de la procédure utilisée pour convertir les graphes multi-échelles des arbres

(MTG) générés par MAppleT en architecture lisible par QualiTree (Pallas et al., 2016)
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Il est a citer que le modéle GreenLab tel que présenté par De Reffye et al. (2009) se
positionne comme un hybride de PBM et de FSPM puisque les principes sur la base desquels il est
construit appartiennent pour une partie aux PBM et pour 1’autre aux FSPM. En effet, GreenLab a en
commun avec les PBM : le fait que la biomasse émane d’un réservoir commun et est directement liée
a I’index de surface foliaire et 1’efficience d’utilisation de la lumiére ; la production de la biomasse et
sa distribution constituent deux processus indépendants ; la répartition de la biomasse se fait entre les
organes en compétition vis-a-vis du réservoir commun. Par contre, GreenLab a en commun avec les
FSPM d’autres principes : les organes sont hiérarchisés selon leur age physiologique; la
quantification de 1’organogénese ; la géométrie et la topologie de la plante (représentations en 3D) ;
la possibilité d’intégrer le comportement stochastique (Kang et al., 2008a). Par ailleurs, ce modele est
capable de simuler la dynamique de modification de I’architecture et les phases d’apparition et de
croissance des organes en fonction des conditions environnementales (Mathieu, 2006). Grace a sa
construction, GreenLab a 1’avantage de pouvoir étre adapté a une multitude d’espeéces végétales — le
mais (Guo et al., 2006 ; Ma et al., 2006) ; le concombre (Mathieu et al., 2007) ; le bl¢ (Kang et al.,
2008b) ; I’eucalyptus (Diao et al.,2012) — ainsi qu’a un couvert végétal composé de différentes

plantes par exemple pour la compétition pour la lumiere (Cournede et al., 2008).

2.2.2.3. Acquisitions des données et leurs utilisations

Le point commun de tous les modéeles de type FSPM est qu’ils requiérent un nombre
important de parametres dont souvent un nombre considérable de parameétres « cachés ». Ces derniers
désignent les parametres qui ne sont pas du tout évidents a cerner ou prédire au cours de la mise en
place des processus inclus dans le modele ; ou s’ils sont identifiés, dont les valeurs ne sont pas
mesurables (du moins facilement) ; ou encore dont les mesures ménent a la destruction de la structure
et donc I’impossibilité d’acquérir des mesures dynamiques sur une méme structure. De plus, la
rigueur des analyses statistiques requiert un nombre suffisamment important de mesures d’'une méme
variable, couplées avec les mesures d’autres variables dépendantes. Un réseau de corrélations des
variables peut donner une trame pour la structuration du futur modele, dans le sens ou il permettrait
de donner une indication sur quels processus clés seraient a inclure dans le mod¢le. Pour paramétrer
un modele, il est donc possible de mesurer les paramétres en question expérimentalement ou bien les
estimer indirectement a partir de données expérimentales faites sur d’autres variables. Dans le cas
échéant, certains parametres peuvent étre récupérés a partir de la bibliographie. Toutefois, cette

derniére alternative implique une perte d’informations autour du contexte d’acquisition des données
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qui lui est rarement bien documenté dans les publications. En d’autres termes, le controle du degré de
justesse des corrélations est diminué et le modele s’en retrouve pénalisé par de plus grandes
simplifications. Idéalement, il serait donc favorable de mesurer le maximum de variables d’état d’un
systéme végétal et ensuite explorer les réseaux de corrélations afin de détecter et mieux cerner les
processus indépendants de ceux qui sont fortement en lien avec d’autres. Une telle approche est
routiniere dans le domaine de la génomique ou transcriptomique, en absence totale des connaissances

sur la structuration des régulations des processus.

2.3 Objectifs de la these

Les objectifs de la thése s’inscrivent dans 1’objectif plus global de 1’équipe ; celui d’¢laborer
un modele FSPM a I’échelle de la charpentiere du pommier afin de simuler le transport du carbone et
prédire la croissance et la qualit¢ des fruits. Pour ce modele, il a ét¢ décidé de ne pas simuler
I’architecture (donc la « structure ») mais de [’'utiliser comme une variable d’entrée du modele.
Concernant la partie « fonctionnelle » du modéle, trois processus seront simulés : la production de
carbone par les feuilles, le transport et la répartition du carbone produit et enfin la croissance et la
qualité du fruit.

Dans ce contexte, les objectifs de la thése visent (i) d’une part, pour la partie « structure », a
proposer un modele simple basé sur des relations allométriques et utilisant quelques variables faciles
a acquérir afin de pouvoir reconstruire 1’architecture initiale d’une branche donnée (ii) et d’autre part,
pour la partie « fonctionnelle », a mieux cerner les rdles des différents organes sources et puits et la
répartition du carbone comme indicateur de la qualité du fruit en considérant deux niveaux d’échelle :
le spur et la branche fruitiere. L’ensemble du travail de thése est basée sur deux campagnes
expérimentales menées en 2014 et 2015 chez 3 variétés de pommes : ‘Ariane’, ‘Fuji’ et ‘Rome
Beauty’ choisies pour leurs morphologies contrastées. Les expérimentations ont consisté en une
manipulation des ratios entre les sources et les puits en effectuant des effeuillages et des suppressions
des fruits, a différents stades de développement et en ciblant différents types de pousse. Des analyses
statistiques, utilisant notamment les réseaux de corrélation, ont été conduites avec 1’espoir de pouvoir
voir « émerger » des mécanismes d’allocation du carbone et proposer des premiers éléments de
paramétrage du modele. Il aurait en plus été souhaité, dans le cadre de la thése, de paramétrer et

calibrer globalement le modele, mais en considérant la charge liée a I’acquisition de la base de
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données et celle accordée a I’analyse statistique des données écophysiologiques et leur interprétation,
il a été décidé de n’inclure qu’une petite partie de ce modele (chapitre 3).

L’ensemble du manuscrit est compos¢ de 3 chapitres construits comme des articles
scientifiques a soumettre ou déja publiés dans des revues internationales a comité de lecture (cf
chapitre 2) et d’une discussion générale :

Le chapitre 1 est dédi¢ a une ¢tude expérimentale, conduite en 2014 a I’échelle du spur, qui
visait a démontrer I’effet d’effeuillages précoces des deux différents types de pousses au sein du spur
(rosette et pousse de bourse) sur la qualité des fruits, en analysant finement les corrélations entre les
variables caractérisant les organes sources et puits. Le questionnement scientifique dans cette
premicre étude était tripartite : Quel est le role des feuilles de rosette et des feuilles de la pousse de
bourse ? Quel est le réle de la bourse du pommier ? Et finalement quelle est I’influence du spur sur
les relations sources/puits et la bourse ? Ce questionnement nous a amené a élaborer quatre
hypotheses : H1 : L’apport en carbone avant la nouaison est déterminant pour la division cellulaire ;
H2. Le spur est autonome a des stades précoces ; H3. A des stades précoces, ce sont les feuilles de
rosette qui alimentent 1’inflorescence ; H4. Il y a des différences de comportement entre les trois
variétés choisies dans cette étude dues a leurs différences architecturales.

Le chapitre 2 présente de nouveaux modeles qui permettent la reconstruction de
I’architecture initiale d’une branche comme entrée dans un modéle structuro-fonctionnel du
pommier, avec une emphase sur la prédiction de la surface foliaire a 1’échelle de la pousse ainsi que
la forme et la surface de chaque feuille, utilisant des relations allométriques entre les variables
décrivant ’architecture des pousses. Les modeles ont été calibrés et testés utilisant deux jeux de
données, un pour la paramétrisation et la calibration, 1’autre pour la validation. Ainsi il a été prouveé
que les modeles sont suffisamment robustes pour la prédiction de la surface foliaire des trois cultivars
¢tudiés dont la morphologie des feuilles et des pousses est différente.

Le chapitre 3 s’inscrit dans la continuité¢ du chapitre 1. Etant donné les résultats de la
campagne expérimentale de 2014 qui n’étaient pas enticrement aptes a expliquer la dynamique
d’allocation du carbone vers les fruits, I’expérimentation de 2015 avait pour principal objectif
d’¢élargir I’analyse des relations sources/puits a 1’échelle de la branche fruitiére. Pour cela, comme
pour le chapitre 1, une manipulation du ratio sources/puits mais a I’échelle de la branche a été
réalisée, en utilisant des charpenticres et des sous-charpentiéres extrémement simplifiées par rapport
a leur structure initiale. En outre, ce dispositif nous a également permis de tester un premier modele
FSPM de production de carbone et de croissance des fruits pour une branche du cultivar ‘Fuji’ en
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simulant I’interception lumicre et la photosynthese potentielle & partir des structures reconstituées
selon le mode¢le allométrique présenté dans le chapitre 2.
En dernier, ’ensemble des résultats obtenus sont discutés et des perspectives a court et

moyen termes sont proposées pour le développement du FSPM.
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Chapitre 1

Impact of Defoliation on Growth and Development of Spur Organs in
Apple

Ce chapitre a été rédigé en Anglais afin d’étre envoyé a une revue internationale a comité de lecture.

Abstract Chez le pommier, les rameaux et tiges, qui jouent a la fois le réle de structures vasculaires
et de supports, constituent 1’architecture de I’arbre reliant les sources et les puits. A I’échelle de la
branche fruitiére et pour une année donnée, en plus du bois porteur (rameaux mis en place les années
précédentes), on peut distinguer 2 types de structures: les pousses végétatives issues du
développement de bourgeons végétatifs et les spurs issus du développement de bourgeons floraux
(qualifiés de « mixtes » chez le pommier). Le spur est composé d’une bourse, des feuilles de rosette,
d’une ou deux pousse(s) de bourse et de I’infrutescence. Dans des travaux antérieurs, il a été mis en
¢vidence le role crucial des sources proches de fruits (a I’échelle du spur) sur la croissance et la taille
finale du fruit a la récolte laissant ainsi supposer qu’il existe de fortes corrélations de croissance entre
les différents organes constitutifs du spur. Afin de mieux ¢€lucider le role joué par ces sources dans le
développement précoce du fruit et I’importance des relations de croissance entre les organes du spur,
nous avons conduit des expériences impliquant une défoliation précoce (au moment de la floraison
ou deux semaines plus tard) partielle ou totale du spur (suppression de la pousse de bourse et/ou des
feuilles de rosette). Un nombre important de variables morphologiques relatives aux différents
organes du spur ont €té mesurées pour 3 différents cultivars avec des architectures contrastées :
‘Ariane’, ‘Fuji’, et ‘Rome Beauty’. Des analyses par réseaux de corrélations nous ont permis de
mettre en évidence une forte indépendance entre les caractéristiques des organes reproducteurs (fruits
et pépins) et végétatifs (feuilles et bourse) avec toutefois une certaine modulation en fonction des
cultivars. Nos travaux ont également permis de montrer un effet différent selon les cultivars selon la
suppression précoce des feuilles de rosette et/ou de la pousse de bourse mettant en évidence
I’importance relative de ces deux types de sources pour le développement précoce des fruits.
L’ensemble des données acquises constituent en plus un jeu de données utilisable pour paramétrer un

modele structuro-fonctionnel a 1’échelle de la branche fruitiere du pommier.
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Impact of defoliation on growth and development of spur organs in

apple
Emna Bairam, Mickaél Delaire, Christian LeMorvan, Gerhard Buck-Sorlin
Unit¢ Mixte de Recherche 1345, Institut de Recherche en Horticulture et Semences (INRA-
Agrocampus Ouest-Université d’ Angers), Angers, France

Keywords: Malus x domestica Borkh., apple, spur, sugar transport, allometry, defoliation.
Abstract

In apple, stems that function as vascular and support structures, and that constitute the architecture of
a first-order fruit-bearing branch (FBB) connect sources and sinks. At the branch scale, vegetative
shoot and flowering spur make up the FBB, while at the scale of the spur, rosette, bourse, bourse
shoot and fruit are the constituting organs. In order to elucidate the role of early local carbon sources
for fruit growth, we carried out experiments involving early defoliation (around the time of full
bloom FB and two weeks afterwards: FB2) of the two types of spur leaves (bourse shoots or rosettes,
or both). A large number of traits characteristic for the spur organs (fresh and dry weights, organ
dimensions) was measured on three different cultivars (‘Ariane’, ‘Fuji’, and ‘Rome Beauty’) that
exhibited contrasting spur and branch architecture. We used detailed networks to map and visualize
the correlations among spur traits. Generally, reproductive (fruit and pips) traits turned out to be
largely independent from vegetative (leaf and stem) spur characteristics, but this was moderated by a
clear cultivar effect. Defoliation only had a drastic effect when it was total and applied early (at FB),
else its effects were rather subtle and exhibited interaction with the cultivar. The extensive correlated
data set obtained in the present study will be used to parameterize a functional-structural plant model
of the apple branch, which subsequently could be used as a scientific tool to integrate knowledge in

apple ecophysiology

1. Introduction

In apple, the distribution of assimilates changes during the development of the fruit and the
vegetative structures. Sugar redistribution starts with the transport of assimilated carbon, in the form
of sorbitol or sucrose, from source organs to the different sink organs (Teo et al., 2006.). Sources and

sinks are connected via internodes, which function as vascular and support structures, and which
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constitute the architecture of the first-order fruit bearing or carrier branch. Such a branch (Figure 1)

essentially consists of three types of shoots: vegetative shoots, bourses, and bourse shoots.

Rosette
[RO]

Bourse [BO]

Bourse
shoot(s)
[BS]

[FR]

Figure 1. Representation of the different organs on a spur: Fruit(s) (FR), bourse (BO), rosette (RO)
and bourse shoot(s) (BS) (E. Bairam, 2014)

While a vegetative shoot is a regular short or long shoot with an intact terminal bud that will grow
out into a shoot in the following season, a bourse is a short shoot formed from a mixed bud, with a
rosette of preformed leaves and a terminal inflorescence bearing one to six flowers, and in the axil of
rosette leaves, one or two sylleptic shoots (bourse shoots), that function as a relay to continue the axis
after the terminal bud is used up by the formation of the terminal inflorescence. The product of one
mixed bud (bourse, bourse shoot(s), and inflorescence) is also referred to as a “spur” (Fanwoua et al.,
2014). The influence of this branch architecture on the distribution of assimilates is complex and far
from being well elucidated. Experiments in which the movement of radioactively labelled carbon into

the different organs has been followed up give some indications as to the role branch architecture
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plays on assimilate redistribution (Hansen, 1967; Tustin et al., 1992; Grappadelli et al., 1994, Poirier-
Pocovi et al., unpubl.). These studies showed that the developmental state of the sources and sinks as
well as their position on the branch exert an influence on assimilate distribution. Accordingly, two
types of hierarchical scales must be taken into account: the temporal scale linked to the
developmental state of the sources and sinks; and the spatial scale, thereby considering the scale
« spur » and the scale « fruit-bearing branch ». During early growth in spring, after the breaking of
the mixed buds, growth of vegetative structures and fruits takes place simultaneously on the fruit-
bearing branch of apple, thereby leading to a strong competition between vegetative (internodes and
young leaves) and generative sinks (fruits). In the first two weeks after flowering, the young fruits of
each spur are almost exclusively fed by the rosette leaves (Tustin et al., 1992). During this period the
assimilates produced by bourse shoots and vegetative shoots are being exported to their respective
shoot tips in order to feed the young leaves (Tustin et al., 1992; Grappadelli et al., 1994). Shoot-tips
and young leaves have a higher sink strength than flowers and young fruits. This can even lead to a
situation where part of the carbon produced by the rosette leaves will nourish the developing bourse
shoot (Tustin et al., 1992). Grappadelli et al. (1994) thus reckon that the young apple leaves are
primary sinks up to the state where they have reached a third to half of their adult size. Johnson and
Lakso (1986) have shown that, at the spur scale, assimilate export from bourse shoots will only take
place after a certain development of the bourse shoot. Until three to five weeks after flowering, up to
80% and 50% of the sugars produced by rosette and bourse shoot leaves, respectively, are exported to
the fruit (Tustin et al., 1992; Wiinsche and Lakso, 2000). The onset of fruit growth can also depend
on the import of sugars from non-fruiting spurs and other vigorous fruit-bearing spurs (Grappadelli et
al., 1994). Provision of sugars at an early developmental stage is crucial for the cell division phase of
the fruit, which is known for its strong effect on the sink strength of the fruit as well as on final fruit
size (Goffinet et al., 1995 ; Wiinsche and Lakso, 2000). Moreover, fruit development depends on
pollination and number of seeds is correlated to fruit size (Murneek and Schowengerdt, 1935; Einset,
1939, Drazeta et al., 1999). Under these conditions, one can assume that strong correlations exist in
terms of growth, among the different organs that make up the spur, specifically with respect to the
strength of the carbon sources and sinks. With respect to the sinks, none of the studies cited above
have taken into account the bourse, which is the stem that bears the fruits and the vegetative
structures of the spur. There is some evidence that the bourse also constitutes a carbon sink, notably
when it comes to reserve formation in autumn, as has been shown for pear (Zaidi et al., 1993), given

its strong growth in diameter during fruit development. Depending on the cultivar, size of the fruit,
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the bourse, the rosette leaves, as well as the vigor of the bourse shoot may vary strongly (personal
observation). This, in turn, may have consequences on source-sink relations at the heart of the spur,
namely during the early phase of fruit development where the carbon allocated to fruits essentially is
provided by the rosette leaves, while competing with the developing bourse shoot, as outlined above.
In such a situation, a reduction of carbon source before or during the cell division phase of the fruit
might thus have repercussions on the growth dynamics and on final fruit size, with developmental
differences among the cultivars. Thus, the removal or pruning of a vigorous bourse shoot might favor
the cell division phase, in contrast to the removal of rosette leaves, which might be unfavorable for
cell division. The objectives of the present study were thus (1) to investigate the potential correlations
in terms of growth, existing among the different organs of the same spur, as can be assumed from
previous studies, yet with the difference that we take here into account the bourse; and (2) to study
the effect of altering carbon sources inside the spur on fruit and bourse growth, using an experimental
setup involving the early removal of rosette or bourse shoot leaves, or both. In order to study the
impact of the “dimension” of the spur, the entire study was carried out on two apple cultivars that
exhibit strongly contrasting spur morphology: ‘Ariane’, which is characterized by rather short bourse
shoots, small bourses and equally small rosette leaves; and ‘Rome Beauty’, which possesses long
bourse shoots, large bourses and equally large rosette leaves. The study was completed by some
results obtained from ‘Fuji’, a cultivar with spurs that are intermediate in size. The experimental
results obtained in this study and a follow-up study will be used in a multi-scaled FSPM of the apple

fruit-bearing branch (Bairam et al., in preparation, chapter 3).

2. Material and Methods

2.1. Plant material and experimental design

All experiments were performed on apple trees planted in 2008 in an experimental orchard at the
INRA experimental unit in Beaucouzé, France. The cultivars selected for this experiment were
‘Ariane’, ‘Fuji’ and ‘Rome Beauty’ (in the following abbreviated as AR, FU, and RB, respectively).
The experiments were conducted in 2014 for the three cultivars and completed in 2015 (FU only).
'Ariane' is a modern cultivar that was developed by INRA Angers, by crossing a hybrid of 'Florina' x
'Prima' with pollen from 'Golden Delicious', and released in the year 2000, as a scab-resistant

cultivar. The ‘Fuji’ cultivar is a hybrid developed by growers at Tohoku Research Station in Fujisaki,
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Aomori, Japan, in the late 1930s, and has been commercialized since 1962. The origin of this cultivar
are two American apple cultivars: ‘Red Delicious’ and ‘old Virginia Ralls Genet’. Finally, ‘Rome
Beauty’ is an old American cultivar, which originated from a single seedling found in a nursery in
Rome Township, Lawrence County, Ohio, US, in 1815. The experimental orchard consists of three
rows of 96 trees each, or 72 blocks of four trees, arranged regularly (including three other cultivars).

The experiment conducted in 2014 aimed at studying the impact of removing bourse shoot (BS)
leaves, rosette (RO) leaves, or both of them, at full bloom and two weeks after full bloom, on fruit
quality, bourse, bourse shoot and rosette morphological traits. Some days before full bloom of each
cultivar, 409, 380 and 100 spurs were labelled on AR, RB and FU trees, respectively. Defoliations
consisted in (1) removing the rosette leaves: ‘modality RO’, (2) removing the bourse shoot:
‘modality OP’, (3) removing both the rosette leaves and the bourse shoot: ‘modality OO’ and (4) a
control modality without any defoliation: ‘modality RP’. In order to avoid the braking of the shoot
supporting the spur, the spurs were not isolated by girdling from the rest of the branch. The
defoliations were carried out at full bloom (FB) and two weeks after FB (FB2). FB, in 2014, occurred
on April 10, April 14 and April 22 for AR, FU and RB, respectively. At each of FB and FB2, four
spurs per branch were defoliated according to the four modalities. For AR, 16 additional branches
were selected to test only the modalities RP, RO and OP both at FB and FB2. Therefore, the number

of samples depended on cultivars (Table 1).

Tablel. Number of spur samples for each defoliation treatment (RP, RO, OP and OO) applied at both
defoliation times (FB and FB2) and for each cultivar

Cultivar
' Ariane' 'Fuji 'Rome Beauty'
Modality B FB2 FB FB2 B FB2
RP 72 60 20 20 60 50
RO 60 48 10 10 50 40
OP 60 48 10 10 50 40
00 44 36 10 10 50 40

The position of each treatment on the branch was selected randomly using R. Thinning each spur to
one fruit (king fruit) was done on May 27, May 28, and June 5, 2014, for AR, FU and RB,
respectively. At the time of FB and FB2, 10 to 12 control spurs (i.e. the RP modality), were collected

for each cultivar. Then, for AR and RB, spurs of each modality were destructively sampled. On the
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one hand, this was done at four times for the FB treatment, i.e. nine to twelve spurs harvested four,
eight and twelve weeks after FB, followed by 18 to 24 spurs at time of fruit harvest. On the other
hand, shoots were sampled at three times for the FB2 treatment, i.e. nine to twelve spurs collected six
and fourteen weeks after FB, as well as 18 to 24 spurs at harvest (Figure 2). Due to the low number
of spurs available in the ‘Fuji’ cultivar in 2014, ten spurs for each modality and each treatment date
were collected at the time of fruit harvest only. Leaves of the rosette and bourse shoots removed at
FB and FB2 for setting up the modalities were collected and dried, and then the total leaf dry weight
of each rosette and bourse shoot was measured. The spurs intended to be collected at each sampling

date were selected randomly at the start of the experiment.

2014
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ETE — FB
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[10}— 4] [1s}-—{xd] - Fuj

Figure 2. Schedule of the sampling dates for ‘Ariane’ (AR), ‘Fuji’ (FU) and ‘Rome Beauty’ (RB) in
2014 and 2015, respectively. In 2014, defoliations were carried out at full bloom (FB) and two weeks
after full bloom (FB2) while no defoliations were applied in 2015. TO refers to the sampling carried
out on the day the treatments were set up in 2014 and to the day of full bloom of FU in 2015. Ti
refers to the i sampling per genotype and type of defoliation date. HA refers to harvest date.

Number of dropped fruits was also recorded. Morphological measurements of fruits (diameter, fresh

and dry weight) including pips at harvest (number, fresh and dry weight of full and empty ones) and
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peduncles (fresh and dry weight), of bourses (diameter, height, fresh and dry weight), rosettes
(number of leaves, total leaves dry weight), and bourse shoots (length, number of leaves, leaf dry
weight, stem dry weight) were carried out at each sampling date. For fruits collected, a flesh sample
of each fruit was taken, weighed and freeze-dried. The total dry weight of each fruit was
approximately estimated by extrapolation (Rule of Three) using the total fresh weight of the fruit, the
fresh weight and the dry weight of the flesh sample. Moreover, for each sampling date, all leaves of
the rosette of 9 to 12 sampled spurs of each of RP and RO modalities, as well as all the leaves of the
bourse shoot of 9 to 12 samples of each of RP and OP modalities were scanned. A flatbed scanner
(HP Scanjet G4010) with a resolution of 150 dpi was used for this and resulting images were saved in
Portable Network Graphics (png) format. Assuming that leaf shape is elliptical (Freeman and Bolas,
1956), leaf blade area, length and width were measured using ImageJ 1.48v software and the leaf
ranks recorded. Total leaf area of each rosette and bourse shoot were calculated as the sum of its
individual leaf areas. Moreover, at harvest, the numbers of full and empty pips were recorded and
their total fresh and dry weight measured for each fruit.

During the second experiment conducted in 2015, 16 FU spurs were collected at 7 different
phenological stages (FB, FB+2, FB+4, FB+6, FB+9, FB+11 weeks, respectively, and at fruit harvest)
in order to complete the morphological measurements of intermediate stages that were missing in the
2014 samples of FU. In 2015, full bloom in FU was recorded on April 20. The same variables as in
2014 were recorded plus the ranks of rosette leaves; however, no defoliation treatments were applied,
and spurs were considered for leaf area scans and measurements of morphological traits mentioned
above for 2014. In 2015, 30 further fruits of each cultivar were collected at harvest. Their diameter,
height, circumference, volume, fresh and dry weight were measured. All fruits collected in 2015 were
cut, and dried during 6 days at 60°C in a ventilated oven (type HORO 900 V/RS, Dr. Hofmann
GmbH, Stuttgart, Germany). Treatments of leaf area involved both 2014 samples and 2015 FU

samples. The number of samples depended on cultivar and type of shoot (Table 2).

Table 2. Number of bourse shoots and associated leaves and number of spurs and associated rosette
leaves used for leaf area treatment for each cultivar.

Bourse shoot Rosette
Cultivar Number of shoots Number of leaves Number of spurs Number of leaves
' Ariane' 154 1053 174 701
'Fuji 99 708 129 522
'Rome Beauty' 114 972 134 778
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2.2. Developmental time

Developmental time was first measured using growing degree hours [(1) GDH, base temperature
T,=7°C (Anderson and Richardson, 1982)], calculated using hourly air temperatures (°C) obtained
from the Beaucouzé weather station (47° 28’ N, 0° 37> W, 50 m a.s.l.) accessible via the INRA
Climatik platform, https://intranet.inra.fr/climatik_v2/:

GDH; = $3%,(HT, — Tp) (1)
Here, HT;, is replaced by Ty, if HTw<Ty; HT;, is the hourly air temperature at hour h; and GDH; are the

growing degree hours on day i. Cumulated GDD (GDD.,n) for each sampling day were calculated

using equation 2. GDD,,, calculation starts at full bloom.

GDH;
GDDeym = iD=FB 24 (2)

where FB is day of full bloom and D is the number of days since FB.

2.3. Correlations between morphological traits inside the spur

Correlations between all available quantitative variables representing morphological traits of the
organs making up the spur were first established in order to visualize them using the qgraph package
in R. These visual networks were created based on correlations between variables established using
the Pearson method. Only correlations above 0.5 were represented in order not to overcrowd the
graphs with arrows. This package visualizes traits as shaded circles and correlations as straight lines
between traits, whose line widths vary with the degree of correlation (i.e., heaviest lines represent the
highest correlations). In this preliminary analysis we distinguished the following traits: of the bourse
(BO) [diameter (Dia), height (H) measured from the base to the top, fresh weight (FW), dry weight
(DW) and volume (V)] of the bourse shoot (BS) [number of bourse shoots having developed on the
spur (NBS), length of the bourse (Len), number of leaves (nL), total leaf area (TLA), dry weight of
the stem (DWS), dry weight of the leaves (DWL) and total dry weight of both stem and leaves
(TDW)]; of the rosette (RO) [nL, TLA and DW]; and of the fruit (FR) [Dia, FW, DW, V, fresh
weight of the peduncle (FWP) and dry weight of the peduncle (DWP)]. Even though the pips (PI) are
a part the fruit, their traits were plotted using a separate category in order to distinguish the relations
that the pips have with the other traits of the fruit. This was done especially because several variables
were collected for pips: number of full pips (nF), number of empty pips (nE), fresh weight of full
pips (FWF), fresh weight of empty pips (FEW), dry weight of full pips (DWF) and dry weight of
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empty pips (DWE). Finally, the GDD were integrated in the networks to show which variables were
correlated to developmental time.

Firstly, a general network pooling all treatments, all developmental stages and the three cultivars was
established in order to evaluate globally the correlation between morphological traits inside the spur
of apple. Then for each cultivar, a specific network with all developmental stages and treatments was
constructed in order to compare the three cultivars. Lastly, in order to see if the correlations between
organs inside the spur show a different pattern at the very early stages (i.e. before the treatments were
applied), a final set of networks was generated for samples collected at FB and FB2 for each cultivar.
Based on the interpretation of the former networks, we selected the most interesting numerical
variables and analyzed them, using the GGally and ggplot2 packages of R. The output included (i)
the distribution of the size of samples among each variable, (ii) the pattern of distribution of each
selected variable as a function of the other ones and (iii) the correlations calculated using the Pearson
model. Therefore, we selected three BS variables: total leaf area (TLAgs), stem dry weight (DWgs_st)
and leaf dry weight (DWgs_1); two rosette (RO) variables: total leaf area (TLAgro) and leaf dry
weight (DWgro 1); five fruit (FR) variables: diameter (Diagc), fresh weight (FWgc), dry weight
(DWkc), volume (Vic) and peduncle fresh weight (FWec pg); and 5 bourse (BO) variables: diameter
(Diago), height (Hgo), fresh weight (FWpgp), dry weight (DWgo) and volume (Vgp). Finally, the mean
dry weight of the principal organs (i.e. FR, BO, BS and RO) was plotted as a function of
developmental time for AR, FU and RB, respectively. The purpose of this exercise was to visualize
the accumulation dynamics of dry matter for each organ in order to compare them with each other
and among cultivars.

Secondly, networks for each treatment were generated for each cultivar in order to evaluate the effect

of each defoliation treatment on correlation networks within a cultivar.

2.4. Impact of defoliation treatments on fruit and bourse

2.4.1. Control of the treatment effect on spur leaves development and pips number

Firstly, in order to be sure that defoliation treatment did not have any modifying effect on the further
development of the remaining bourse shoot or rosette leaves (namely under the RO and OP
treatments) that might have limited the impact of the defoliation treatment on fruit and bourse
growth, their TLA were compared to those obtained in the control spur (RP treatment) throughout all
development stages and for each cultivar. Furthermore, for total leaf area of the rosette and the
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bourse shoot, and for AR and RB, tests (ANOVA, Kruskal-Wallis) were conducted on 2014 data in
order to establish the phenological stage of development (expressed in GDD) since full bloom from
which onwards each shoot type for each cultivar was fully developed in terms of number of leaves
and total leaf area. For FU, ANOVA and Kruskal-Wallis analysis were carried out on 2015 and 2014
pooled data to compare total leaf area and number of leaves (rosettes and bourse shoots) as a function
of developmental stage (expressed in GDD) in order to establish the sampling stages at which the
spur shoots were fully developed. Secondly, the potential effect of the defoliation treatment on
pollination that could have had an indirect effect on fruit growth was tested by comparing the number

of full pips (Npy) per fruit for each defoliation treatment at harvest.

2.4.2. Impact on fruit drop

In order to provide an overall test for analyzing fruit drop as a function of developmental time from
FB to harvest, Cox proportional hazards regression models as part of the survival package of R were
used. In doing so, a Cox regression model was fitted in order to compare the differences among
cultivars with respect to fruit drop, while another one was used for comparing the differences among
cultivars in the control only. Then, for each cultivar, and pooling FB and FB2 data, a one-way
proportional hazards Cox model was used in order to compare the impact of type of defoliation on
fruit drop. Afterwards, a two-way proportional hazards Cox model was used in order to compare the
impact of treatments (type of defoliation x time of defoliation) on fruit drop. In the models
established, the log hazard ratio varied as a function of the natural logarithm of developmental time.
Differences between cultivars or treatments were confirmed if the p-value was smaller than 0.05. For
each cultivar, the probability of fruit drop was estimated for each treatment with comparison to fruits
of the control modality (RP) and the time of defoliation FB. Moreover, fruit drop was graphically
represented for each cultivar and each treatment using adjustment survival plots using the Kaplan-
Meier method in the survival package of R. Survival in this study refers to the number of fruits that
did not drop. The impacts of treatments were interpreted using odds ratios as the latter approximate
how much more likely the outcome will occur in a given category relative to a reference category

(Hosmer and Lemeshow 1989).

2.4.3. Impact on fruit and bourse growth

Because of the high correlation coefficients established between the variables referring to traits

within the same organ, two variables were used for both bourse and fruit for the analysis of the

impact of treatments: total fresh weight (FWggr) and flesh dry matter concentration (% DWgr/FWgR)
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in the case of the fruit and total fresh and dry weight (FWgo and DWp0) in the case of the bourse.
First, groups combining both defoliation treatments and times of defoliation were defined and
comparisons made between them for variables cited above. However, the samples were collected at
intervals of two weeks between FB and FB2 treatments and therefore, the corresponding samples
were not collected at the same dates during intermediate stages between FB and harvest. So far, the
impact of time of defoliation could not be compared during intermediate developmental stages until
harvest. Therefore, a one-way ANOVA or Kruskal-Wallis test — depending on an assessment of the
normality of distribution of residuals — served to check if the time of defoliation (FB and FB2) had a
different impact. This was done only for spurs collected at harvest for each cultivar. Then a second
analysis was carried out for each developmental stage (expressed in growing degree-days, GDD) and
for each cultivar in order to analyze the impact of defoliation treatments on the same variables as
above considering spurs defoliated at FB and FB2 separately. The main aim of these analyses was to
study the difference between defoliation treatments and time of defoliation at each developmental
stage on fruit and bourse growth for each cultivar. Lastly, a one-way ANOVA was conducted
considering both defoliation times together in order to test the impact of defoliation treatments at
harvest whatever the time of application. In all statistical analyses involving comparisons between
treatments, normality of the residuals was checked using Shapiro-Wilk test before conducting
ANOVA. This said, ANOVA is robust even when the normality hypothesis is violated, if sample size
of each group is at least 25 (Feir-Walsh and Toothaker, 1974; Schmider et al., 2010). We therefore
used ANOVA also in cases where normality of residuals was not given if the number of samples per
group was above 30. However, in those latter cases, a graphic observation of the distribution of
residuals and a Kruskall Wallis test were used in order to check the coherence of results. When
studying groups containing less than 30 samples and exhibiting a non-normal distribution of
residuals, Kruskall Wallis test was automatically applied. Models were run with R (version

0.98.1062.0) and the model significance was evaluated based on P<0.05.
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3. Results

3.1 Correlations between morphological traits inside the spur

Observations of all the networks and correlation patterns established allowed distinguishing two main
groups in all cultivars (Figures 3, 4, 6-8). The first group comprised most bourse shoot and bourse
variables whereas the second one involved fruit and phenological time variables. The rosette

variables were generally in a separate group with some exceptions.

3.1.1. All treatments taken together

The general network of the correlations among morphological variables of samples collected at
different developmental stages of the three cultivars and involving all the treatments (Figure 3A)
showed that the morphological traits of the bourse, the bourse shoot and the rosette were highly
correlated whereas they were very poorly correlated with fruit traits. In this general network, fruit
diameter was also correlated with the fresh weight of the full pips but not with their total number.
The fresh and dry weights of empty pips were correlated — which was not surprising; however, they
were not correlated with the rest of the variables. Fruit diameter, fresh and dry weights were also
correlated with GDD. However, except for the diameter and the volume of the bourse, the other
variables of the bourse, the bourse shoot and the rosette were not correlated with developmental time
of the spur from FB to harvest. The number of bourse shoots — which are either one or two — did not
seem to be correlated with any of the other variables. When looking at the same correlations as
above, for each cultivar (Figure 3 B-D), some differences were distinguishable. In RB, fruit fresh and
dry weight seemed to be more correlated with bourse dry weight than in AR and FU. In AR and RB,
the fresh weight of the peduncle was correlated with the other traits of the fruit, whereas for FU this
particular variable did not seem to be much correlated with the other ones. In AR, the dry weight of
the peduncle was much more correlated with the fruit variables than it was the case in FU. However,
this latter variable was also correlated with the bourse traits and in AR even with bourse shoot traits.
Moreover, the traits of the empty pips generally were not correlated with the other variables except in
FU in which they were negatively correlated with the traits of full pips. In RB, traits of full pips were
only correlated with each other, not with other traits, whereas in FU, fresh weight of empty pips was
positively correlated with the rosette traits. At very early stages, the correlations among all variables

were higher (Figure 4). However, once more, cultivar differences became apparent: FW and DW of
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the fruit were not very correlated to the other variables in AR and FU, whereas in RB these variables
were strongly correlated with bourse dry weight (Figure 4) as seen before in the network established
for all developmental stages (Figure 3).

The matrix of correlations (Figure 5) confirmed that the strongest correlations were found among
variables inside the same organ. Indeed, we observed linear patterns linking TLA and DW for BS and
RO, respectively, for each of the three cultivars. We also observed linear patterns between FW and
DW inside FR and BO, respectively. Finally, we observed linear patterns between FW, DW and V of
the fruit. However, the volume exhibited a pattern that seemed to follow a power equation as a
function of both FW and DW. The graphs indicate that the pattern was also cultivar-dependent. We

observed a similar pattern inside the bourse: both FW and DW were correlated with Dia and H.
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Figure 3. Correlations between variables inside the apple spur for all treatments and all cultivars
pooled (A), and each cultivar [‘Ariane’ (AR), ‘Fuji’ (FU) and ‘Rome Beauty’ (RB)] separately (B-D,
respectively). Variables were joined by a line when the correlation coefficient was at least 0.5 (blue
line: positive correlation; red line: negative correlation), and line width increased with an increasing
coefficient. GDD: Growing degree-days; organs: BS: bourse shoot; RO: rosette; FR: fruit; PI: pips;
BO: bourse. Variables: nBS: number of bourse shoots; nL: number of leaves (BS, RO); TLA: total
leaf area (BS, RO); Len: length; DWS: dry weight of the stem; DWL: dry weight of the leaves;
TDW: total dry weight; DW: dry weight (RO, FR, BO); Dia: diameter (FR, BO); FW: fresh weight
(FR, BO), V: Volume (FR, BO); FWP: fresh weight of peduncle; DWP: dry weight of peduncle; nF:
number of full pips; nE: number of empty pips; FWF: fresh weight of full pips; FWE: fresh weight of
empty pips; DWF: dry weight of full pips; DWE: dry weight of empty pips; H: height.
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Figure 4. Correlations between variables inside the apple spur before the defoliation treatments for all
cultivars pooled (A), and each cultivar separately [‘Ariane’ (AR), ‘Fuji’ (FU) and ‘Rome Beauty’
(RB)] separately (B-D, respectively). GDD: Growing Degree-days; organs: BS: bourse shoot; RO:
rosette; FR: fruit; BO: bourse. Variables: nBS: number of bourse shoots; nL: number of leaves (BS,
RO); TLA: total leaf area (BS, RO); Len: length; DWS: dry weight of the stem; DWL: dry weight of
the leaves; TDW: total dry weight; DW: dry weight (RO, FR, BO); Dia: diameter (FR, BO); FW:
fresh weight (FR, BO), V: Volume (FR, BO); FWPd: fresh weight of peduncle; DWPd: dry weight of
peduncle; H: height. For further information, see legend of Fig. 3
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Figure 5. Pearson’s correlation matrix for 15 traits of apple organs (bourse shoot BS, rosette RO, fruit FR) of three cultivars (‘Ariane’ AR, red; ‘Fuji’ FU, green; and ‘Rome Beauty’ RB, blue): BS TLA: total leaf area of bourse shoots, St DW:

peduncle fresh weight;

ght; BO_FW: bourse fresh weight; BO_DW: bourse dry weight; BO_V: bourse volume. Point clouds of relations are indicated below the diagonal while correlation coefficients for the three cultivars

are indicated above the diagonal of the matrix. On the diagonal the distribution of the traits for the three cultivars can be seen while in the first row box plots of each trait are depicted.
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Figure 6. Correlations between variables inside the apple spur in ‘Ariane’ for both defoliation dates
pooled (FB and FB2) and for each defoliation treatment (RP: control, RO: removal of bourse shoot
leaves, OP: removal of rosette leaves and OO: removal of both bourse shoot and rosette leaves).
GDD: Growing degree days; organs: BS: bourse shoot; RO: rosette; FR: fruit; PI: pips; BO: bourse.
Variables: nBS: number of bourse shoots; nL: number of leaves (BS, RO); TLA: total leaf area (BS,
RO); Len: length; DWS: dry weight of the stem; DWL: dry weight of the leaves; TDW: total dry
weight; DW: dry weight (RO, FR, BO); Dia: diameter (FR, BO); FW: fresh weight (FR, BO), V:
Volume (FR, BO); FWPd: fresh weight of peduncle; DWPd: dry weight of peduncle; nF: number of
full pips; nE: number of empty pips; FWF: fresh weight of full pips; FWE: fresh weight of empty
pips; DWF: dry weight of full pips; DWE: dry weight of empty pips; H: height. For further
explanations, see legend of Fig. 3.
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Figure 7. Correlations between variables inside the apple spur in ‘Fuji’ for both defoliation dates
pooled (FB and FB2) and for each defoliation treatment (RP: control, RO: removal of bourse shoot
leaves, OP: removal of rosette leaves and OO: removal of both bourse shoot and rosette leaves).
GDD: Growing degree days; organs: BS: bourse shoot; RO: rosette; FR: fruit; PI: pips; BO: bourse.
Variables: nBS: number of bourse shoots; nL: number of leaves (BS, RO); TLA: total leaf area (BS,
RO); Len: length; DWS: dry weight of the stem; DWL: dry weight of the leaves; TDW: total dry
weight; DW: dry weight (RO, FR, BO); Dia: diameter (FR, BO); FW: fresh weight (FR, BO), V:
Volume (FR, BO); FWPd: fresh weight of peduncle; DWPd: dry weight of peduncle; nF: number of
full pips; nE: number of empty pips; FWF: fresh weight of full pips; FWE: fresh weight of empty
pips; DWF: dry weight of full pips; DWE: dry weight of empty pips; H: height. For further
explanations, see legend of Fig. 3.
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Figure 8. Correlations between variables inside the apple spur in ‘Rome Beauty’ for both defoliation
dates pooled (FB and FB2) and for each defoliation treatment (RP: control, RO: removal of bourse
shoot leaves, OP: removal of rosette leaves and OO: removal of both bourse shoot and rosette
leaves). GDD: Growing degree days; organs: BS: bourse shoot; RO: rosette; FR: fruit; PI: pips; BO:
bourse. Variables: nBS: number of bourse shoots; nL: number of leaves (BS, RO); TLA: total leaf
area (BS, RO); Len: length; DWS: dry weight of the stem; DWL: dry weight of the leaves; TDW:
total dry weight; DW: dry weight (RO, FR, BO); Dia: diameter (FR, BO); FW: fresh weight (FR,
BO), V: Volume (FR, BO); FWPd: fresh weight of peduncle; DWPd: dry weight of peduncle; nF:
number of full pips; nE: number of empty pips; FWF: fresh weight of full pips; FWE: fresh weight of
empty pips; DWF: dry weight of full pips; DWE: dry weight of empty pips; H: height. For further
explanations, see legend of Fig. 3.
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3.1.2. Effect of defoliation treatments on correlation networks

As a response to the removal of BS leaves (RO modality), in AR and RB (Figures 6 and 8), the
bourse and the fruit traits seemed to be strongly correlated, whereas the correlation was still smaller
in FU (Figure 7). In response to the removal of rosette leaves (OP modality), fruit and bourse traits
seemed to be more correlated in AR and RB (Figures 6 and 8) whereas no correlation was observed
for FU (Figure 7). However, these correlations in AR and RB were still smaller than those observed
in the RO modality, and this was especially the case in RB (Figures 6 and 8). Under the OO treatment
(removal of both bourse shoot and rosette leaves) low or no correlations between fruit and bourse
variables were observed in AR and in particular FU (Figures 6 and 7), respectively, whereas in RB
strong correlations emerged, especially between bourse dry weight and fruit fresh and dry weight

(Figure 8).
3.2. Treatment impacts

3.2.1. Control of treatment effects on spur leaves development and pips number
No significant influence of the defoliation treatments on the one hand, and the timing of defoliation
(FB and FB2) on the other hand, on the total leaf area of bourse shoot and rosette leaves was found
(data not shown). However, a significant difference in TLA for rosette leaves was observed between
cultivars with high, intermediate and low value for RB (108 cm?), FU (42 cm?) and AR (25 cm?),
respectively; and a higher value for bourse shoot leaves in RB (382 ¢cm?) compared to AR (214 cm?)
and FU (206 cm?) at harvest. For each cultivar, TLA of the bourse shoot increased throughout early
developmental stages of the spur and bourse shoots were fully developed at 201, 275 and 345 GDD
for FU, RB and AR respectively (data not shown). We assumed that rosettes were fully developed at
full bloom, as the mean total leaf areas for the three cultivars were the highest at the earliest sampling
dates. However, even if a significant difference was found between groups of rosettes sampled at
different phenological stages for a same cultivar (certainly due to natural variability among spurs),
still the means were not correlated with phenological sampling dates. In fact, the only group truly
apart in terms of rosette total leaf area and number of leaves for the three cultivars, respectively, was
the one collected at harvest. This result is explained by the high number of rosette leaves that had
dropped at harvest especially in AR and RB.
Concerning the number of full pips, no significant difference between defoliation treatments was
observed whatever the defoliation time except for the OO treatment applied at full bloom which
induced a decrease in the number of full pips in both AR and FU (Figure 9).
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Figure 9. Boxplots of number of full pips (Np;) as a function of treatment in ‘Ariane’ (AR), ‘Fuji’
(FU) and ‘Rome Beauty’ (RB), and mean values for each treatment (®). FB treatment (defoliation)
applied at full bloom; FB2: treatment (defoliation) applied two weeks after full bloom; RP: control
treatment; OP: defoliation of rosette leaves; RO: defoliation of bourse shoot leaves; OO: defoliation
of all spur leaves (rosette and bourse shoot). Data within each cultivar with the same letter are
considered to be non-significantly different according to one-way ANOVA results (P<0.05).

3.2.2. Fruit drop

In AR, 90 fruits among 314 (22%) dropped before harvest. In FU, this rate was 20 fruits of 80 (25%)
whereas in RB, 99 fruits of 261 (28%) were shed before harvest (data not shown). The Cox
regression model fitted in order to compare the differences in fruit drop among cultivars because of
defoliations showed that there was no significant difference between FU and RB. However, AR
showed a significant difference to both FU and RB (P <2.10™'® and P=1.11x10"", respectively). The
probability of fruit drop in FU and RB from FB to harvest was, respectively, 3.65 and 6.54 times
higher than in AR. Moreover, even if FU and RB did not show a significant difference in fruit drop,
still the probability of fruit drop was 1.79 times higher in FU than in RB as a response to defoliation
(data not shown). However, if we consider only the RP modality (control), there was no difference
between cultivars with respect to fruit drop and most fruits were retained on the spur until harvest.
The two-way proportional hazards Cox models built for AR, FU and RB (Table 3), show that for the
three cultivars there was no significant difference between the two times of defoliation (FB, FB2)
among all modalities of defoliation. However, even if in FU there was no difference between
defoliation treatments with respect to fruit drop, in the two other cultivars, the modality OO exhibited
a significant difference with respect to the control modality (RP). Indeed, removing all the leaves on
the spur raised the probability of fruit drop 74.8 and 32.9 times in AR and RB, respectively, against a
factor of 6.4 in FU. Moreover, in AR, the RO modality had a significant impact on fruit drop
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compared to the RP modality and the probability of fruit drop was 27 times higher when removing
the bourse shoot compared to the control. In RB, both RO and OP were significantly different from
RP in fruit drop and the p-values and probabilities of fruit drop compared to the control were quite
similar for both modalities. Indeed, under both RO and OP, the probability of fruit drop was around

5.3 times higher than under the control.

The representation for each cultivar and each treatment using adjustment survival plots with the
Kaplan-Meier method in the survival package on R (Figure 10) confirmed the above results. Indeed,
it was observed that the control modalities (RP) at both FB and FB2 were those in which the
probability of fruit drop was the lowest of the three cultivars. Furthermore, in the modality OO
probability of fruit drop was the highest. However, even if there was no significant difference
between the times of applying the treatments (FB vs FB2), Table 3 and Figure 10 show that the
probability of fruit drop was higher in almost all cases when treatments were applied at FB. Only one
exception was observed: in RB, the probability of fruit drop was higher in the control of FB2 than in
the control of FB (Figure 10) but this difference was not significant. In AR and FU the probability of
fruit drop in the control was the same for FB and FB2. Figure 10 also shows that in the OO modality
the probability of fruit drop was higher at early developmental stages than in other treatments. Just
after OO, the RO modality was the one that exhibited the highest probability of fruit drop and the
fruits dropped earlier than in OP and RP.
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Table 3. Results of the impact of defoliation treatments compared to the control (RP), with both
defoliation dates (FB and FB2) pooled or separated, on fruit drop using Cox two-way regression
models in AR, FU and RB cultivars. Treatments: RO, bourse shoot leaves removed; OP: rosette
leaves removed; OO: bourse shoot and rosette leaves removed. *, ** and *** for P-value < 0.05, 0.01
and 0.005, respectively.

Cultivar Defoliation time Treatment coef exp(coef) P(>|7)
' Ariane' Both dates 0]0) 4.3149 74.8033 2.36e-05 ***
OoP 1.8747 6.5186  0.0826 .
RO 3.2969 27.0298  0.0013 **
FB2 compared to FB  All treatments -0.0103 0.9898 0.9942
0]0) -0.6539 0.5201 0.6511
0) -0.1846 0.8315 0.9045
RO -0.7499 0.4724 0.6083
'Fuji Both dates 0]0) 1.8500 6.3570  0.0915 .
OP 1.2110 3.3580 0.2941
RO 0.7480 2.1130 0.5414
FB2 compared to FB All treatments -2.76e-15 1.0000 1.0000
0]0) -0.6381 0.5283  0.6885
0) -0.4635 0.6291 0.7830
RO -0.4635 1.5900 0.7830
'Rome Beauty' Both dates 010 3.4923 32.8610 1.82e-06 ***
OoP 1.6760 5.3439 0.0321 *
RO 1.6750 5.3389 0.0322 *
FB2 compared to FB  All treatments 0.4198 1.5217 0.6456
0]0) -1.2228 0.2944  0.2021
0) -0.1703 0.8434 0.8671
RO -1.2705 0.2807 0.2451
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Figure 10. Adjustment survival plots showing the probability of fruit drop from FB to harvest for AR (—), FU
(—) and RB (—) for each treatment. FB treatment (defoliation) at full bloom; FB2: treatment (defoliation) two

weeks after full bloom; RP: control treatment; OP: defoliation of rosette leaves; RO: defoliation of bourse
shoot leaves; OO: defoliation of all spur leaves (rosette and bourse shoot). Dotted lines represent the

confidence interval at 5%.
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3.2.3. Fruit fresh weight and flesh dry matter concentration

Considering both defoliation times together, the OO treatment tended to reduce FWpr in AR at
harvest, yielding a significant difference compared to the control (RP) (Table 4). This difference
seemed to be due to the OO treatment being applied at FB, which induced a significant decrease in
FW¢gr compared to other treatments (Figure 11). In FU, we were able to observe a similar trend in the
OO treatment; however, the decrease in FWpR at harvest was not significant compared to the control
(Table 4). Contrary to AR and FU, in RB, the OO treatment did not induce any strong and significant
effect on FWgR at harvest (Table 4). On the other hand, in FU and RB, the RO treatment tended to
increase FWpr with only a significant effect compared to the control in RB (Table 4), especially
when the RO treatment was applied at FB2 (Figure 11). For the OP treatment, no significant effect
was noticed at harvest except for RB with the lowest values obtained for FWgg, which were
significantly different from those obtained under the RO treatment (Figure 11, Table 4). For all
cultivars, defoliation treatments did not induce any significant change in flesh dry matter
concentration (Table 4, Figure 11), which was significantly different among cultivars at harvest with

higher value for FU, AR and RB, respectively.

Table 4. Impact of defoliation treatments at harvest considering both defoliation times together (FB
and FB2) on fruit fresh weight (FWgRr) and flesh dry matter concentration (DWgr/FWgR) in ‘Ariane’,
‘Fuji’ and ‘Rome Beauty’ (means (SE)). Data within each cultivar with the same letter are considered
to be not significantly different based on one-way ANOVA results (P<0.05).

Cultivar Treatment FWrgr (2) DWgr/FWEgR (%)
'Ariane' RP 140.6 (4.3) a 18.7 (0.2) a
RO 137.7 (8.1) ab 18.6 (0.3) a
OP 145.0 (5.0) a 18.8 (0.5) a
(0]0) 97.7 (16.7) b 183 (0.2) a
'Fui RP 259.8 (16.9) ab 21.6 (1.0) a
RO 282.3 (16.8) a 20.6 (0.8) a
OP 237.1 (18.7) ab 20.0 (0.7) a
(0]0) 206.2 (11.5) b 22.0 (1.2) a
'Rome Beauty' RP 350.5 (12.1) a 16.7 (0.1) a
RO 406.8 (11.6) b 16.0 (0.2) a
OP 317.8 (12.4) a 16.5 (0.2) a
0]0) 335.8 (44.6) ab 17.0 (0.2) a
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Figure 11. Boxplots of fresh weight and flesh dry weight content of the fruit [FWgr (g) and DWer/FWEgr (%)] as a function of treatments for
‘Ariane’ (AR), ‘Fuji’ (FU) and ‘Rome Beauty’ (RB) and mean values for each treatment (®). FB treatment (defoliation) at full bloom; FB2:
treatment (defoliation) two weeks after full bloom; RP: control treatment; OP: defoliation of rosette leaves; RO: defoliation of bourse shoot
leaves; OO: defoliation of all spur leaves (rosette and bourse shoot). Within the same cultivar, treatments with the same letter are considered
to be non-significantly different according to one-way ANOVA results (P<0.05).



Table 5. Impact of defoliation treatments applied at full bloom (FB) or two weeks later (FB2) on fruit fresh weight (FWgRr) at each
developmental stage expressed in growing degree-days (GDD) since FB, in ‘Ariane’, ‘Fuji’ and ‘Rome Beauty’ (means (SE)). For each
development stage, data within each genotype with the same letter are considered to be non-significantly different according to a one-way

ANOVA test (P<0.05).
Defoliation time
FB FB2
Defoliation treatment
Cultivar Development stage RP RO OP 00 RP RO OP (e]e)
'Ariane' GDD138 1.37(0.2) a 1270.1) a 1.47(0.1) 1.17(02) a - - - -
GDD247 - - - - 6.47(0.5) a 5270.4) a 6.27(0.4) a 3.170.5 b
GDD345 13.47(0.9) a 11.87(1.2) a 15.27(0.9) 687(2.0) b - - - -
GDD681 4557(1.7) a 4447(2.1) a 44.77(2.3) 465 / a - - - -
GDDg49 - - - - 73.27(3.6) a 56.87(6.8) a 68.77(4.6) a 57.6(11.9) a
GDD1559 136.274.8) a 144.3(12.1) a 151.27(5.8) 721 / b 145.07(7.3) a 133.5(10.9) a 138.87(8.1) a 104.1(20.0) a
"Fuji GDD1786 247.2(24.8) a 273.4(14.9) a 254.4(28.3) 200.5(20.1) a 272.3(23.7) a 292.3(33.0) a 222.1(25.5) a 210.3(14.7) a
'Rome Beauty GDD174 327(0.4) a 3.1 (03) a 2.57(0.4) 1.5702) b - - - -
GDD276 - - - - 13.17(0.9) a 12.37(0.8) ab 10.6"(1.7) ab 8.27(1.5) b
GDD435 28.87(1.2) a 24.97(0.9) be 24.67(1.6) 19.772.7) ¢ - - - -
GDD760 95.97(6.5) ab  106.5  (6.8) a 82.97(7.6) 887 / ab - - - -
GDD963 - - - - 145.0 (8.6) a 140.8 (6.5) a 123.5 (9.1) ab  107.0 (9.0) b
GDDI1816 346.8(14.3) b 389.1 (8.1) a 310.2(15.7) - 354.2(20.1) a 420.9(19.4) a 326.1(20.1) a 335.8(44.7) a
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Analyzing the impact of defoliation during all developmental stages and modalities for FB and FB2
separately on fruit fresh weight (Table 5) showed that, in AR, only the treatment OO showed an
effect with a decrease in FWgr values which was only significantly different from other treatments at
harvest when applied at FB (Figure 11). Significant differences under the OO treatment were also
observed at an early stage (GDD345 for FB and GDD247 for FB2). However, in this case, the results
could be explained by the fact that the sampled fruits were small and were perhaps ready to drop at
this stage, since for the following sampling dates until harvest no significant differences were
observed. In FU, even if not significant, the OO treatment tended to reduce FWgr at harvest while
RO increased it and this irrespective of the time of defoliation, compared to the control (Figure 11).
This trend effect of OO and RO treatments was also observed in RB but only during early and late
developmental stages, respectively, and could be explained for OO by the same hypothesis exposed
before for AR (Table 5). Even if FWgr under RO treatment in RB was higher at harvest when
treatment was applied at FB2, a significant difference to other modalities of defoliation was only
observed at early defoliation (FB, Table 5). Contrary to AR and FU, in RB, OP treatment induced a
decrease in FWgg throughout all developmental stages especially when applied at FB which led to a
significant difference compared to control (RP) before harvest and to RO treatment at harvest (Table
4). Concerning flesh dry matter concentration, no significant difference was observed between
defoliation treatments throughout all developmental stages excepted for AR at an early stage when
the treatment was applied at FB2 and for RB under RO treatment applied at FB2 (Table 6). In this
latter case, a significant reduction in flesh dry matter concentration was associated with a higher fruit
fresh weight (Table 5). Even if there was a non-significant difference in fruit fresh weight (FWgr and
DWrR) at harvest between both defoliation times (i.e. FB and FB2) for each treatment (data not
shown), the kinetics of fruit growth expressed as FWgr as a function of GDD (Figure 12) tended to
be different for the two times of defoliation. This was notably the case in both AR and RB when
subject to the defoliation modality RO. In fact, fresh biomass accumulation seemed to start earlier
when the bourse shoot was removed at FB compared to FB2. In RB, all modalities tended to have
lower mean FWgr at harvest when defoliation was carried out early (at FB), whereas, in AR, mean
FW;er tended to be higher under both RO and OP treatments when defoliations were carried out at
FB. In AR, the OO modality seemed to reduce FWgr at harvest compared to the other modalities
independent of the time of defoliation (FB and FB2), while in RB FWgR at harvest was only reduced

when defoliation was applied at FB, compared to the other modalities.
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Table 6. Impact of defoliation treatments applied at full bloom (FB) or two weeks later (FB2) on fruit flesh dry weight content [(DWggr/
FWrR, %) at each developmental stage expressed in growing degree-days (GDD) in ‘Ariane’, ‘Fuji’ and ‘Rome Beauty’ (means (SE)). For
each developmental stage, data within each cultivar with the same letter are considered to be non-significantly different according to a one-
way ANOVA test (P<0.05).

Defoliation time
FB FB2
Defoliation treatment
Cultivar Development stage RP RO OP (0]6) RP RO OP 00
' Ariane' GDD138 129 (0.2) a 12.9 (0.2) a 12.4 (0.1) a 12.8 (0.2) a - - - -
GDD247 - - - - 11.5 (0.2) be 11.8 (0.1) b 11.2 (0.2) ¢ 12.6 (0.1) a
GDD345 11.7 (0.1) a 11.8 (0.2) a 11.3 (0.2) a 11.8 (0.2) a - - - -
GDD681 159 (04) a 16.0 (0.2) a 16.3 (0.2) a 155 / a - - - -
GDD849 - - - - 16.7 (0.2) a 16.9 (0.3) a 16.8 (0.2) a 16.8 (0.4) a
GDD1559 18.0 (0.2) a 17.8 (0.4) a 17.6 (0.2) a 170 / a 19.4 (0.3) a 19.1 (0.3) a 19.0 (0.3) a 19.3 (0.3) a
'Fuji GDD1786 219 (1.6) a 19.7 (1.1) a 18.8 (0.4) a 21.8 (2.1) a 21.3 (1.3) a 21.5 (1.2) a 21.1 (1.1) a 22.1 (1.6) a
'Rome Beauty' GDD174 12.6 (0.2) a 12.7 (0.3) a 124 (0.3) a 129 (0.2) a - - -
GDD276 - - - 11.4 (0.2) a 11.3 (0.2) a 11.5 (0.2) a 11.7 (0.3) a
GDD435 13.9 (0.2) a 13.2 (0.3) a 13.8 (0.2) a 13.3 (0.3) a - - - -
GDD760 15.1 (0.2) a 14.7 (0.3) a 15.2 (0.2) a 145 / a - - - -
GDD963 - - - - 15.7 (0.2) a 153 (0.2) a 159 (0.3) a 15.8 (0.3) a
GDD1816 16.4 (0.2) a 16.2 (0.3) a 16.1 (0.4) a - 17.0 (0.2) a 159 (0.2) b 16.9 (0.2) a 17.0 (0.2) a
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3.2.4. Bourse fresh and dry weight

As observed for fruit, the difference between both defoliation times (i.e. FB and FB2) for bourse
fresh and dry weight at harvest was not significant (data not shown). However, some differences due
to defoliation treatment modalities and/or time of application could be noticed at harvest. The effect
of the OO treatment on bourse fresh and dry weight for both defoliation times together was the same
as that observed for fruit in AR and FU, with values being lower than the control at harvest,
especially for early defoliation (at FB, Table 7, Figure 13). In RB, contrary to what was observed for
fruit, the OO treatment induced a significant decrease in FWgo and DWgo compared to the control at
harvest (Table 7). The RO treatment induced an increase in bourse weight only for RB, this increase
was significant for FWgo (Table 7) and especially when the treatment was applied late (at FB2,
Figure 13) as observed for fruit under this treatment. As seen before in fruit, the effect of the OP
treatment on the bourse was only observed in RB, with significantly lower values of FWgo compared

to the control for the RO treatment at harvest (Table 7, Figure 13).

Table 7. Impact of defoliation treatments at harvest considering both defoliation times together (FB
and FB2) on bourse fresh (FWgp) and dry (DWgp) weight in ‘Ariane’, ‘Fuji’ and ‘Rome Beauty’
(means (SE)). Data within each cultivar with the same letter are considered to be non-significantly
different according to one-way ANOVA results (P<0.05).

Cultivar Treatment Bourse FW (g) Bourse DW (g)
'Ariane' RP 0.69 (0.09) a 0.33 (0.06) a
RO 0.59 (0.07) a 0.26 (0.03) ab
OP 0.67 (0.07) a 0.39 (0.08) a
00 0.24 (0.06) b 0.07 (0.02) b
'Fuji RP 0.95 (0.07) a 0.41 (0.04) a
RO 0.92 (0.09) a 0.40 (0.06) a
OP 0.87 (0.08) a 0.38 (0.04) a
00 0.69 (0.08) a 0.29 (0.03) a
'Rome Beauty' RP 2.83 (0.27) a 1.47 (0.14) a
RO 3.77 (0.29) b 1.79 (0.18) a
OP 1.85 (0.22) ¢ 0.89 (0.15) b
010 1.57 (0.19) c 0.61 (0.09) b
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Figure 13. Boxplots of fresh (FWp0) and dry (DWgo) weight of the bourse as a function of defoliation treatment for ‘Ariane’ (AR), ‘Fuji’
(FU) and ‘Rome Beauty’ (RB) and mean values for each treatment (®). FB treatment (defoliation) applied at full bloom; FB2: treatment
(defoliation) applied two weeks after full bloom; RP: control treatment; OP: defoliation of rosette leaves; RO: defoliation of bourse shoot

leaves; OO: defoliation of all spur leaves (rosette and bourse shoot). Within the same cultivar, treatments with the same letter are considered
to be non-significantly different according to one-way ANOVA results (P<0.05).



Table 8. Impact of defoliation treatments applied at full bloom (FB) or two weeks later (FB2) on bourse fresh weight (FWpgp) at each
developmental stage expressed in growing degree-days (GDD) after FB in ‘Ariane’, ‘Fuji’ and ‘Rome Beauty’ (means (SE)). Data within

each cultivar with the same letter are considered to be non-significantly different according to a one-way ANOVA test (P<0.05).

Defoliation time
FB FB2
Defoliation treatment
Cultivar Development stages RP RO (0)3 00 RP RO (0)3 00

'Ariane' GDD138 0.237(0.06) a 0.237(0.04) a 0.20(0.04) a 0.17(0.04) - - - -
GDD247 - - - - 0.39 (0.04) a 0.38 (0.05) a 0.34 (0.04) a 0.32 (0.06) a
GDD345 0.427(0.06) a 0.257(0.02) bc  0.367(0.06) ab  0.227(0.05) - , , -
GDD681 0.547(0.08) a 0.427(0.09) a 0.517(0.08) a 0.197(0.04) - - - ,
GDD849 - - - - 0.79 (0.09) a 0.53 (0.09) b 0.56 (0.06) ab  0.30 (0.11) ¢
GDD1559 0.557(0.05) a 0.557(0.12) a 0.627(0.09) a 0.137(0.05) 0.83 (0.16) a 0.64 (0.08) a 0.72 (0.13) a 0.32 (0.09) b

"Fuji GDD1786 0.937(0.09) a 0.827(0.14) ab  0.84 (0.12) ab  0.61 (0.12) 0.97 (0.13) a 1.05 (0.13) a 0.90 (0.12) a 0.79 (0.10) a

'Rome Beauty' GDDI174 1.517(0.28) a 1.107(0.19) a 0.957(0.20) a 0.78(0.13) - - B B
GDD276 - - - - 1.23 (0.12) a 1.77 (0.25) a 135 (0.2) a 1.35 (0.29) a
GDD435 1.49 (0.25) a 1.34 (0.2) a 1.21 (0.18) a 1.12 (0.19) - - - -
GDD760 222 (0.3)a 221 (0.26) a 1.63 (0.18) ab  0.93 (0.25) - - - -
GDDY63 - - - - 1.99 (0.31) a 1.88 (0.21) a 1.60 (0.19) a 1.15 (0.24) a
GDDI1816 2,60 (0.3) a 3.42 (0.42) a 1.70 (0.24) b 1.30 (0.27) 3.06 (0.47) b 4.16 (0.41) a 2.02 (0.39) b 1.77 (0.28) b
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Table 9. Impact of defoliation treatments applied at full bloom (FB) or two weeks later (FB2) on bourse dry weight (DWgo) at each
developmental stage expressed in growing degree-days (GDD) after FB in Ariane, Fuji and Rome Beauty (means (SE)). Data within each
cultivar with the same letter are considered to be non-significantly different according to a one-way ANOVA test (P<0.05).

Defoliation time
FB FB2
Defoliation treatment
Cultivar Development stage RP RO OP [e]6] RP RO OP [e]6]
' Ariane’ GDDI138 0.047(0.01) ab  0.05 (0.02) a 0.047(0.01) ab  0.037(0.01) b - - - -
GDD247 - - - - 0.117(0.02) a 0.117(0.02) a 0.097(0.02) a 0.107(0.03) a
GDD345 0.147(0.02) a 0.097(0.01) b 0.097(0.02) b 0.057(0.02) b - - - -
GDD681 0.197(0.03) a 0.147(0.03) a 0.187(0.03) a 0.06(0.02) b - - - -
GDD849 - - - - 0.297(0.05) a 0.447(0.26) a 0.227(0.03) a 0.067(0.02) b
GDD1559 0.247(0.02) a 0.217(0.07) a 0.297(0.06) a 0.047(0.01) b 0.4370.11D) a 0.297(0.04) a 0.497(0.14) a 0.107(0.03) b
"Fuji GDD1786 0.427(0.06) a 0.35(0.08) ab  0.38 (0.07) ab  0.27 (0.06) b 0.40 (0.06) a 0.48(0.09) a 0.38(0.06) a 0.30(0.05) a
"Rome Beauty GDD174 0.38(0.09) a 0.287(0.06) ab  0.26 (0.06) ab  0.14°(0.04) b - - - -
GDD276 - - - - 0.367(0.04) a 0.537(0.09) a 0397 (©0.1) a 0.307(0.07) a
GDD435 0.627(0.09) a 0.507(0.07) ab  0.407(0.07) ab  0.317(0.06) b - - - -
GDD760 0.817(0.13) a 0.707(0.05) a 0.5470.06) ab  0.3270.11) b - - - -
GDD963 - - - - 0.86 (0.13) a 0.73 (0.11) ab  0.62 (0.11) ab  0.36 (0.10) b
GDDI1816 1.43 (0.12) a 1.56 (0.27) a 0.76 (0.13) b 0.44 (0.09) b 1.52 (0.26) ab  2.05 (0.21) a 1.06 (0.29) bc  0.75 (0.14) ¢
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The impact of defoliation during all developmental stages and modalities for FB and FB2 separately
on FWpp and DWpo (Tables 8 and 9) gave almost the same trends as for fruits with a decreased value
under the OO treatments for AR and FU but also, contrary to fruits, for RB, especially when the OO
treatment was applied at FB. However, in RB, bourses sampled at harvest in response to an early OO
treatment (at FB) did no longer bear any fruit. As seen before for fruits, in FU and RB, the RO
treatment did not induce any significant changes in bourse fresh or dry weight; however, an increase
in means was observed under this treatment especially when the treatment was applied at FB2 in RB
and only for this defoliation date in FU. Contrary to AR and FU and similarly to the fruit, in RB, the
OP treatment induced a decrease in bourse fresh and dry weight throughout all development stages
especially when applied at FB which led to a significant difference compared to the control (RP) and
RO treatment at harvest (Tables 8 and 9).

4. Discussion

4.1 Correlations between morphological traits inside the spur

In the present study, fruit variables, independent of the cultivar and in particular those linked to fruit
growth (fresh and dry matter) seemed to be globally only weakly correlated to variables of other spur
organs, particularly source organs with respect to carbon (rosette and bourse shoot). Moreover, the
absence of a strong correlation was equally obvious in early developmental stages of the spur. This
seems to suggest that in this study fruit growth ultimately depended only very little on sources within
the spur, even during early developmental stages, which is in contradiction to earlier studies
(Wiinsche and Lakso, 2000). Denne (1963) studied how fruit development (rate and duration of
growth, cell division, and cell expansion) in three apple cultivars (‘Cox’, ‘Daugherty’ and ‘Sturmer’)
was affected by within-tree factors. The study found that fruit size at harvest was related to the
position of the fruit on the spur, seed number, spur size, number of fruits set on the spur, and date of
flowering. This is in contrast to our findings, which showed no or only very weak correlations among
fruit, pip, and bourse traits, though within the same organ variables were strongly correlated. It is
nevertheless difficult to conclude on this issue as the analysis of source-sink relations in our study is
solely based on a “morphological” analysis. Indeed, it would have been good to integrate more
“physiological” or “functional” variables such as the photosynthetic capacity of leaves, which is

known to evolve with leaf age (Lieth and Pasian, 1990) and sink strength of fruit within the spur
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(Poirier-Pocovi et al., unpublished). Early removal of rosette or bourse shoot leaves, i.e. during full
bloom also did not lead to a marked modification of correlations between fruit growth and leaves left
on the spur. This seems to suggest that the carbon necessary for fruit growth could come from
sources outside the spur as has already been shown by (Grappadelli et al., 1994), in a situation where
spurs are not very vigorous as in the present study, due to the removal of part of the leaves. The only
modifications observed as a consequence of defoliation were the stronger correlations between
bourse dry matter and fruit fresh or dry weight, but this effect was only marked in ‘Ariane’ and above
all, ‘Rome Beauty’, particularly when the bourse shoot had been removed. In ‘Rome Beauty’ this
correlation was even more important in the absence of all spur leaves (OO treatment), and we were
able to observe that under this defoliation condition as well as for the three cultivars fruit drop, even
when occurring rather late, systematically lead to a necrosis or atrophy of the bourse. The strong
correlation of growth between the bourse and the fruit could be explained by a stronger
vascularization of the bourse in order to facilitate nourishing the growing fruit in the absence of
nearby sources, even more so when the bourse shoot, which is usually a strong carbon supplier for
the fruit during full development of the latter (Abbot, 1960), has been removed. In such a situation,
the bourse could even be a stronger source for carbon reserves as suggested by its higher fresh and
dry weight associated with bigger fruit at harvest in the cultivar ‘Rome Beauty’, following the
removal of the bourse shoot. This increase in bourse weight could be induced by an increase in
photosynthetic capacity of rosette leaves which could increase carbon accumulation in the bourse.
Incidentally, it would be interesting to know if under these conditions the carbon reserves invested in
this way could not be immediately usable for the developing fruit, given the weak availability of
carbon sources within the spur. All this remains hypothetical but could be tested by a histological and
biochemical analysis of the developing bourse during fruit development, thereby comparing the three
cultivars as well as the different defoliation treatments.

In any case, our results tended to show that it is difficult to explain fruit growth when only the spur
scale is taken into consideration. Consequently, considering the next higher scale, that of the fruit-
bearing branch, could be more suitable. For such a scale, given the complexity of the fruit bearing
branch a functional-structural plant modelling (FSPM) approach (Buck-Sorlin, 2013) could be an
appropriate tool to integrate existing botanical and ecophysiological knowledge and to test the
plausibility of hypotheses. Such an approach has several advantages: first, it can simulate and
visualize transport processes that are normally invisible or very difficult to be demonstrated
experimentally, under outdoor conditions and at the organ or branch scale. Second, it can help to

quantify certain hidden model parameters that are impossible to measure. An excellent example of
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the application of the FSPM approach to apple is MAppleT (Costes et al., 2008; Da Silva et al.,
2014): this model is dedicated to simulating the architecture of young apple trees by combining
topology and geometry in a single simulation. This is done in a way that the architecture of an apple
tree becomes an emergent feature arising from process interactions, concerning primary and

secondary shoot growth as well as fruit growth.

4.2  Impact of defoliation treatments on fruit growth

In this study we wanted to test the influence of early defoliation (removal of rosette or bourse shoot
leaves) at two development stages: at full bloom and two weeks after, on fruit quality traits. Our
results showed that the main significant effect of the defoliation treatments on fruit was observed
only when the treatment was applied very early at full bloom compared to FB2. Also, defoliation
could not be attributed, except for the treatment involving the removal of all spur leaves, to a
modification in pollination as the seed number was nearly the same at harvest no matter what
defoliation treatment was applied at full bloom. However, after full bloom, fruitlet development can
vary in time, due to a number of internal and external factors (pollination rate, time between
pollination and fertilization, fertilization rate, early growth rate of fruitlets) so that at least at FB2
fruitlets in our study might have exhibited a higher heterogeneity in development (Denne 1960;
Smith 1950). In our study, this becomes apparent, for example, by the higher variability in fruit fresh
weight at harvest when defoliation was applied at FB2 (see table 5) compared to FB. The timing of
defoliation will theoretically have an impact on fruit development, but as seen in this study other
factors (such as the overall source-sink ratio, the ability of sinks to draw sources, and the capacity of
leaves to compensate for defoliation by upregulating assimilation rate (Bairam et al., chapter 3) will
tend to dilute this effect.

The main result was that in our study, defoliation did not have a marked effect on fruit growth,
except for the total defoliation treatment in ‘Ariane’ and ‘Fuji’ and both rosette and bourse shoot
removal treatments in ‘Rome Beauty’. Rather, defoliation tended to have an effect on fruit survival
rate, with severe defoliation (OO modality), particularly when applied at full bloom, decreasing the
overall survival rate of fruits, as a consequence of lower carbon availability for the fruit. This also led
to a significant reduction in size for the remaining fruits until harvest. In addition to a reduction in
carbon availability for fruits, total leaf removal could also strongly reduce fruit water influx (Lang
and Volz, 1998). Lang (1990) has demonstrated that water influx into the apple fruit is strongly

correlated with spur leaf area thus inducing an increase in fruit drop and a reduction in fruit size.
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Bourse shoot removal also induced an increase in fruit drop yet different in terms of intensity
according to the cultivar, which could be explained by branch architecture. Thus, ’Ariane’ reacted
most severely to bourse shoot removal with respect to fruit drop compared to ‘Rome Beauty’. In
‘Ariane’, rosette leaves are generally rather inconspicuous with respect to the bourse shoots, contrary
to ‘Rome Beauty’. At a first glance, removal of bourse shoot in ‘Rome Beauty’ should thus have less
severe consequences than in ‘Ariane’. This is because in ‘Ariane’ rosette leaves might not
exclusively supply the carbon needed for fruit growth, which is mainly supplied at an early
developmental stage by rosette leaves as demonstrated by Tustin et al. (1992), and therefore could
induce severe fruit drop. On the other hand, the higher effect of rosette leaf removal on fruit drop in
‘Rome Beauty’ compared to ‘Ariane’ could be explained by a higher sink strength during early
development of the bourse shoot in ‘Rome Beauty’, where the young bourse shoot could thus
compete with the young fruit for carbon resources. This hypothesis is in accordance with our results
that have shown that bourse shoot vigor was higher in ‘Rome Beauty’ than in ‘Ariane’, with higher
values for bourse shoot leaf area achieved more quickly in ‘Rome Beauty’ than in ‘Ariane’.
Furthermore, the hypothesized higher competition for carbon allocation during early development
between fruit and bourse shoot growth in ‘Rome Beauty’ could also have an impact on the fruit cell
division stage, which in turn could explain the difference in fruit size at harvest of the remaining
fruits. Actually, any reduction in carbon availability during the fruit cell division stage could reduce
cell number inside the fruit, which is known to be very determinant for fruit sink strength and
therefore fruit size at harvest (Goffinet et al., 1995). This hypothesis could explain why, under the
early bourse shoot removal treatment in ‘Rome Beauty’, fruit weight was significantly higher
compared to results obtained when only rosette leaves were removed. However, this result supposes
that during the later fruit cell expansion stage, and under a treatment involving the removal of the
bourse shoot, fruit could import carbon from rosette leaves and certainly, as exposed before, outside
the spur as the consequence of its strong sink strength. In the particular case of ‘Fuji’, the absence of
a particular defoliation effect on fruit drop or fruit growth could be explained by global fruit load on
the tree: the latter was very low in this cultivar in 2014, which could have led to a situation where
fruits subject to a defoliation treatment imported carbon, at least during the early development stage,
from other parts of the branch or tree which could in turn have reduced the impact of carbon
shortage.

Our results confirmed the importance of the early development stage of a fruit on its growth and final
size at harvest. They furthermore pointed out the rule of competition between fruit and bourse shoot

growth within the spur just after full bloom, which could have had an impact on fruit sink strength
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and subsequently fruit size at harvest when growth is largely sink-driven (sufficient carbon
availability). However, our results are not as pronounced as we had originally expected, and we
therefore suppose that carbon used during fruit cell division could also be allocated from outside the
spur. This hypothesis could explain differences obtained between ‘Ariane’ and ‘Rome Beauty’. In
fact, in ‘Rome Beauty’, due to its type IV architecture (Lespinasse and Delort, 1984) a spur and a
vegetative shoot are separated by a rather long distance, in contrast to ‘Ariane’ (type III). This
restricts, in ‘Rome Beauty’, the possibility for fruits to import carbon from outside the spur at least at
the beginning of cell division because of its low sink strength at this stage, again in contrast to
‘Ariane’. One way to validate this hypothesis of the importance of carbon outside the spur for fruit
growth could be to isolate each spur by removing a ring of phloem and bark at their base (i.e.
applying a girdling treatment). In this case, however, it could become difficult to conclude as to what
the real net impact of the defoliation treatments on fruit size at harvest was, given the fact that under
any defoliation treatment the fruit in any case requires, a priori, carbon from outside the spur for its

growth.

5. Conclusions and Perspectives

The aim of the present study was to increase the knowledge about the complex relations that exist
between sources and sinks within the spur of apple. The system was perturbed using removal of
leaves from different shoot types within the spur at early phenological stages and a large number of
traits measured, thereby creating a huge correlative dataset that was visualized using correlation
networks. The analysis of these networks as well as the direct comparison of traits subject to different
defoliation treatments yielded a number of new insights into the processes involved in assimilate
allocation to fruits that were partly in contradiction with the literature. Most notably, fruit
development appeared to be relatively unrelated to source characteristics within the spur, hinting at
the possibility that fruits, once established, will be able to draw sources from outside their own spur.
In order to further elucidate this hypothesis, we designed in a follow-up study (chapter 3), an
experimental system that included entire, simplified fruit-bearing branches consisting of several spurs

and vegetative shoots, whose architecture was described in its entirety.
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Chapitre 2

Models for Predicting the Architecture of Different Shoot Types in
Apple

Ce chapitre a été publié dans la revue Frontiers in Plant Sciences, section Plant Biophysics and

Modelling en janvier 2017:

Bairam, E., Delaire, M., Le Morvan, C. and Buck-Sorlin, G. (2017). Models for Predicting the
Architecture of Different Shoot Types in Apple. Front. Plant Sci., 8:65

Abstract Chez le pommier, la charpentiere (branche de premier ordre, portant des fruits) d’un arbre
est caractérisée par une architecture comprenant trois types de pousses : bourse (portant la rosette),
pousse de bourse, et pousse végétative. Son architecture globale ainsi que celle de chaque pousse
détermine donc la distribution des organes sources (feuilles) et puits (fruits) et pourrait avoir une
influence sur la quantité de carbone alloué¢ aux fruits. La connaissance de I’architecture — en
particulier de la position et la surface des feuilles — est nécessaire pour quantifier la production de
carbone mais son acquisition est souvent complexe. Afin de reconstruire cette architecture initiale de
manicre simplifiée, des modeles utilisant peu de variables faciles a mesurer ont été établis sur la base
de relations allométriques. Ces modeles ont €té ¢€laborés pour trois cultivars aux architectures
contrastées : ‘Fuji’, ‘Ariane’, et ‘Rome Beauty’. L’ensemble du travail effectué a permis de
modéliser et ainsi reconstituer la surface foliaire totale ainsi que la surface foliaire individuelle pour
chaque feuille de chaque type de pousse et pour chaque cultivar a partir de seulement deux variables
d’entrée facilement mesurables : le nombre total des feuilles par pousse, et la longueur de la feuille la
plus grande par pousse. Ces modeles pourront ensuite étre utilisées pour la reconstruction de la
structure de branche fruitiére prise comme variable d’entrée dans le cadre du développement du

modeéle structuro-fonctionnel.
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Models for Predicting the
Architecture of Different Shoot Types
in Apple

Emna Bairam *, Mickaél Delaire, Christian Le Morvan and Gerhard Buck-Sorlin *

Unité Mixte de Recherche 1345, Institut de Recherche en Horticulture et Semences (Institut National de la Recherche
Agronomique-Agrocampus Ouest-Université d’Angers), Angers, France

In apple, the first-order branch of a tree has a characteristic architecture constituting
three shoot types: bourses (rosettes), bourse shoots, and vegetative shoots. Its overall
architecture as well as that of each shoot thus determines the distribution of sources
(leaves) and sinks (fruits) and could have an influence on the amount of sugar allocated
to fruits. Knowledge of architecture, in particular the position and area of leaves helps to
quantify source strength. In order to reconstruct this initial architecture, rules equipped
with allometric relations could be used: these allow predicting model parameters that are
difficult to measure from simple traits that can be determined easily, non-destructively and
directly in the orchard. Once such allometric relations are established they can be used
routinely to recreate initial structures. Models based on allometric relations have been
established in this study in order to predict the leaf areas of the three different shoot types
of three apple cultivars with different branch architectures: “Fuji,” “Ariane,” and “Rome
Beauty.” The allometric relations derived from experimental data allowed us to model
the total shoot leaf area as well as the individual leaf area for each leaf rank, for each
shoot type and each genotype. This was achieved using two easily measurable input
variables: total leaf number per shoot and the length of the biggest leaf on the shoot.
The models were tested using a different data set, and they were able to accurately
predict leaf area of all shoot types and genotypes. Additional focus on internode lengths
on spurs contributed to refine the models.

Keywords: Malus x domestica Borkh., apple, leaf surface, shoot architecture, allometry, modeling, apple branch

INTRODUCTION

The study of plant architecture is a discipline that attempts to understand and explain plant form
and structure and the processes underlying its formation (Barthélémy, 1991). Vascular plants have
developed different architectures as part of their genetic blueprint and in response to a changing
environment (Sussex and Kerk, 2001). The size, shape and spatial orientation of plant organs are,
therefore, not pure coincidence but the result of a morphogenetic program which is carried out by
a whole range of physiological processes. Therefore, “reading” the architecture could be a starting
point for a better understanding of this underlying program. Of these architectural traits, leaf area
has a particular impact on fruit quality as it is directly involved in several physiological processes
such as light interception and photosynthesis (Bjorkman and Demmig-Adams, 1995; Stampar et al.,
1999).
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Bairam et al.

Predicting Shoot Architecture in Apple

Studies on the influence of tree architecture on physiological
functioning can be conducted in several ways: Two suitable
tools are ecophysiological experimentation and functional-
structural plant modeling (FSPM) (Vos et al, 2010; Buck-
Sorlin, 2013): Ecophysiological experiments aim at changing
the microenvironment of a selected plant and its organs and
even at pushing it to an extreme limit, in order to obtain
knowledge about the growth and developmental potential in a
certain parameter space. FSPM aims at the integration of the
dynamics of known physiological processes with information
about the topology and geometry of organs (plant architecture)
using mainly rule-based mathematical modeling (Buck-Sorlin,
2013).

In order to represent initial architecture there are several
methods at hand and it is worthwhile to invest some time
in developing a work flow to obtain “good” plant architecture
with reduced effort. Casella and Sinoquet (2003) name several
approaches: (1) describe architecture as a collection of individual
3-D geometric shapes; (2) model 3D architecture of a population
of plants using stochastic, fractal or Lindenmayer-system
(Lindenmayer, 1968a,b) methods or (3) describe architecture
using a 3D digitizing method. All these methods have their
advantages and disadvantages (for a review see Prusinkiewicz,
1998): The first method is suitable for the representation of
the context of a detailed tree model, but too coarse for the
modeling of leaf photosynthesis. The second one, despite being
relatively quickly put into place, can still turn out to be too
inaccurate for the description of leaf-scale photosynthesis since
due to the stochastic method of architecture construction the
reproducibility of a given real architecture is difficult. Apart from
that, this method requires extensive calibration with measured
data sets. The third method, though the most accurate one, is
unsuitable for logistic reasons in the orchard: in the absence
of a socket an electricity generator needs to be used, and there
might be interference with the steel wires used for fixing the drip
irrigation system, quite apart from the fact that digitizing is a
tedious task and the structure to be digitized is often too complex
to be acquired in 1 day.

Yet another, alternative approach is to use allometric relations
between traits at the organ and intermediate (shoot, branch)
scales: The principle is to obtain faithful models for the prediction
of traits that are difficult to measure or that involve destruction of
the organ, e.g., leaf area, by traits that are more readily measured
(e.g., leaf blade length) or easily and non-destructively scored
in the orchard (leaf number, rank, order). Once such allometric
relations are established they can be used routinely to recreate
initial structures. As with all indirect measures they need to be
well tested as they bear the risk of cumulative error.

In apple two types of buds are distinguished: the mixed and
the vegetative bud. The mixed bud, independent of its position
on the shoot (apical or lateral), contains primordia of vegetative
and reproductive organs and will develop into a spur. Thus
the spur consists of a short shoot called “bourse” on which the
primordia of preformed leaves will extend, as well as one or
two sylleptic shoots called “bourse shoots” and the inflorescence
(Fanwoua et al., 2014). The vegetative bud develops into a
vegetative shoot. In temperate species, short axes are composed

of preformed organs only whereas long axes are composed of
both preformed and neoformed organs successively (Costes et al.,
2014); therefore, branch architecture is essentially determined by
the developmental fate of these two bud types (Figure 1).

In this study we decided to concentrate on the prediction of
leaf area: of all the traits contributing to branch architecture (leaf
area, leaf blade and petiole orientation in space), it is the one that
is most easily determined (as will be shown below) and yet very
influential for light interception (Falster and Westoby, 2003). It
was shown for apple that leaf area was the second most influential
trait for light interception, after internode length (Da Silva et al,,
2014). The distribution of leaves on the shoot and their size
distribution clearly have an influence on light interception and
leaf photosynthesis at the branch scale (Massonnet et al., 2008).

Any good model should be minimal in terms of number of
input variables and the time invested in measurements but also
efficient in simulating the output variable of interest. Therefore,
the main aim of this study was to find models predicting the area
of leaves of the three main shoot types of apple: bourse shoot (BS),
rosette (RO) and vegetative shoot (VS), and this as a function of
other traits on the same shoot that were either easy to score (total
leaf number per shoot) or relatively quickly measured (length of
the longest leaf of a given shoot). A secondary aim was to model
the position of leaves on the shoot (length of the internodes) as a
function of simple measured traits (length of the shoot). Such leaf
area distributions can then serve to reconstruct the architecture
of an apple branch used as an input for a functional-structural
plant model of the first-order branch of apple, with emphasis on
sugar transport (Bairam et al., unpubl.).

MATERIALS AND METHODS

Plant Material and Experiments
All experiments were performed on apple trees planted in 2008
in an experimental orchard at the INRA experimental unit in
Beaucouzé, France. The cultivars selected for this experiment
were “Ariane,” “Fuji,; and “Rome Beauty” (in the following
abbreviated as AR, FU, and RB, respectively). The main purpose
of this study was to develop an allometric model for the
prediction of the distribution of individual leaf areas along a
certain shoot type, as well as of the total leaf area for a given shoot,
namely the bearing spurs and vegetative shoots as they are the
most cumbersome to be measured in the orchard. The models
presented here were developed to take into account the impact
of the genotype (G, with values AR, FU, and RB, see above) and
the type of the shoot (j, which has the value “BS” for the bourse
shoot, “RO” for the rosette and “VS” for the vegetative shoot).
Shoots of each type were collected, and the leaves were scanned
using a flatbed scanner (HP Scanjet G4010) with a resolution of
150 dpi and saved in portable network graphics (png) format.
Leaf blade area, length and width were measured using Image]
1.48v software, assuming that leaf shape is elliptical (Freeman and
Bolas, 1956). Total leaf area on each shoot was calculated as the
sum of its individual leaves.

The models predicting individual/total leaf area use allometric
relations between easily recorded input variables such as the
length of the ellipse of the biggest leaf on the shoot (Ly,y), the
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bourse shoot (BS)

S

rosette (RO)

\ vegetative shoot (VS)

FIGURE 1 | Representation of the three shoot types on the first-order
branch of apple. RO, rosette; BS, bourse shoot; and VS, vegetative shoot.
Figure produced using the GrolMP platform (Hemmerling et al., 2008).

number of leaves (nl) and the acropetal leaf rank (R). These
models were built using different parameters and each of them
was estimated using regression models. For rosettes and bourse
shoots, enough data was available to be split into training and
testing sets: the first data set was used for the estimation of
the parameters and the second one for the testing of the model
(Snee, 1977; Montgomery et al., 2015). Therefore, models were
parameterized, calibrated and tested. For vegetative shoots, a
simple model was built as there was not enough data for testing it.

Modeling the Leaf Area of Bourse Shoots

and Rosettes

Data used in this study consisted of a first data set from an
experiment conducted in 2014 and a second, complementary
data set collected in 2015 (Bairam et al., unpublished). The
variables describing architectural traits of bourse shoots and
rosettes [shoot length, number of leaves, leaf individual surface,
leaf length, leaf width, and leaf rank (the latter only for bourse
shoots)] extracted from the two sets were used for modeling
total shoot leaf area and individual leaf area distribution along
the stem. In the 2014 experiment, spurs of AR and RB were
collected at eight different developmental stages from full bloom
to harvest, and spurs of FU were collected at full bloom, 2 weeks
after full bloom and at harvest. The experiment conducted in
2014 aimed at studying the impact of removing bourse shoot
leaves, rosette leaves or both of them at full bloom and 2
weeks after full bloom, on fruit quality, bourse shoot and rosette
(bourse) morphological traits. To develop an allometric model
for the prediction of final leaf area, we needed a sufficiently
large data set. However, the data set available in this study
(2014 experiment, Bairam et al., unpublished) already included
three defoliation treatments. In order to enlarge the database
for the parameterization of our model beyond the control data,
we checked whether the defoliation treatments had a significant
impact on the following variables used in the model: total

leaf area and number of leaves of bourse shoot and rosette,
respectively. The statistical tests were carried out separately,
on each genotype for each sampling date and each type of
shoot. Results (ANOVA, Kruskal-Wallis) showed that there was
no significant influence of the defoliation treatments (Bairam
et al., unpublished). This allowed us to pool the data available
for these variables, involving all defoliation treatments, and to
use them in the model. 174, 49, and 134 rosettes of AR, FU
and RB, respectively, as well as 336, 80, and 280 bourse shoots
of AR, FU and RB, respectively, were retained from the 2014
experiment. Afterwards, for AR and RB, tests (ANOVA, Kruskal-
Wallis) were conducted on 2014 data in order to establish the
phenological stage of development expressed in growing degree
days (GDD) since FB from which onwards each type of shoot
for each genotype was fully developed in terms of number of
leaves and total leaf area. This developmental time was first
measured using growing degree hours [GDH, base temperature
T, = 7°C (Anderson and Richardson, 1982)] calculated using
hourly air temperatures (°C) obtained from the weather station
of Beaucouzé (47° 28’ N, 0° 37" W, 50 m a.s.l.) and accessed from
the INRA Climatik platform, https://intranet.inra.fr/climatik_
v2/:
24

GDH; = ) (HT), — Ty) (1)
Here, HT, is replaced by T, if HT), < Tp; HTj is the
hourly air temperature at hour h; and GDH; are the growing
degree hours on day i. Cumulated GDD (GDD,,) for each
sampling day were calculated using Equation 2. The starting
point of GDD¢y, is full bloom (FB) which, in 2014, occurred
for AR on April 10th, for FU on April 14th and for RB on
April 22nd while in 2015, full bloom occurred for FU on
April 20th.

GDDy,

D GDH;
B Zi:FB 24 2)

where FB is day of full bloom and D is the number of days since
FB.

During the second experiment conducted in 2015, the same
variables as in 2014 were recorded plus the ranks of rosette
leaves; however, based on the results of the 2014 experiment
no defoliation treatments were applied and only spurs of FU
at different phenological stages (FB, FB+2, FB+4, FB+6, FB+9
weeks) were considered. For FU, ANOVA and Kruskal-Wallis
analysis were carried out on 2015 and 2014 data to compare
total leaf area and number of leaves (rosettes and bourse shoots)
as a function of developmental stages (expressed in GDD)
in order to establish the sampling stages at which the spur
shoots were fully developed. Therefore, fully developed bourse
shoots and rosette shoots, respectively, were pooled for each
genotype. All shoots of the same type and the same genotype
considered to be fully developed in terms of total leaf area
and numbers of leaves were used in this study for building
the allometric models. Total leaf areas and numbers of leaves
of bourse shoots of AR, FU, and RB, were fully developed at
345, 201, and 275 GDD, respectively. Groups of bourse shoots
of each genotype were selected from these physiological ages
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onwards, until harvest. Rosette shoots were assumed to be fully
developed at full bloom as the mean total leaf areas for the
three genotypes were the highest at the earliest sampled spurs.
However, even if a significant difference was found between
groups of rosettes sampled at different phenological stages
for a same genotype, still the means are not correlated with
phenological sampling dates and the only group really apart in
terms of rosette total leaf area and number of leaves for the
three genotypes, respectively, was the one collected at harvest
(Bairam et al., unpublished). Therefore, only rosettes collected
before harvest were retained for the rest of the study. Only
selected spurs were used for the rest of this study and data selected
for each genotype and each shoot type was split randomly into
a training set (2/3 of data) and a testing set (the remaining
1/3 of data) for setting up the models. The procedure to build
the models for predicting bourse shoot and rosette individual
leaf area is summarized in Figure 2. In the following, the steps

followed for building the models described in the flow chart are
explained.

The variation of individual leaf areas of 153, 97, and 112
bourse shoots, respectively, of AR, FU, and RB, as a function of
leaf rank is shown in (Figures 3A-C), and of 80 rosettes of FU
considered to be fully grown shoots in (Figure 3D). Based on
these observations, it was assumed that leaf size follows a rank-
specific pattern typical for both bourse shoots and rosettes. In
this study, we aimed to establish the pattern and parameterize
it for each genotype and each type of shoot. However, the total
leaf area of the shoot which can be calculated by integrating the
sum of the areas of individual leaves of each rank seemed to be
correlated with the number of leaves per shoot and the area of
the biggest leaf (Figure 3). Furthermore, if this hypothesis would
prove to be true, the result would confirm the existence of an
allometric relation between the total leaf area on the one hand
and the number of leaves and individual leaf area on the other.

Determine // (genotype

A

and nl :

dependent) based on TLA, 4,,,,. Suitable model for distribution of normalized
individual leaf area : Lorentz curve [f{N(R))]

TLA/,(; = Bj,(;- (nl. Amax)

Training

|

data set

Determine s and N(® ;) of the Lorentz

curve (f(genotype, shoot type, nl) using 3 :
1
f1+(N[»(Rw-N R A -dN;(R) = Bjc

52

G

Assume elliptical leaf shape
= Express individual leaf area

as function of leaf length and
leaf width

Assume that
leaf width ~ leaf length,
determine k&

[f(genotype, shoot type)]
W=k.L

A—TrLW
=z-L

Integrate parameters of Lorentz curve

Leaf area 4 is function of leaf length L

Input: 4, and n!

max

/—N

RS
— — .12
A k.4.L

Training
data set

Calculate individual leaf area

Input: n/and L,

Parameters: s, N(R )and k

{max

Calibrate rosette and bourse shoot leaf area models using o

Test rosette and bourse shoot leaf area
models using independent data set

Input: n/and L,
Parameters: s, N(R

{max

Compute individual leaf area

), kand o

equations).

FIGURE 2 | Diagram summarizing the steps involved in modeling bourse shoot and rosette individual leaf area (for further explanations see text and
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FU bourse shoot

AR bourse shoot

60
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i [ c - D

Individual Leaf Area [cm?]
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FIGURE 3 | Distribution of individual leaf area as a function of leaf rank
of AR, FU, and RB bourse shoots (N = 153, 97, and 112, respectively)
(A-C) and of FU rosettes (N = 80) (D). Each line joins the individual leaf areas
of a single shoot.

Moreover, if individual leaf areas follow a stable pattern along
the shoot, this would mean that only one of these areas would be
necessary as an input to the model, and that then the biggest leaf
area would be an appropriate variable. Therefore, the assumption
made and expressed in (Equation 3) implies that total leaf area
(TLA) of the shoot is somehow related to the area of the biggest
leaf (A,;4¢) and the number of leaves (nl).

TLA]',G = ,Bj,G-(nl-Amax) (3)

ANOVA and Kruskal-Wallis tests were carried out on the selected
data set in order to check if there is a significant difference of the
parameter 8;c among genotypes for a same shoot type. Groups
of samples showing no significant difference were pooled and the
training setestablished before were used in order to fix 8 using
linear regressions between the variable TLA and the variable
nl.Amax.

Therefore, total leaf area of a shoot can be estimated by two
variables: the area of the biggest leaf on the shoot (A4) and
the number of leaves (nl) it bears. Thus, we made the assumption
that the normalized individual leaf area [N(AR), expressed as the
ratio of the individual leaf area by the biggest leaf area on the
shoot (Equation 4a)] is a function of the normalized leaf rank
[N(R)], calculated as the ratio of the rank of the leaf divided by
the number of leaves on the shoot (Equation 4b). However, we
could observe that in bourse shoots, the leaf with the biggest area
was by far the most often the second one (Table 1). Hence, in
order to adjust a maximum of the curves describing N(Ag) as
a function of N(R), the normalized rank for bourse shoots was
calculated by dividing [the rank (R) minus 2] by the number of
leaves (Equation 4c). Indeed, subtracting two from the rank of

TABLE 1 | Distribution of the leaves with the biggest area on bourse
shoots with respect to their rank for AR, FU, and RB genotypes.

Genotype Rank

1 2 3 4 5 6
AR 0.65% 50.00% 26.62% 15.58% 5.84% 1.30%
FU 8.08% 68.69% 14.14% 3.57% 0.89% _
RB 87.50% 8.04% 3.57% 0.89%

the biggest leaf (2) will result in a normalized rank which is always
zero and will lead to a very good alignment of the curves. Besides,
with this method, the entire curve is just shifted to the left without
being stretched or compressed.

N(Agr) = . (4a)
R

Neol®) = - (4b)
R _

Ns(R) = 72 (40)

The models were established from predicting the normalized area
of each leaf N(Agr) as a function of the normalized leaf rank
N;(R) by using the area of the biggest (in terms of leaf area) leaf
(Amax) on each shoot as a predictor of the other leaf areas. This
hypothesis is expressed by Equation (5).

N(AR) = fj,c(Nj(R)) ®)

For each type of shoot and each genotype, we looked for a
function fj that models the normalized area of each leaf on the
shoot as a function of its normalized rank. N(Ar) was plotted
as a function of Nj(R), giving a certain pattern (Figure 4). We
then tried to find a model that best described this relationship:
a bilinear (broken stick) model and a Lorentz function. The first
model requires five parameters while the second one only needs
three. The Lorentz function has been successfully used by other
workers (Buck-Sorlin, 2002; Evers et al., 2005, 2007; Gu et al.,
2014) to predict leaf length in cereals and cotton. In this study,
this function was chosen to model leaf areas of bourse shoots and
rosettes.

ficx) = Jje{BS; RO} (6)
1

x=x)’

§2
The maximum is reached for x = xg, with M being the maximum
value. s defines the slope of the curve of the function f; . For both
bourse shoots and rosettes, f; G (x) corresponds to the normalized
leaf area and x to the normalized leaf rank. x( is the normalized
rank of the leaf with highest area on the shoot [Nj(Ramax)].
Consequently, the maximum of the function has the value of the
normalized biggest area, i.e., M = 1 (Equation 7).

fia(N,(R) = N(Ap) = ! - jelBS: RO)

(N}(R) = Nj,G(Ra
2

Si.G

1+
7)
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FIGURE 4 | Distribution of individual normalized leaf area plotted
against normalized leaf rank of AR, FU, and RB bourse shoots (N =
153, 97, and 112) (A-C) and FU rosettes (N = 80) (D).

After normalization for each type of shoot, Equations 7a and 7b
are obtained:

1
Nps(R)) = NAR) = —— (7a
fBs,6(NBs(R)) (Ar) |+ @y (7a)
52
BS,.G
1
Nro(R)) = N(Agr) = 7b
fro,c(Nro(R)) (AR) " Pro®) ProoFa )P (7b)
Sﬁo,c;

Therefore, based on the fact that (i) the total leaf area (TLA; ) of

a shoot of type “j” is the sum of the individual areas Ag of leaves

and (ii) its value depends on the pattern described by Equations
7a and 7b, the models (Equation 3) were derived as follows:

TLAj,G = ﬁj,G~(nl-Amax)

1
Z}n{:l Ar = ﬂj,G~(nl~Amax)

an Ar 1
R=1 Apax nl

nl

/ FaNR)AN(R) = Bic

nl—2
nl 1 _
f;lz T .dANgs(R) = Bgs
n + —
BS,G

o . 57 -ANRo(R) = Bro,G
1

" (Nj(R) — NRO,G(RAyax
-2
‘RO,FU

nl—2
Nps(R 7
[SBS,G~atan(7sif§S)(G))] ;lzl = BesG (8a)
Nro(R) — Nro,g(R
[sro,G-atan( MR =RR06Ranasd 1} = oo g (8b)

When solving Equation 8a used for the bourse shoot leaf area
model, the only parameter to fix was sgs g and its different values
were calculated as a function of the value of Bpsc (which is
unique for a same genotype and shoot type) and nl (from 1 to
18). Equation 8b used for parameterizing the rosette leaf area
model does not take into account the number of leaves and it
was solved using only Bro,g. However, in this second equation
two parameters of the model [sro,g and Nro,G(Ramax)] had to
be fixed. Both equations 8a and 8b were solved using the solver
functionality of Microsoft Excel software (Microsoft, Redmond,
WA, USA).
Starting from Equation 7, the model is expressed as:

N(AR) =

(N}(R) = Nj(Ra )’ : JeiBS: RO}
2

e

1+

Amax . .
(N(R) = Nj(Ra ) : je{BS: RO ©)
2

SiG

1+

A
max & je{BS; RO}

(R=Ry 0

1 + nl2

2
Si.G

A
(R"i“;‘A 7 je{BS; RO}
1112~sj2’GJC

AR =
1+

(10)

By fixing the latter parameters, it was possible to calculate the
normalized area of each leaf, using only the number of leaves
on the shoot and the area of its biggest leaf. However, as the leaf
area is not easily measurable non-destructively, further allometric
relations are required for predicting leaf areas using variables
that are more easily accessible. Leaf length and width seem to
be the most obvious candidates for modeling the leaf area as we
consider the leaf blade to be elliptical (Equation 11). Observations
of leaves indicate that the length/width ratio is constant for a
same genotype and shoot type (Equation 12). Assuming this is
confirmed, only the variable “length of the leaf” (L) could be
retained for calculating the individual leaf area. This assumption
is stated as follows: (i) the ratio between the length (L) and the
width (W) of a leaf is a constant parameter (kjg) for the same
shoot type (j) and the same genotype (G) and (ii) apple leaves
have the shape of an ellipse (Freeman and Bolas, 1956). These
two hypotheses are captured by Equations 11 and 12.

LW
T

1 (11)

(12)

IR

= kj,G

The Shape of an ellipse is defined by its eccentricity e, i.e., the ratio
between the distance from the center to a focus and the distance
between that focus to a vortex (Equation 13a). Therefore, kj ¢ can
be expressed as a function of ¢; (Equation 13b). If ¢; is proven
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to be invariant for a same genotype and a same type of shoot, it
could be used in the model as the constant for leaves on shoots of
type j and of cultivar G; 0 < kg; < 1

/LZ _ WZ
L

/ 2
1 — €G

Therefore, ejc was calculated for each leaf used in this study
using Equation 13a, as it is an indicator of the shape of the
ellipse defined by the leaf. Then, a first test was done in order to
check if there is a significant difference in ¢;c among the leaves
of different ranks in a shoot within the same cultivar for each
type of shoot. A second test was conducted to verify if there
is a significant difference of ej among the three genotypes for
each type of shoot. Moreover, even if the leaf shape is genotype
dependent, the environment can influence it during the last
stages of leaf development (Tsukaya, 2004). Therefore, a test was
done in order to check if there is a significant difference of ¢
between 2014 (N = 323 and N = 159, for bourse shoots and
rosettes, respectively) and 2015 (N = 385 and N = 363, for bourse
shoots and rosettes, respectively) leaves of FU. Leaf data with no
significant difference in e were pooled and the training set of the
bearing spurs was used to fix k; g using a linear model.

Combining Equations (11) and (12), the following relation
(14) is obtained:

eG = (13a)

kj,G = (13b)

T
A= T i-L? (14)

By combining Equation (10) and Equation (14), equation (15) is
obtained.

Z kig.L2
Ay max (J}; 7R'"“" ok je{BS; RO}
1 + Amax

2.2
nl S

AR = (15)

In this way, Ly (the length of the biggest leaf on the shoot) and
nl are the only two required input variables.

Using the models established we calculated individual leaf
area and total leaf area on a shoot as the sum of the calculated
individual leaf areas on the training set. Comparisons were made
using the linear model between measured and calculated total leaf
areas on each type of shoot and each genotype separately. Then,
calibrations were made using a parameter o referring to the
slope of the axis defined by measured total leaf area on a shoot
(TLA;jG) as a function of calculated total leaf area on a shoot
(CTLAjG) of the training set. ojc was calculated for each type
of shoot and each genotype separately.

The final model calculating individual leaf area is:

P 2
7.kBS,G'L
Ap = aBS)G% (16a)
T
o T kRO.G-Lpsax (16b)
R RO,G1 N (R=nLNR0,G (Rapgx))

22
nl".sp0.6

The testing set was then used for calculating individual and
total leaf areas. Using the testing data set, comparisons were
made between measured and calculated data (i) for each
established parameter, (ii) for individual leaf area and (iii) total
leaf area on each shoot of each genotype using the linear
model. P-values and coefficients of determination R? were
calculated in order to analyze and interpret the significance
and the goodness of fit of the models. For rosettes, as the
ranks of leaves on the bourse were not recorded in the 2014
experiment, comparisons between measured and calculated
values of individual area were done only on data from
2015.

Modeling the Leaf Area of Vegetative
Shoots

For modeling the leaf area of vegetative shoots, 20 vegetative
shoots each of AR and FU were collected on July 3rd, 2015 when
they were considered to be fully developed, then scanned and
analyzed as described for bourse shoots and rosettes. Total leaf
area on each vegetative shoot was calculated as the sum of areas
of individual leaves. Leaf ranks on each shoot were recorded, and
lengths and dry weights of the shoots and the leaves measured.
The variation of individual leaf areas of the 20 vegetative
shoots of AR and FU as a function of leaf rank is shown in
(Figures 5A,B): leaf area increases with rank for both genotypes.
However, the pattern is heterogeneous when based on absolute
leaf length measurements and ranks. We therefore normalized
both leaf areas (Equation 4a) and ranks (Equation 4b). On visual
inspection, the distribution of N(Ag) as a function of N(R) on
vegetative shoots of both genotypes (Figures 5C,D) seems to
describe a linear pattern (Equation 17). We made the assumption
that Ag is proportional to the square of leaf length Lg? as for
bourse shoots and rosettes (Equation 14). Eccentricity (eys,g)
of the ellipse was calculated for each leaf and comparison tests
were made between the two genotypes, then kys g (ratio between
width and length of the leaf blade) was fixed for the model.
Afterwards and using the previously fixed kys,g, a parameter p
which describes the slope of the curve was calculated for each leaf
using Equation 17 and a statistical comparison was carried out
between the two cultivars in order to check if they were different
with respect to p. Based on this comparison, p was fixed using
a linear regression model. The vegetative shoot model (Equation
18) is a descriptive model allowing calculating the individual leaf
areas of AR and FU vegetative shoots using only two variables,
Lmax and nl. A regression test was carried out using the linear
model between the calculated individual areas and the measured
ones.

N(Ar) = p.N(R) (17)
AR _ B
Apax p'nl
AR - p7~Amux
R nm
AR = p.m.z.kj,G.LfW (18)
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FIGURE 5 | Distribution of individual leaf area as a function of leaf rank
(A,B) and distribution of individual normalized leaf area as a function of
normalized leaf rank (C,D) of AR and FU vegetative shoots (N = 20 vegetative
shoots for each cultivar).

Modeling Length of Spur Internodes

The internode lengths of 20 spurs of “FU” were measured in the
orchard in July 2016. As the bourse internodes are very short,
we assigned to each one the mean value of the bearing spur
calculated as the ratio of “Length of the bourse’/“Number of
internodes on the bourse.” For each spur, a “cumulative shoot
length” Dy between the base of the bourse (rosette) and the
node (leaf insertion point) for each bourse and bourse shoot
leaf was measured. For bourse shoot nodes, this cumulative
shoot length is equal to the sum of the lengths of the rosette
internodes from the base of the bourse to the node on which
is inserted the bourse shoot (BL) and the sum of the internode
lengths from the base of the bourse shoot to the considered node.
The rank of each internode, on each spur, was also recorded
from the first rosette leaf to the last bourse shoot leaf, assuming
that the rank of the first internode of the bourse shoot has
the value of the rank of the bourse internode on which it is
inserted, plus one. Among the 20 spurs, 16 were bearing only one
bourse shoot and the remaining ones were bearing two bourse
shoots. Plotting this cumulative shoot length Dy as a function of
cumulative (bourse and bourse shoot) rank R; corresponded to
a logistic pattern for each spur (Figure 6). However, the pattern
seemed to be dependent upon the length of the shoot (bourse
plus bourse shoot). Therefore, normalized cumulative internode
lengths [N(Dy)] between each leaf base and the base of the bourse
(Equation 19a) and normalized rank [N(R;)] (Equation 19b) were
calculated assuming that the bourse and the bourse shoot are
the same shoot unit (and that, therefore, the bourse shoot is a
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FIGURE 6 | Cumulated length of bourse and bourse shoots, expressed
as the distance from the base of the bourse to the point of insertion of
a bourse or a bourse shoot leaf of internode rank 1-18 in FU [N = 24,
continuum: bourse (@) - bourse shoot (9)].

sylleptic extension of the bourse). The normalized cumulative
shoot length was calculated as a function of the sum of BL and
the bourse shoot length (BSL).

N = 3Bt (192)
NER) = D (19b)
nl

Afterwards, the parameters gi and si of the internode model were
fixed by fitting a logistic model (Equation 20) to the distribution
of the N(Dy) as a function of N(R;).

1

N(Dp) = (20)

St

1+ exp<7qi_N(R’))

Once established, this descriptive model would estimate the
cumulative shoot length of each leaf insertion point of rank
R; on the bourse or the bourse shoot from the bottom of
the bourse providing 3 input variables: nl, (BL+ BSL) and Ry
(Equation 21).

1

Dy = ——(BL + BSL) (21)

L+ exp (252

Statistical Analyses

Statistical analyses were done using R Studio software version
0.98.1062.0 running R version 3.2.2. and the statistical computing
environment of the R-package “agricolae,” version 1.2-2.
Normality of data used for each analysis was tested on residuals
using the Shapiro-Wilk test for data sets with more than 50
samples per group or sample distributions considered to be
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normal (P > 0.05); ANOVA tests were used to check if there
was a significant difference among groups (P < 0.05). Otherwise
differences between groups were tested with the Kruskal-Wallis
test (P < 0.05), or both ANOVA and Kruskal-Wallis. Fit of
data to selected models was checked using the Im function in
R software for linear distribution models. The logistic model
was parameterized using the SSlogis function in R software and
coefficients of determination (R?) and root mean squared errors
(RMSE) were calculated to test the fit of the model.

RESULTS

Modeling the Leaf Area of Bourse Shoots
(BS)

ANOVA made on Bps,g of bourse shoots showed there was no
significant difference between AR (mean Bgsar = 0.71) and FU
(mean Bpsru = 0.70). However, bourse shoots of both AR and
FU were significantly different from RB with respect to Bgsg

a bourse shoot (eps,g). However, leaves above rank 14 in AR
and leaves above rank 15 in RB seemed to indicate a significant
difference, but based on the weak frequencies of these leaf ranks
(only one bourse shoot of AR and 15 bourse shoots of RB having
more than 13 and 15 leaves, respectively), it was decided not
to take into account this difference. Furthermore, epsry was
not significantly different between 2014 and 2015 (p = 0.59).
Therefore, it was considered that the impact of the factor year
was not significant.

kps,c was fixed for AR, FU and RB using linear regression
models on the training set of each genotype (Figures 8A-C)
and the leaf length of each genotype was significantly correlated
with its width (P < 2.107!€ for all the genotypes’ models), with
coefficients of determination of 0.68, 0.73, and 0.72 for AR, FU

TABLE 2 | Parameterization of sgs g.

(mean Bpsrp = 0.53). Therefore, the same value of Bps; was NL AR&FU RB
used for the training data set of AR and FU bourse shoots, ; 513 1.48
while for RB bourse shoots a separate training data set was used, 0'70 ol 43
thus necessitating the parameterization of two linear regression . 0'38 0'23
models (Figures 7A,B). For both groups, the linear model was 0'35 0'22
significant (P < 2.107'6). The coefficients of determination for 5 0.36 0.92
both the AR|FU model and the RB model were sufficiently high 0.38 0.23
(R?> = 0.95 and R? = 0.89) to support the assumption that the 7 0.40 0.24
values of s, (Bps,ar/Fu = 0.67 and Bps rp = 0.50) were robust. g 0.42 0.05
Using the values of Bps,c Equation 8a was solved and sgsariry g 0.44 0.05
and spg,rp were established as a function of the number of leaves 0.46 0.26
on the bourse shoot. The number of leaves recorded on bourse 4 0.48 0.27
shoots sampled varied from 1 to 16, 13 and 18, respectively, for 15 0.49 0.28
AR, FU and RB. Thus 18 values for sgg G were established foreach 13 0.51 0.29
one of the two groups of genotypes (Table 2). 14 0.52 0.30
eps,c was significantly different among genotypes (p < 15 0.53 0.31
2.2.10716), with means of epsg equal to 0.79, 0.76, and 0.74 for 1 0.54 0.31
AR, FU and RB, respectively. ANOVA tests showed no significant 17 0.55 0.32
differences among the shapes of leaves of different ranks on  1g 0.55 0.32
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FIGURE 7 | Parameterization of BBs,G (N = 180 and 80 bourse shoots, respectively; A,B).
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and RB, respectively. ks, values were fixed to 0.60, 0.64, 0.66 for
AR, FU and RB, respectively.

Once sps,g and kps,g were fixed, all leaf areas of the bourse
shoot training set were calculated using Equation 15, with the
rank of the leaf and the variables L, and nl of each bourse
shoot as input. Total leaf area on each shoot was calculated
as the sum of individual leaves. Calculated and measured total
leaf areas (CTLAps,g and TLAps,G) of the bourse shoots were
compared for each genotype using a linear regression where the
slope aps g of each regression model of TLAps G as a function
of CTLAgs,c was expected to be equal to 1 if the calculated
and the measured area were identical. The slope parameter was
equal to 1.2, 0.99 and 1.87 for AR, FU and RB, respectively
(Figures 9A-C), which led us to assume that the parameter
aps,g was genotype dependent. Therefore, values of apsg fixed
using the training set were retained for calibrating the model.
The model defined in Equation 15 and built for bourse shoots
including the three parameters (sgs,G, kps,c and ags,g) and using
the variables L5, and nl for the prediction of individual leaf
areas was used to calculate individual areas for each leaf of the
testing set and the comparison with measured individual data
was conducted using a linear model. In the testing set, though
linear models of calculated individual leaf area as a function of
measured individual leaf area were significant for all genotypes

(P < 2.10712), the coefficients of determination were very small
(R? = 0.17, 0.20, 0.30 for AR, FU and RB, respectively). In
contrast to this, linear regression modeling of TLAgsG as a
function of CTLABRs,G yielded significant results for all genotypes
(R? = 0.84,0.67 and 0.64; slope = 1.02, 1.05 and 0.95 for AR, FU
and RB, respectively; Figures 10A-C).

Modeling the Leaf Area of Rosettes (RO)
Both ANOVA and Kruskal-Wallis test showed there was no
significant difference between the three genotypes with respect
to Bro,g- Thus Bro,c was fixed to 0.69 using a linear regression
model on the training set of rosette data of bourses sampled
before harvest of the three genotypes (Figure 11A). The model
was significant (P < 2. 10719) and the coefficient of determination
was high (R? = 0.97). Afterwards, the values of parameters sro.g
and Nro,G(Ramax) were fixed to 0.38 and 0.63, respectively.

ero,c was significantly different among genotypes (P =
3.46.10~% < 0.05), with means of ego,g equal to 0.65, 0.66 and
0.68 for AR, FU and RB, respectively. When comparing eps of
different ranks on rosettes of FU sampled in 2015, both ANOVA
and Kruskal -Wallis test showed there were no significant
differences among the shapes of leaves of different ranks on the
bourse. ero,ru did in fact significantly vary between the 2 years
(P=2.162.1077).
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FIGURE 8 | Parameterization of kBs,c (N = 763, 465, and 655 bourse shoot leaves, respectively; A-C).
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kro,c was established for AR, FU, and RB using linear
regression models on the training set of each genotype
(Figures 12A-C) and the leaf lengths of each genotype were
significantly correlated with leaf width (P < 2.107'¢ for all the
genotypes’ models) with R* = 0.86, 0.85 and 0.85 for AR, FU
and RB, respectively. kro,g values were fixed to 0.75, 0.74 and
0.71 for AR, FU and RB, respectively. Regression models of
TLARo,G as a function of CTLARp,Gg conducted on the training
data set showed a significant relationship (P < 2.10719) for
the three genotypes with R? of 0.83, 0.88 and 0.91 for AR, FU
and RB, respectively. However, the CTLARo,g were bigger than
the TLARo,g as can be seen from the slopes. Therefore, their
values were assigned to aro,g (0.86, 0.92, 0.92, respectively) to
calibrate the rosette model (Figure 13). After that, individual
and total leaf areas for each rosette were established for the
testing set. The linear regression model of measured individual
leaf area as a function of calculated individual leaf area showed
a significant relationship (P < 2.1071¢) for FU samples of 2015
(R? = 0.52). The slope of the regression model (ratio between
measured and calculated leaf area) was equal to 0.92. Linear

models simulating TLARo,G as a function of CTLARp,g were all
significant (P < 2.10716). The predictive models (Figure 14) had
high coeflicients of determination (0.88, 0.85 and 0.70 for AR, FU
and RB, respectively) and the slopes were equal to 1 for the three
genotypes (1.06, 1 and 1, respectively).

Modeling the Leaf Area of Vegetative

Shoots (VS)

Neither ANOVA nor Kruskall-Wallis tests showed any significant
difference in eys between AR and FU (P = 0.54 and 0.49,
for each test, respectively). Thus, kys was fixed (kys,g = 0.56)
using a linear regression model using data of both genotypes. The
regression model showed a significant relationship between leaf
length and width (P < 2.10-16) and R? was equal to 0.79. Besides,
neither ANOVA nor Kruskal-Wallis test showed any significant
difference in the variable p between genotypes AR and FU. The
linear model used to fix pys g (pvs,c = 0.95) was significant (P <
2.10716) with R? = 0.83.

Modeling Internode Lengths of Spurs
Parameterization of the internode model fixed the value of gi
to 0.62 and that of si to 0.12 (Figure 15). Both the coefficient
of determination and the RMSE indicated a very good fit of
the model to the distribution of measured data (R*> = 0.96;
RMSE = 0.08). Indeed, the model exhibited a common pattern
involving bourse and bourse shoot internodes. Moreover, the
model showed that rosette internodes correspond to the first part
of the logistic equation (exponential phase), while bourse shoot
internodes belong to the second part (linear phase).

DISCUSSION

Several studies show the determinism of plant architecture traits
(Lauri and Trottier, 2004; Kahlen and Stiitzel, 2007; Massonnet
et al., 2008). In this study we assumed that the distribution of
normalized individual leaf area as a function of normalized rank
is described by a similar pattern regardless of shoot size and,
therefore, that the total leaf area of a shoot is proportional to
the product of the leaf number times the area of the biggest leaf.
Spann and Heerema (2010) also showed relationships between
shoot leaf area and the product of the number of leaves and
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FIGURE 14 | Testing of the rosette leaf area model (N = 57, 33, and 40 rosettes, respectively; A-C).

length of longest leaf, for different species. However, the models
presented here were conceived with the aim to link parameters
that have the same unit (i.e., cm?), both being expressions of
surface. This is also the reason why in our final model, which
only takes into account leaf lengths and numbers, leaf length is
expressed as the square of itself. What is more, the linear model
linking measured shoot total leaf area (TLA) with the product of

leaf number (nl) and area of the biggest leaf (A,,4y), exhibits a
larger coefficient of determination than the regression between
TLA and the product of nl and the length of the longest leaf (L,14x)
(data not shown). Although the predictive capacity of our models
with respect to individual leaf area was not optimal, the model
was nevertheless based on a very good prediction of the total
shoot leaf area. Indeed, in the case of the rosette and the bourse
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shoot, we have chosen to construct our model as a function of
the parameter 8 which is described by the slope of TLA versus
nl.Apax, and not by parameterizing a Lorentz function, on the
distribution of the point cloud which describes the normalized
individual leaf surface as a function of the normalized rank. This
choice was made on the one hand because of the absence of a
particular pattern and therefore, the scatter of data points was
considered to be too big; on the other hand, because of the
proven robustness of 8 which we wanted to conserve for the
development of the model. Besides, it is not unlikely that the fact
that we had to use a calibration parameter () for each genotype
and each shoot type (rosette and bourse shoot) is due to the
way the point cloud deviates from the chosen Lorentz equation
according to the genotype. Furthermore, even if the prediction of
individual leaf area is not ideal, it is still faithful to an existing
pattern of distribution of individual leaf area as a function of
rank. Similar patterns were described for wheat (Pararajasingham
and Hunt, 1996; Bos and Neuteboom, 1998; Hotsonyame and
Hunt, 1998) and for rice (Tivet et al., 2001; Zhu et al., 2009).
As an alternative to the Lorentz equation, we tested a bilinear
equation with five parameters. However, apart from the higher
number of parameters compared to Lorentz, this equation also
yielded a higher RMSE.

Furthermore, the models developed were thought to go
beyond predicting only shoot total leaf area. Indeed, the
prediction of individual leaf area is more relevant if we aim to
use this in an FSPM because in this approach parameterization
takes place at the organ scale. Moreover, unlike the rosette which
can be considered a compact functional unit in terms of leaf
area, the bourse shoot usually exhibits a more open structure
conveying more importance to the individual leaf with respect
to light interception or exposure to liquids or dusts (in the
case of chemical treatments: Dekeyser et al., 2013; Duga et al,,
2015). However, even in a rosette, individual leaf area and its
distribution along the shoot will determine the mutual shading
of leaves and, therefore, light interception. Furthermore, in an

FSPM, the position, shape and orientation of each organ are
required as an input. The model proposed in this study is an
attempt to optimize and simplify the reconstruction of branch
architecture which is needed as an input for many FSPMs. As
pointed out by Fisher (1984), the leaf surface of the crown
is determined by phyllotaxis of the shoot, leaf orientation,
clustering of new leaves on short shoots, internode lengths, and
distribution of leaves along a branch (Fisher, 1984). Therefore,
besides predicting leaf area (and its distribution along the shoot)
our model also integrated internode lengths distribution and
phyllotactic leaf angles (data not shown).

The data set used for the establishment of the leaf length
model for bourse shoots was based on leaves sampled from shoots
from a wide range of dates. This was justified as we determined
the time (in GDD) from which onwards shoot leaf areas did
no longer differ significantly from final leaf areas in the three
different genotypes. This time roughly coincides with the date
found by Da Silva et al. (2014), who indicated the 30th of June of
each year as the end of annual primary shoot extension for most
shoot types.

We found that the shape of rosette leaves, independent
of genotype, was always more circular than that of bourse
shoots which is not surprising as rosette leaves are preformed
(Lauri, 2007). In this study, AR exhibited extreme values for
the parameter that describes leaf shape (k), with bourse shoot
leaves being much more elongated (kpsar = 0.60) than rosette
leaves (kro,ar = 0.75). This was in sharp contrast to RB where
bourse shoot leaves (kpsrp = 0.66) and rosette leaves (kro,rp =
0.71) were much more similar in shape. FU was intermediary
between AR and RB. An interesting observation made in this
study was that the descriptive model of internode lengths could
be optimized if we considered the bourse rosette and the bourse
shoot as one single continuous morphogenetic unit. The bourse
shoot being a sylleptic extension of the bourse, it in fact represents
the continuation of the rosette. We can thus state that the base of
the rosette up to the insertion point of the bourse shoot, plus the
bourse shoot itself, is forming a unit that is characterized by a
basal zone with short internodes, followed by a median zone with
longer internodes (base of the bourse shoot), and a subapical zone
with short internodes (Buck-Sorlin and Bell, 2000). This tentative
conclusion gives rise to the idea that leaf length prediction could
be further improved by considering leaf length distribution of the
continuum of rosette plus bourse shoot instead of treating the two
shoots separately. It would furthermore be interesting to see if
there are allometric relations between the length of an internode
and the area of the leaf that is inserted on it, given the fact that
both have been produced by the vegetative meristem during the
same developmental event. According to Da Silva et al. (2014) it
is unlikely that leaf area changes independently from internode
length, as metamers exhibit a strong allometry (Fisher, 1986).

In the present study we chose to split our data into training
and testing sets: the first one was used to calibrate our model
while the latter was employed to test it. Admittedly, some aspects
of this procedure are arguable: first of all, it could be claimed
that the splitting (two thirds training to one third testing) was
arbitrary. However, enough data was available to have sufficiently
large training and testing sets and more data was needed for
calibration than for testing. Secondly, we confounded the FU data
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sets of the two experimental years (2014 and 2015)—whereas
for AR and RB only data of 2014 was available—and randomly
distributed the data into the two sets, instead of using 1 year’s
data set for calibration and the other one for testing. However, the
data sets revealed no significant inter-annual variation, except for
the shape of rosettes in FU. As the 2015 data set was smaller than
the one from 2014 and contained data only for FU, future testing
with independent data sets has to be conducted to further prove
the robustness of our models. Thirdly, as an alternative we could
have neglected model testing and just have included a description
of the variance (as was in fact done for the leaf area of vegetative
shoots in this study). However, this would have meant neglecting
the clearly robust and stable patterns that emerged among some
of the meristic (leaf number) and continuous (length of the
biggest leaf, total and individual leaf area) traits. In this study,
the use of a test data set was necessary to check the fit of the
final model. Indeed, the final model cumulates all the errors of
the intermediate steps of parameterization and calibration, and
the testing allowed us to quantify this cumulated error.

An accurate prediction of total shoot leaf area for each shoot
type, and of the distribution of single leaf area as a function of
leaf rank, in connection with individual internode length, are the
first steps toward the faithful reconstruction of architecture, to
be used in an FSPM to compute light interception or even to
estimate the percentage of hidden surfaces in simulations of the
efficiency of pesticide spray applications (Dekeyser et al., 2013;
Duga et al,, 2015). With respect to light interception, leaf area
and internode length are in fact the two most important traits
contributing to plant architecture whereas branching angle seems
to have only little impact on this functional trait (Han et al., 2012;
Da Silva et al., 2014). It also appears that in order to explain leaf
distribution within the tree the shoot scale is the most appropriate
one (Da Silva et al., 2014). This justifies the choice we have
made in this study, namely to concentrate on the modeling of
leaf area distribution along different shoot types and to neglect
divergence angles. As the spatial distribution of leaves in apple
trees is not random (Da Silva et al., 2014) but rather characterized
by a certain clumpiness (also reported for other tree species by
Cohen et al., 1995; Chen et al., 1997; Da Silva et al., 2008), the
next step in the reconstruction of branch architecture has to be
to position and orient the different shoot types. In doing so, it
has to be considered that the proportion of long and short shoots
differs among genotypes (Lauri et al., 1995). The genotypes used
in this study exhibited such a numerical variability at the scale
of the first-order branch, with bourse shoots in AR being much
more important than in RB (data not shown). The analysis of the
distribution of shoots within the branch will be the subject of a
follow-up study (Bairam et al., unpubl.). In any case, it is thus
necessary to count the number of shoots of the different types or
better still, create a topological map of the branch and its different
organs (see Buck-Sorlin and Bell, 2000, for an example) in order
to finalize the reconstruction of branch architecture.

CONCLUSIONS AND PERSPECTIVES

In the present study, we provided a new model allowing the
reconstruction of the initial branch architecture as an input for

a Functional Structural Plant Model of apple, with an emphasis
on the prediction of leaf area at the shoot and leaf scale, using
allometric relations among shoot architecture variables. The
model was calibrated and tested using sufficiently large training
and testing data sets, proving that it is robust enough for the
prediction of leaf area of the three apple cultivars used in this
study, which exhibit a contrasting leaf and shoot morphology.
Combined with light response curves measured in 2015 (Bairam
et al., unpubl.), the initial architecture thus modeled will help
to create a mapping of photosynthetic potential for each leaf.
Furthermore, the combination of this information with the
developmental kinetics of each fruit on such a branch (Bairam
et al., unpubl.) will then allow finding coefficients for daily sugar
transport rates from source leaves to fruits.

This study has shown that the distribution of leaves along
a shoot of the same type follows certain clear endogenous
regularities that seem to be genotype dependent (cf. Lauri, 2007),
with rather little phenotypic plasticity. Further experimental
and modeling studies will be conducted to try to decipher and
quantify the physiological mechanisms behind these regularities,
in order to improve the modeling of apple fruit quality
in the context of the first-order branch as an experimental
system.
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Chapitre 3

Fruit and Leaf Response to Different Source-Sink Ratios in Apple, At
the Scale of the Fruit-Bearing Branch

Ce chapitre a été rédigeé en Anglais afin d’étre envoyé a une revue internationale a comité de lecture

Abstract Dans la continuité du chapitre 1 qui visait a mieux comprendre les relations sources-puits a
I’échelle du spur, ce chapitre aborde 1’analyse de ces relations mais a un niveau d’échelle plus
important, celui de la branche fruitiere. L’étude a été réalisée chez 2 cultivars de pommier : ‘Fuji’ et
‘Ariane’ grace a une série d’expérimentations visant a étudier I’effet de différents ratios sources/puits
(suppression de pousses et/ou de fruits a I’échelle de la branche) sur la croissance des fruits et
I’activité photosynthétique des feuilles. Pour mieux contrdler les sources et les puits et éviter qu’il
n’y ait un apport de carbone du reste de I’arbre, les différentes branches utilisées ont été isolées des
arbres porteurs grace une incision annulaire (« girdling ») et les expérimentations ont débuté une fois
que I’ensemble des pousses aient achevé leurs développements afin d’éviter les compétitions entre les
jeunes pousses et les fruits pour le carbone. La cinétique de croissance des fruits a été suivie au cours
de leur développement ainsi que, de maniére ponctuelle, la réponse a la lumiére de 1’activité
photosynthétique nette de feuilles de trois types différents de pousses. Ce dispositif expérimental
nous a permis de quantifier un certain nombre de processus tels que la surface foliaire nécessaire
pour permettre la croissance du fruit. Il a également permis de mettre en évidence de maniere
indirecte que la diminution de la surface foliaire (suite a une défoliation) pouvait étre compensée par
une régulation du taux d’assimilation du carbone. Par ailleurs, nous avons utilis¢ un modele
structuro-fonctionnel (Functional-Structural Plant Model, FSPM) statique de la charpentiere afin de
montrer, sur I’exemple d’une seule branche, I’avantage de conduire des simulations de 1’interception
de lumicre a une treés fine résolution temporaire et spatiale. Le FSPM utilisé simule la production de
carbone a I’échelle de chaque feuille grace a I’interception lumineuse (en fonction du microclimat) et
la photosynthése. Les sorties du modele ont été trés pertinentes pour la structure simplifiée (branche
expérimentale) utilisée dans cette simulation. En effet, la prédiction de la production de carbone
produit au niveau des feuilles de la charpentiére correspond avec beaucoup de justesse aux besoins

calculés des fruits.
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Abstract

In the present study, we designed an experimental system in which parts of fruit-bearing branches of
two apple cultivars (‘Fuji’ and ‘Ariane’) were isolated from the rest of the tree by girdling and then
subjected to specific pruning and fruit removal treatments in order to create a wide range of global
(branch-level) source-sink ratios. We monitored fruit kinetics but also the light response to
photosynthesis of leaves of the three different shoot types. This experimental setup allowed us to
investigate and quantify a number of processes, such as the leaf area necessary for potential (sink-
driven) growth, or else the minimal leaf area sustainable for fruit growth. It also gave some indirect
evidence to what extent defoliation is compensated by an upregulation of the carbon net assimilation
rate. We furthermore used a simplified static Functional-Structural Plant Model (FSPM) of the fruit-
bearing branch to demonstrate, at the example of a single branch, the advantage of conducting light
interception simulations at a very fine temporal and spatial solution. Model results showed that for a
small and simplified structure like our experimental branches, predictions of source capacity based
on simulations of light simulations were very accurate and matched the computed demands of the

sinks.
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1. Introduction

One of the most important parameters for fruit quality is its size at harvest. From the sites of its
production or remobilisation (source organs such as leaves or reserve tissues), carbon is transported
to the sink organs (more specifically the fruits) where it accumulates and is involved in the growth
process. A qualitative appreciation and ultimately, quantification of carbon transport and distribution
in the frame of variable source-sink relations during fruit development, should help to better
understand or even predict fruit size and even quality at harvest. Carbon transport within the fruit tree
is thus a complex process the study of which is requiring a consideration of both structural
components linked to tree architecture, and functional ones linked to source-sink relations and
assimilate production and transport. In apple, this complexity is exacerbated by the diversity of the
vegetative shoot types (long, short, proleptic and sylleptic: Costes 2003), the age structure of the
branch wood carrying the sink organs, and the composition of the fruit-bearing units. In any case, the
appreciation of these phenomena constitutes a major problem to be resolved, ultimately in order to
have a better grip on fruit growth and quality.

Dedicated ecophysiological experiments provide some evidence that the position of an apple on the
fruit-bearing branch has repercussions on its growth and quality, e.g. fruit weight (Reyes et al.,
2016), fruit colour (Robinson and Lakso, 1988), soluble solids content (Campbell and Marini, 1992)
or general fruit quality traits (Wagenmakers and Callesen, 1988, 1995). Effectively, depending on its
position, the fruit is surrounded by a specific microclimate (Chelle, 2005), but also exhibits a unique
topological and geometrical distance to the nearest leaf (source) as well as to competing sinks that
could be very decisive for fruit growth and quality. Fruit growth is determined by the availability of
assimilates (source) and its ability to attract assimilates which in turn depends on its sink strength. It
is well known that apple fruit sink strength is determined during early fruit development (i.e. cell
division) and depends in part on sink competition at the spur level (Wiinsche and Lakso, 2000;
Goffinet et al., 1995, see also chapter 1 of this thesis). In later development (i.e. during cell
expansion), fruit growth could depend on the ratio between sources and sinks (i.e. source availability
for each sink) and distance between sources and sinks, as observed in several fruit species such as in
peach (Bruchou and Génard, 1999). However, in apple, there is some evidence that distance between
source and sink is not very decisive for carbon distribution (Hansen, 1969). Furthermore, under
conditions of a high source-sink ratio, leaf photosynthetic activity in apple leaves could possibly be
reduced due to lower carbon demand, which in turn could lead to a carbon budget comparable to one

obtained under a moderate source-sink ratio (Palmer et al. 1997). This result points out the necessity
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to take into account the real carbon production in apple, to determine the amount of carbon available
for fruit growth and quality or at least to know the impact a given source/sink ratio has on
photosynthetic activity in order to obtain an approximate idea of carbon availability. However, as
stated before, microclimate must also be taken into account to improve the accuracy of prediction of
photosynthesis, as each individual leaf, due to its position, size and orientation in space, might
experience a different light regime and therefore, photosynthetic rate dynamics, during the day and
during an entire season. The reconstruction of branch architecture plus microclimate necessitates a
3D modelling approach: Functional-Structural Plant Modelling (FSPM, Vos et al., 2010; Buck-Sorlin
2013) is a suitable modelling method that considers plant architecture in 3D, as well as basic
physiological and biophysical processes (light interception, photosynthesis, growth, respiration...) at
the organ scale. In such models certain predefined organs act as interfaces to the environment, the
latter represented either by spatial data, simple descriptive models (e.g., vertical temperature
gradients) or powerful simulators (e.g., Monte-Carlo light models: Hemmerling et al., 2008). The use
of such models can be challenging with respect to the rather tedious data acquisition, which is a real
bottleneck. Recently published work by Bairam et al. (2017) proved that accurately modelling leaf
area could be a very valuable first step for the reconstruction of branch architecture and leaf area as
input to a static FSPM.

Given this global context, the objectives of this work, which was conducted at the scale of the fruit-
bearing branch were threefold: (1) to study the impact of source-sink distance on carbon partitioning
in order to confirm or not the results obtained by Hansen (1969); (2) to investigate the impact of
source/sink ratio on fruit growth and leaf photosynthetic activity and (3) to develop a first FSPM to
simulate light interception and carbon production by a single isolated branch, in order to derive a

carbon balance from it for comparison with measured fruit growth.

2. Materials and Methods

2.1. Plant material

The experiments were performed in 2015 on apple trees planted in 2008 in an experimental orchard
at the INRA experimental unit in Beaucouzé, France. Two cultivars were selected for this
experiment: ‘Fuji’ and ‘Ariane’ (in the following labelled as FU and AR, respectively). 'Ariane' is a
modern cultivar that was developed by INRA Angers, by crossing a hybrid of 'Florina' x 'Prima’ with
pollen from 'Golden Delicious', and released in the year 2000, as a scab resistant variety. The ‘Fuji’
cultivar is a hybrid developed by growers at Tohoku Research Station in Fujisaki, Aomori, Japan, in

the late 1930s, and has been commercialized since 1962. The origin of this cultivar is two American
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apple varieties: ‘Red Delicious’ and ‘old Virginia Ralls Genet’. Trees of these two cultivars, plus
four other varieties (‘Rome Beauty’, ‘Elstar’, ‘Florina’, and ‘Reine de Reinette’) make up the
experimental orchard (with three rows of 96 trees each, or 72 blocks of four trees, arranged
regularly). The main aim of these experiments was to study the effect of source/sink balance on sub-
branches of apple trees. Therefore, 48 sub-branches of FU and 30 of AR were selected. However, one
of the sub-branches of FU was accidentally lost during the experiment and therefore only 47 will be
considered in this work. In this study, is defined as a sub-branch a part of a first-order branch
comprising three annual extensions. Each sub-branch is composed of a single-order axis composed of
one two-year-old shoot (Y2), one one-year-old shoot (Y1) and one current YO unit corresponding to a
spur (composed of rosette leaves, a bourse, a bourse shoot and fruits) in terminal position and several
ramifications in axillary position on Y2 and Y1 corresponding to spurs or vegetative shoots. One
week before the onset of the experiment, all sub-branches were thinned to one fruit — the king fruit —
per spur. Afterwards, several defoliation and/or fruit-thinning treatments were applied in order to test

the impact of source/sink ratio on fruit growth and photosynthetic activity.

2.2. Experimental design

Considering that apple leaves are photoassimilate sinks at the beginning of their development as
shown by Grappadelli et al. (1994), experiments were conducted once all the leaves were fully
developed in order to be sure that leaves exclusively exerted the function of a source.Treatments
were applied on June 22, 2015, after all vegetative or bourse shoots were completely developed. A
girdling was applied at the base of Y2, and all fruits from YO0, all fruiting spurs born on Y1 and all
vegetative or bourse shoots and non-fruiting spurs born on Y2 were removed. Therefore, the
experimental design was such that all fruits (sinks) were located on Y2 and vegetative shoots and
bourse shoots on Y1 and YO0. The girdling treatment was applied in order to have a closed system
with respect to the carbon budget, which could subsequently be reconstructed in the model and for
which we could compute the carbon balance, knowing that no carbon can be exported to the rest of
the tree (see section 3.6).

Afterwards, four different leaf/fruit ratio treatments were applied on both FU and AR with between 6
and 9 replicates for each treatment (Figure 1). For each treatment, two spurs bearing one fruit on Y2
were kept, and leaf/fruit ratios were modulated by shoot pruning applied to Y1 and YO in order to
have (i) high, (ii) medium, (iii) low and (iv) very low source availability: (i) no shoot pruning

(treatment ‘2F H’); (ii) removal of half of the bourse shoot on YO (treatment ‘2F M’); (iii) removal
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of half of the bourse shoot on Y0 and of all shoots on Y1 (treatment ‘2F L’); (iv) removal of all
shoots and non-fruiting spurs on Y1 and YO (treatment ‘2F 7).

Two supplementary treatments were applied on FU in order to test extreme leaf/fruit ratios by (v)
keeping only one fruit-bearing spur on Y2 while applying no shoot pruning (treatment ‘1F H’) and
(vi) keeping three fruit-bearing spurs on Y2 while pruning half of the bourse shoot on Y0 and all
shoots on Y1 (treatment ‘3F L’).

For all treatments, rosette leaves were kept on fruiting-spurs (on Y2) in order to limit fruit drop

between the beginning of the experiment and harvest.
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Figure 1. Schematic representation of the leaf/fruit-ratio treatments applied to ‘Ariane’ (A to D) and
‘Fuji’ (A to F): two one-fruit-bearing spurs without bourse shoot on Y2 with (A) ‘high’ (‘2F_H’), (B)
‘medium’ (‘2F_M’), (C) ‘low’ (‘2F _L’) and (D) ‘very low’ (‘2F _Z’) source availability; (E) one and
(F) three one-fruit-bearing spurs without bourse shoot on Y2 with ‘high’ (‘1F_H’) and ‘low’ (‘3F L’)
source availability, respectively (see text for explanation). Number of replicates for each treatment
was 9,7,8,7,9, 8 for treatments A to F in ‘Fuji’ and 8, 8, 8 and 6 for treatments A to D in ‘Ariane’.

Experiments carried out at the sub-branch scale were completed by an experiment conducted at the
spur scale using twenty intact one-fruit-bearing-spurs in terminal position (Y0) and isolated from the

rest of the branch by girdling (treatment ‘1F-T’). This experiment, which was started on June 30,
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2015, was designed to check if structures comprising a fruit with nearby sources on the same spur
would behave differently from the structures considered above, and to compare the characteristics of

terminal fruit to axillary fruits on the branch.

2.3. Developmental time

Developmental time was first measured using growing degree hours [GDH, with a base temperature
T,=7°C (Anderson and Richardson, 1982)] calculated using hourly air temperatures (°C) obtained
from the weather station of Beaucouzé (47° 28’ N, 0° 37> W, 50 m a.s.l.) and accessed from the
INRA Climatik platform, https://intranet.inra.fr/climatik_v2 :

GDH; = Y7L (HT, = Tp) (1)
where HTj, is replaced by Ty, if HT,<Ty; HT, is the hourly air temperature at hour h; and GDH; are the
growing degree hours on day i. In this study, the thermal time variable expressed in GDD was

normalized to cumulated thermal time (GDD.,,) after full bloom (equation 2).

GDH;
GDDoym = ?:FB?I ()

where FB is the day of full bloom and D is the number of days since FB. Full bloom occurred on

April 16", 2015 in AR and on April 20™, 2015 in FU.
2.4. Characterization of the sources

2.4.1. Leaf area estimation

For each treatment, total leaf area (TLA) of vegetative shoots (VS), bourse shoots (BS) and rosettes
(RO) was estimated using the models established by Bairam et al. (2017) (see chapter 2): these
models consider the type of shoot (j=RO, BS, VS) and the genotype (G) and use two variables as
input: the length of the biggest leaf (Ly.x) and the number of leaves (nl). Except for bourse shoots on
YO0 which were half pruned (i.e. ‘2F-M’, 2F-L’, ‘3F-L’ treatments), TLA was calculated using
Equation 3 with parameters 8 and k depending on shoot type and genotype (Table 1). For non-
fruiting spurs kept on Y1 and YO, TLA was calculated as the sum of TLA obtained for RO and BS.

TLA = ﬁj’G.nl.%.kj,G-L?nax 3)
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Table 1. 8 and k parameters used in computing total leaf area for each shoot based on shoot type and
genotype.

G
FU AR
B k B k
RO 0.69 0.74 0.69 0.75
il Bs 0.67 0.64 0.67 0.6
VS 0.48 0.56 0.48 0.56

Estimation of TLA of the bourse shoots half pruned in terminal position (i.e. Y0O) was computed using
Equation 4 where agsg was equal to 0.99 and 1.20 in FU and AR, respectively, and values for

parameter sgs were as described by Bairam et al., 2017 according to the number of leaves.

nl

S=2
2 n 2
_-kBSG-Lmax
l 4 ’
J2* apsot AR ()

n 2 2
nl SBS.G

Comparisons of estimated total leaf area among treatments were made for FU and AR, respectively,

in order to establish if treatments actually were different among different types of pruning.

2.4.2. Measurement of instantaneous net photosynthesis rate

Between July 15 and July 31, 2015, CO, exchange measurements were made on: (i) three leaves per
shoot of three bourse shoots subjected to treatments ‘1F_H’ (noted ‘BS 1F H’), (ii) two or three
leaves per shoot of three bourse shoots subjected to treatments ‘3F_L’ (noted ‘BS 3F L’), (iii) two
or three leaves per shoot of two bourse shoots for terminal spurs with basal girdling (noted
‘BS T WG@G’), (iv) three or four leaves per shoot of two bourse shoots for terminal spurs without
basal girdling (noted ‘BS T NG’), (v) one rosette leaf of a fruit-bearing spur for treatment ‘2F_Z7Z’
(noted‘RO_2F Z’), (vi) one or three rosette leaves of three terminal spurs with basal girdling (noted
‘RO_T WG’), (vii) three rosette leaves of two terminal spurs without basal girdling (noted
‘RO_T NG’) and (viii) one leaf per shoot of nine vegetative shoots for treatments ‘1F_H’ (noted
‘VS_1F _H’), yielding a total of 51 light-response curves. Net CO, assimilation rate was measured as
a response to a range of 11 to 13 levels of irradiance from O to 2000 umol.m?.s1 of
photosynthetically active radiation (PAR) using a portable LI-6400XT infrared gas analyzer
photosynthesis system (Li-Cor, Lincoln, NE, USA) using a standard chamber that allowed the
clamping of a 9 cm? leaf surface. Measurements were made only on FU, between 8 a.m. and 12 a.m.

During measurements, leaf temperature was kept constant at 20°C. Measurement data were logged

105



continuously using the monitoring software of the device. Photosynthetic light response curves were

then parameterized for each leaf using the model described in section 2.5.1.
2.5. Characterization of sinks

At the beginning of the experiments and until harvest, all fruit diameters were surveyed once every
one to two weeks (Figure 2). At harvest, all fruits were collected together with their bearing bourse
and both organ diameters, heights, volumes, fresh and dry weights measured. Fruit circumferences
were also measured. All harvested fruits were cut, and then dried during 6 days at 60°C in a

ventilated oven (type HORO 900 V/RS, Dr. Hofmann GmbH, Stuttgart, Germany).
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Figure 2. Schedule of the sampling dates for ‘Ariane’ and ‘Fuji’ in 2015. T1 refers to the sampling

made on the day the treatments were started in 2015. Ti refers to the ith sampling per genotype and
type of spur after T1. HA refers to harvest date.

As a control, the diameters of each fruit born on Y2 for each sub-branch were compared at the
beginning of experiments in order to be sure that fruits were equivalent in size to exclude that a

difference in fruit size at harvest could be caused by an initial difference.

2.6. Data analysis

2.6.1. Modelling of photosynthesis

We modelled the instantaneous net photosynthesis rate [umol CO, m™ leaf surface s'] for each

simulated leaf using the model proposed by Marshall and Biscoe (1980), which is a non-rectangular

hyperbola (equation 5).

P = (Pmax+a1_9Rd)i\/(Pmax+a1_GRd)z_4‘9(aI(Pmax_(1_9)Rd)_Rdeax)
n

- 20 )

where P, is the photosynthesis rate [umol CO, m™ leaf surface s']; Py is the PAR saturated

maximum photosynthesis rate; o is the photosynthetic efficiency at low PAR intensities, ¢ is a
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parameter describing the overall resistance of the system (leaf — stomata — chloroplasts) to diffusion
of CO»; and Ry is the dark respiration rate [umol CO, m™ leaf surface s']. Normally, the maximum
photosynthesis rate P, is a function of leaf age and air temperature. However, as we measured
photosynthesis rates only at one temperature and on recently mature leaves (aged about 20-30 days)
we assumed, for simplicity’s sake, that P« did not vary over most of the temperature and leaf age
range observed in the field.

The nls function in R was used to compute three of the four model parameters to make the model fit
the data. Initial parameters for the nls function were fixed to P,,=12, a=0.04 and #=0.8 with ranges
of (5, 25), (0.01, 0.1) and (0.2, 1) for each parameter, respectively. Rq was set as the absolute value of
the measured response to light in the leaf at PAR equal to zero. Impact of treatments on
photosynthetic light response was studied by testing the impact of treatments on the four parameters
fixed for each leaf light response by using ANOVA or Kruskal-Wallis, depending on whether the

distribution of residuals was following a normal distribution or not, respectively.

2.6.2. Modelling of fruit growth Kinetics

A growth curve for each fruit that did not drop before harvest was fitted using the negative
exponential model (equation 6). This equation was first described by Von Bertalanffy (1938) and
used by Zadravec et al. (2014):

D(€) = Dypax(1 = €720 (6)

where D(t) is fruit diameter at time t [days after full bloom]; D,y is the asymptote of the curve
(potential final fruit size, mm); s describes the slope of the curve and is related to growth rate; and x0
is the intercept of the curve with the x-axis. The nls function in R was used to compute two of the
three model parameters to make the model fit the data. Initial parameters for the nls function were
fixed to s=-7 and xp=-700. Dy.x was set as the highest measured value of fruit diameter. As fruit
increases in size, Dy Was generally measured at harvest; however, some fruits lost in diameter as
they went on senescence, for those, Dp.x corresponded to their diameter before they started
decreasing in size. Impact of treatments on fruit growth was evaluated using tests on the impact of
treatments on parameters Dy, and s for their biological meanings. These tests were conducted using
ANOVA or Kruskal-Wallis, depending on whether the distribution of residuals was following a

normal distribution or not, respectively.

2.6.3. Competition between sinks for sources
Competition between fruits was analyzed by testing the impact of vicinity of the fruit to sources on

five parameters: parameters (i) Dyax and (ii) s established above, measured (iii) total fresh (FW) and
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(iv) total dry (DW) weights of the fruit at harvest and (v) dry matter content (DMC) of the fruit as the
ratio of its dry weight by fresh weight at harvest. As, we assume that differences in the former
parameters may also result from the amount of leaf area available per fruit, the tests were conducted
using a two-way ANOVA with both vicinity and total available leaf area per fruit (ALA, calculated

as total leaf area on the branch divided by the number of fruits) as factors.

2.6.4. Studying the interaction between sources and sinks

The five parameters describing fruit response to treatments were selected and their distribution as a
function of the leaf area available per fruit (ALA) was graphically represented. Then, tests were made
on axillary fruits in order to check if ALA had an impact on the five parameters cited above for each
group of (i) ‘Fuji’, 1 axillary fruit/branch, (ii) ‘Fuji’, 2 axillary fruits per branch, (iii) ‘Fuji’, 3 axillary

fruits per branch and (iv) ‘Ariane’, 2 axillary fruits per branch.
2.7. Branch model

2.7.1. Overall concept and workflow of model development

Generally, the model presented here is part of a larger model that foresees the modelling of processes
linked to active and passive sugar transport as well as water transport between sources and sinks in
the fruit-bearing branch of apple, with a resolution of one hour. The modelling strategy pursued was
to provide as many simplifications as possible to the experimental system whose architecture is then
faithfully reconstructed and input to the model, the latter only simulating fruit growth, while other
organs (leaves, internodes) are assumed to have reached their final size. This restricts the time
domain to the period at which vegetative growth has ceased until fruit harvest (June 20 to October
14). Source and sink behaviour is also input to the model, providing, on the source side, leaf
dimensions and representative net assimilation rates (measured in July and August 2015, see section
2.3), and on the sink side the kinetics of the experimental fruits in terms of diameter development
(see section 2.4). Thus, with the majority of sink and source parameters plus the branch architecture
used as input, during a first modelling cycle, transport coefficients for sugar and water can be
quantified and then fixed for a second modelling cycle in which the model is validated by predicting

fruit size of another experimental branch.

2.7.2. Basic structure of the branch model
In the current version of the model, a branch is explicitly represented at the organ scale with the
topology and geometry of each organ reconstructed, using allometric relations for leaf area (Bairam

et al., 2017: chapter 2 of this thesis), and measurements of organ divergence and azimuth angles, the
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latter estimated in the field to the nearest 10 degrees. In this way, an experimental branch consisting
of two to three bourses plus infructescence and bourse shoot on 2013 wood, a number of lateral
vegetative shoots on 2014 wood and the terminal bourse shoot (2015) were faithfully reconstructed
as geometric objects (cylinder, parallelogram, and sphere, for internode/peduncle/petiole, leaf, and
fruit, respectively). We programmed organs as modules in an object-oriented way, allowing the
representation of variables and processes specific for an organ class. For instance, a module called
Leaf harbours processes for leaf photosynthesis rate and maintenance respiration, while the Fruit
module contains process descriptions for maintenance respiration and growth in diameter and dry
weight. As the model is strictly modular, addition of further process descriptions (for sugar and water
transport, transpiration, etc..) is very straightforward and has indeed already been tackled (Buck-

Sorlin et al., unpublished).

2.7.3. Simulation of light microclimate

The light microclimate of a leaf, shoot or primary branch is all but stable in time and space: it
undergoes more or less rapid changes (daily, hourly or minutely), depending on its exposition
(azimuth, insertion height on the stem, inclination or divergence angle); tree characteristics (height
and canopy diameter), orchard characteristics (azimuthal orientation of the rows, tree and row
spacing); and climatic and geographic characteristics [the distribution of direct and diffuse light on a
given day, as well as the time of the day, the Julian day (of the year) and the latitude of the place, the
latter two determining the solar height and its position]. As it was our objective to simulate in 3D the
light microclimate with a temporal resolution of at least one hour and a spatial resolution of the
single organ, and this for a number of experimental branches that were located on different trees
within the orchard, it was necessary to implement the geometry of a virtual orchard and then try to
faithfully reposition the experimental branches into this geometric model. In this way a purely
structural model, which just consisted of geometric objects (parallelograms for leaves, cylinders for
internodes, spheres for fruits) without internal functionality, provided the light (or more precisely
shade) context for the virtual branch, which latter was explicit in terms of geometry and functionality
(see description in previous section). The virtual orchard (Figure 3) consisted of twelve trees (three
rows times four trees in a row), with stochastic functions for height, principal branch number, branch
length, branch orientation (mostly spiral), branch basal divergence angle, and in which all other
orchard characteristics (row orientation, inter-tree spacing, row spacing) were chosen to reconstruct
the situation at our experimental orchard (neglecting, though, a very slight slope running in parallel

to the rows, from east to west).
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Figure 3. Simulated virtual orchard consisting of twelve apple trees, and a ground floor, to provide
the light context for the virtual branch model. The inset shows the experimental branch that is
inserted on one of the trees, thereby reproducing the position, insertion height, and azimuth of the
measured experimental branch. The picture shows the light climate for the 20" of June 2015, at
16:00h, as seen from a southwestern direction (the inset shows the branch from a southeastern
direction). Soft and hard shadows on the ground and leaves were created by a diffuse sky and a direct
sun light object that were parameterized with climate data from the Beaucouzé weather station (sky
transmissivity, daily global radiation).

We implemented the models as modular XL-systems using the GroIMP simulation platform version
1.5 (Kniemeyer 2008, Hemmerling et al. 2008). To simulate light dynamics in 3D and over time we
used the GroIMP radiation model (class 1ightmodel). This is an inversed path tracer with Monte
Carlo integration, which computes, from a so-called scene (consisting of one to n light sources,
visible objects, and light sensors) the absorption of radiation from light sources by scene objects, as
well as the detection by sensors. The amount of radiation locally absorbed by an object or detected by
a sensor may be queried at any point of the simulation, for information or for further use in the model

(e.g. photosynthesis). In order to faithfully model daily dynamics of daylight, two light sources were
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implemented in the scene (a hemisphere at the centre of which is located the virtual orchard), a
moving light source emitting direct light (the sun) consisting of a single directional light pointing
always to the centre of the scene, and a stationary hemispheric light source (the sky) consisting of 72
directional light sources that were equidistant to the centre of the scene and otherwise randomly
positioned on the surface of the hemisphere, thereby recreating a diffuse light environment. The light
source simulating the sun is moving as a function of the time of the day, the day of the year and the

latitude of the place [for details of this model see Buck-Sorlin et al. (2009)].

3. Results
3.1. Characterization of sources as a response to treatments

3.1.1. Characterization of leaf area

Total leaf area of both FU and AR was very variable among branches (Figure 4). In FU, leaf area was
equally distributed among the lateral vegetative shoots (Y1) and the terminal spur (Y0), whereas, in
AR, leaf area was unevenly distributed, with most leaf area on Y0. However, standard deviations of
both total leaf area on Y1 and YO indicated that the variation among branches was high in both
genotypes in Y1 and YO, respectively. Therefore, the same type of branch pruning would not alter
leaf area to the same extent for the two genotypes; however, the removal of vegetative shoots did
indeed strongly reduce total leaf area in FU compared to AR. In addition, the standard deviation in
leaf area of FU vegetative shoots was very large.

Globally, total leaf area (TLA) of the branch differed significantly among some treatments in both
FU and AR (Figure 5). Indeed, in FU, TLA under ‘low’ treatments (‘2F L’ and ‘3F L’) was
significantly lower than TLA obtained under ‘high’ (‘1F_H’ and ‘2F H’) and ‘medium’ (‘2F_M’)
treatments, which in turn were not otherwise significantly different amongst each other. Moreover,
TLA of ‘high’ and ‘medium’ treatments did not differ significantly from TLA of terminal spurs on
YO0 under the ‘1F T’ treatment. In AR, no significant difference in TLA was observed among
treatments excepted for ‘1F T’ which exhibited a higher value compared to ‘medium’ and ‘low’

treatments with 2 fruits per branch.
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Figure 4. Bar plots of mean leaf area of
600 unpruned branches (treatments with
‘high’ leaf area), expressed as the sum of

'fg mean leaf area shoots born on Y1 and
2, . YO (see text for further explanation) in
s gﬂsﬁ"fdf t ‘Ariane’ (AR) and ‘Fuji’ (FU). Bars
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In conclusion, these results seemed to show that pruning did not induce clear differences in TLA
among treatments and therefore that analysis of the effect of TLA on fruit growth could be done on
the basis of computed TLA rather than using the treatment labels ‘high’, ‘medium’ and ‘low’, as
these were in fact more or less arbitrary labels employed before the accurate computation of TLA
(see below).
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Figure 5. Boxplots of total leaf area (TLA, cm™) as a function of different pruning and defruiting
treatments on ‘Fuji’ branches : one and two axillary fruits and high TLA (‘1F_H’ and 2F H’), two
axillary fruits with medium (‘2F_M’) and low TLA (‘2F _L’), three axillary fruits with low TLA
(‘3F_L’), one fruit on the terminal spur (‘1F T’). (e) mean value of TLA for each treatment.
Treatments with the same letter were considered to be non-significantly different according to one-
way ANOVA and/or Kruskal-Wallis results (P<0.05).
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3.1.2. Impact of treatments on light response of leaves

Modelled photosynthetic light response curves show a reasonably good fit to the measured data, with
the exceptions of those curves, which had a very low P« [Figure 6 (A-B)]. Moreover, curves of both
measured and modelled data differed in shape among the different groups of branch treatments.
ANOVA and/or Kruskal-Wallis showed that the parameters a and & of the Marshall and Biscoe
model were not significantly different among groups of leaves, in contrast to P,x and Ry. For Py,
three significantly different groups were distinguished; a significantly highest P, in terminal bourse
shoot leaves (‘BS T NG’), an intermediate P,x in leaves of ‘BS T WG’ and ‘BS 3F L’°, and
finally a low P, in all other leaves (Figure 7). As for the dark respiration rate R4 the highest values
were found in rosette leaves on totally defoliated branches with two fruits (‘RO 2F Z’), terminal
rosette leaves (‘RO_T WG@G’), and terminal bourse shoot leaves (‘BS T WG’) (Figure 8); while the
significantly lowest Ry was found in only one treatment (3 fruits and ‘low’ leaf area ,'BS 3F L’),
with the remaining treatments showing intermediate values that were not significantly different from

the two other groups (Figure 8).

3.2. Impact of treatments on fruits

Logistic regression applied to fruit drop between the onset of the experiments and harvest showed no
significant difference, neither among genotypes nor among treatments. However, it was noted that
fruit drop was not more important on branches on which we applied a lighter pruning (Table 2).

In FU, initial fruit diameter measured at the onset of the experiments showed no significant
difference with respect to their “rank™ (topological distance of fruit to the sources: first, second, or
third fruit) in branches with two and three axillary fruits, respectively (data not shown). This was also
the case in branches with 2 axillary fruits in AR (ANOVA, P-value>0.05). Moreover, initial fruit
diameter did not show any difference among treatments in FU and AR, respectively. Therefore, it
was considered that, at the onset of the experiment, axillary fruits were equivalent among their ranks
on the branch and among treatments set in FU and AR, respectively (data not shown). However,
initial fruit diameter was significantly different among genotypes (Kruskal-Wallis test, P-
value<2.2*107'°); therefore, in the following, fruit growth and response of fruits to treatments will be

treated separately for each genotype.
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Figure 6A. Photosynthetic light response curves obtained from bourse shoot leaves of ‘Fuji’.
Treatments were as follows (TLA = total leaf area): 1 fruit and ‘high” TLA (1F_H), 3 fruits and ‘low’
TLA (‘3F_L’), 1 fruit on terminal spur with (‘T_WG’) or without girdling (‘T_NG’) at the base of
the spur. Groups of leaves were labelled ‘BS 1F H’, ‘BS 3F L’, ‘BS T NG’ and ‘BS T WG’,
respectively. (o) Measured data, (—) curves linking measured data for the same leaf, (--) modelled
curves for individual leaf light response curves using the model proposed by Marshall and Biscoe

(1980).
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Figure 6B. Photosynthetic light response curves obtained from rosette and vegetative shoot leaves on
‘Fuji’. Treatments were as follows: 2 fruits and no shoot leaves (‘2F Z’), 1 fruit on terminal spur
with (‘T_WG’) or without girdling (‘T_NG?’) at the base of the spur; 1 fruit and ‘high” TLA (‘1F_H’,
vegetative shoot). Groups of rosette (RO) and vegetative shoot (VS) leaves were labelled
‘RO _2F 7°, ‘RO_T _NG’, ‘RO T WG’ and ‘VS _1F H’, respectively. (s) Measured data, (—) curves
linking measured data for a same leaf, (--) modelled curves for individual leaf light response curve
using the model proposed by Marshall and Biscoe (1980).
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area (‘3F _L’), with one fruit on the terminal spur without girdling (‘T_NG’) and with one fruit on the
terminal spur with a girdling at the base of the spur (‘T_WG’). Vegetative shoot (VS) leaves on
branches with one axillary fruit and high leaf area (‘1F H’); and rosette (RO) leaves on spurs in
terminal position without girdling (‘T_NG’) and with girdling (‘T_WG”), as well as with two axillary
fruits and almost zero leaf area (‘2F_Z’). Mean values for each group of leaves (o). Groups of leaves

with the same letter are considered to be non-significantly different according to one-way ANOVA
results (P<0.05).

Growth in fruit diameter, from the start of the experiment to harvest, showed distinct patterns among
treatments for both ‘Fuji’ and ‘Ariane’ [Figures 9(A-B) and 10]. It was also observed that, for the
same treatment, fruits that went on growing when their neighboring fruit (or fruits) on the same
branch dropped showed quite different patterns compared to those fruits that grew with a competing
sink on the same branch. This change in growth behavior compared to other fruits occurred in most
cases when the competing fruit on the branch dropped early in the season (Figure 9A, treatment
2F Z; Figure 9B, treatment 3F L; Figure 10, treatments 2F H, 2F L and 2F Z). However, some
cases showed that the fruit that had lost its competitor sink attained a rather very low diameter at
harvest compared to other fruits having experienced the same treatment, which in most cases
indicated a tendency of the fruit itself to senesce even if it did not drop (Figure 10, treatment 2F _M).
Furthermore, the highest heterogeneity for a same treatment was observed in terminal fruits (1F_T)
and those of treatment ‘2F M’; this could be due to the large differences in leaf area among branches

of these treatments.
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Figure 8. Boxplots of Ry (dark respiration rate, pmol CO,.m™.s")] as a function of different pruning
and defruiting treatments on ‘Fuji’ branches: For treatment labels see Figure 7. Mean values for each
group of leaves (o). Groups of leaves with the same letter are considered to be non-significantly
different according to Kruskal-Wallis results (P<0.05).

Table 2. Number of fruits that dropped before harvest (DF) and were retained until harvest (HF);
number of branches on which at least one fruit (B_DF) or no fruit dropped until harvest (B_HF)
among treatments in ‘Fuji’ and ‘Ariane’. Total F and Total B: total number of fruits and total number
of branches selected at the beginning of the experiment. For treatment labels see Materials and
Methods and legend of Figure 5.

Fruits Branches

Genotype Treatments DF HF Total F B DF B HF Total B
'Fuji’ 2F H 8 10 18 5 4 9

2F M 1 13 14 1 6 7

2F L 1 15 16 1 7 8

2F Z 3 11 14 3 4 7

IF H 3 6 9 3 6 9

3F L 4 20 24 3 5 8

IF T 4 16 20 4 16 20
'Ariane’ DF HF Total F B DF B HF Total B

2F H 5 11 16 3 5 8

2F M 4 12 16 4 4 8

2F L 6 10 16 5 3 8

2F Z 3 9 12 3 3 6

IF T 4 16 20 4 16 20
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Difference in distance to the source did not have any impact on either the asymptote (Dpay) or the
slope (s) of the Von Bertalanffy model used to describe fruit growth in diameter. Moreover, the
difference in source distance had no effect on fruit fresh and dry weight at harvest, nor on fruit dry

matter content at harvest (Table 3).

Table 3. Results ANOVA tests of the impact of the rank of the sink and leaf area available per fruit,
on model parameters Dy,,x and s, fruit fresh weight at harvest, fruit dry weight at harvest and fruit dry
matter content at harvest. Dy, and s were parametrized for each fruit using the model by Von
Bertalanffy (equation 6). Two fruits, 3 fruits: branches bearing two and three fruits, respectively, with
no fruit drop until harvest (N=21 and 15 on branches with 2 fruits, of Fuji and Ariane, respectively
and N=5 on branches with three fruits, of Fuji). *, ** and *** for P-values < 0.05, 0.01 and 0.005.

Sink ranking Leaf area Sink Ranking x Leaf area
Genotype Variable 2 fruits 3 fruits 2 fruits 3 fruits 2 fruits 3 fruits
Fuji parameter Dmax ns ns lola ns ns ns
parameter s ns ns ns ns ns ns
Fresh weight ns ns wkx ns ns ns
Dry weight ns ns ol ns ns ns
Dry matter content ns ns ook ns ns ns
Ariane parameter Dmax ns - Ak - * -
parameter s ns - ns - w* -
Fresh weight ns - wkx - * -
Dry weight ns - HAk - * -
Dry matter content ns - HAk - ns -

The parameters D, and s that were fitted on data of individual fruit growth in diameter and the
model of Von Bertalanffy (1938) showed significant differences among treatments in both FU and
AR genotypes (Figure 11). In FU, highest values of D.x were observed in axillary fruits of
treatments with ‘high’ and ‘medium’ leaf area (‘1F_H’, ‘2F H’ and ‘2F_M’) and in terminal fruits
(‘1F_T’), while the lowest values were observed in axillary fruits on branches with no leaves
(‘2F_Z’). Treatments with axillary fruits with ‘high’ leaf area showed the significantly highest means
in Dpax (Figure 11A). In AR, terminal fruits showed the significantly highest mean of Dy,x, and
axillary fruits on branches with no leaves exhibited the significantly lowest Dy, (Figure 11B). These
results indicate that in axillary fruits, Dy,x was increasing with available leaf area. Moreover,
terminal fruits had a high D,,,x. Parameter s is linked to the slope of the curve, which means that fruit
growth rate increased with increasing s. In both FU and AR, s was significantly the highest in
terminal fruits. However, s was not significantly different among treatments for axillary fruits in FU

(Figure 11C).
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Figure 9A. Diameter growth kinetics of fruits growing on differently treated branches of ‘Fuji’
cultivar: Two axillary fruits on ‘high’ (‘2F_H’), ‘medium’ (‘2F_M’), ‘low’ (‘2F_L’) and almost
‘zero’ (‘2F_Z7’) leaf area branches. Data modelled using equation of Von Bertalanffy (1938).
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Figure 9B. Diameter growth kinetics of fruits growing on differently treated branches of ‘Fuji’
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fruit in terminal spurs with girdling at the base of the spur (‘1F_T’). Data modelled using equation of
Von Bertalanffy (1938).
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(‘1F_T’). Data modelled using equation of Von Bertalanfty (1938).
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In addition, in AR, s was significantly higher in axillary fruits with ‘high’ and ‘zero’ treatments
compared to those on ‘medium’ and ‘low’ treatments (Figure 11D). However, these results could
depend on the variability of leaf area available per fruit in each treatment and the fact that branches
did not always exhibit differences in leaf area as a function of treatments (see Figures 4 and 5).
Figure 12 shows the distribution of five parameters describing fruit response to treatments as a
function of the leaf area available per fruit (ALA). These parameters were: Dmax and s established
for fruit growth curves, fresh weight of the fruit at harvest (FW, g), dry weight of the fruit at harvest
(DW, g) and dry matter content of the fruit at harvest (DMC, -). The figure shows equivalent patterns
for axillary fruits, which seem unrelated to treatments and genotypes. However, fruits on terminal
spurs of both FU and AR showed quite different patterns. Moreover, treatments with 3 axillary fruits
and ‘low’ leaf area (‘3F L’) were very similar in terms of leaf area available per fruit and in fact the
points were too close to each other to show a coherent pattern. Tests made on axillary fruits in order
to check if ALA had an impact on the aforementioned five parameters for each group of axillary
fruits [Fuji, 1 axillary fruit/branch, (i1) Fuji, 2 axillary fruits per branch, (ii1) Fuji, 3 axillary fruits per
branch and (iv) Ariane, 2 axillary fruits per branch] consistently showed a significant impact of ALA
on Dmax, FW, DW and DMC except in Fuji, 3 axillary fruits per branch (‘3F_L’ treatment) (data not
shown). However, as indicated above, leaf area in this treatment was too low to be correctly

analyzed. However, ALA did not have a significant impact on s in all groups of axillary fruits.

Moreover, treatments on axillary fruits indicated a logistic pattern for maximum fruit diameter D,x
as a response to ALA (Figure 12A). When considering each group of axillary fruits separately, all
FW, DW and DMC as a function of ALA seemed to follow a linear pattern. In particular, if we
assume that (i) sugars provided by reserve remobilization were negligible, (ii) rosette leaves near the
fruit were equal in their sugar supply and (iii) the girdling provided isolation of the branch from the
rest of the tree, dry weight of the fruit should indicate the amount of sugars supplied by leaves from
the beginning of the experiment until harvest. As the pattern was linear for each group of axillary
fruits (i.e. Fuji, 1 axillary fruit/branch, (ii) Fuji, 2 axillary fruits per branch, (iii) Fuji, 3 axillary fruits
per branch and (iv) Ariane, 2 axillary fruits per branch), it is assumed that for each group, the
increase in leaf area per fruit was proportional to fruit increase in diameter (Figure 12D); however,
the figure suggested that the slope varied with the number of fruits per branch but not with genotype
when considering the same fruit load (2 axillary fruits per branch). Therefore, a linear regression

model was used to describe fruit dry weight at harvest (equation 7).
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Figure 11. Boxplots of (A, B) maximum fruit diameter Dy,x(mm) and (C, D) parameter s [In(°C™h)]
parameterized for each fruit using the Von Bertalanffy model (equation 6) as a function of different
pruning and defruiting treatments on ‘Fuji’ (FU) and ‘Ariane’ (AR) branches, respectively: For
treatment labels see Materials and Methods. Mean values for each treatment (e). Treatments with the
same letter are considered to be non-significantly different according to one-way ANOVA and/or
Kruskal-Wallis results (P<0.05).

DWy(ALA) = DWOg ,, + P n. ALA (7)

DWy is fruit dry weight at harvest; ALA is the leaf area available per fruit; DWO0g , is ‘minimal’ fruit
dry weight at harvest when all leaves were removed except the rosette leaves of the fruit itself and

pc.a 1s the slope of the curve for branches bearing n axillary fruits of a genotype G.
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Table 4. Output of regression models Mry,1, Mru2 and Mar, for dry weight at harvest (DWy) in
‘Fuji’, 1 axillary fruit/branch; ‘Fuji’, 2 axillary fruits per branch; and ‘Ariane’, 2 axillary fruits per
branch, respectively, as a function of leaf area available per fruit (ALA) (see Equation 7). *, ** and
*#* for P-value < (.05, 0.01 and 0.005. ns: non-significant.

DWO g, PG.n
Model value P-value value P-value R? adj R2?
Mgy 13.38 0.06018  ns 0.049 0.00957  ** 0.84 0.81
Mgy, 7.51 0.000529  *#* 0.083 7.93e-10 wF* 0.72 0.71
Mg 2 6.39 0.000317  *#* 0.074 2.74e-07 w** 0.71 0.69

Regression models Mry, 1, Mpy2 and Mag > established for dry weight at harvest DWy in Fuji (1 and 2
axillary fruit/branch), and Ariane (2 axillary fruits per branch) as a function of leaf area available per
fruit (ALA) showed coefficients of determination which indicates that in all three cases the increase
in fruit dry weight at harvest was proportional to the increase in leaf area available per fruit.
Moreover, the slopes of My, and Mar 2 were quite similar, whereas Mgy, 1 exhibited a smaller slope
coefficient. This indicates that treatments with two axillary fruits per branch exhibited the same rate
of increase in DWy as a function of ALA, while in the treatment with one axillary fruit this rate was
lower. Moreover, the ratio between pru2 and pru,; of the models Mgy 2, Mru,1, respectively, was equal
to 1.71 which indicates that in ‘Fuji’, the same leaf area per fruit in branches bearing two fruits
provided 71% more dry matter to the fruit than in branches bearing only a single fruit, and this for a

large range of leaf areas per branch.

Therefore, in order to take into account the upregulation of the assimilation rate of a given leaf area
compared to the one obtained when only a single sink was present on the branch, we introduced a

coefficient Ary, as well as a variable ‘adapted available leaf area’(AdALA) (Equation 8):

AdALA = AFU,TL'ALA (821)
1 if Nep=1

AFU,1 = 3y PFU,2 if Nfr =2 (8b)
PFU

where Ny, is the number of fruits per branch. Afterwards, we modelled fruit dry weight at harvest, dry
matter content at harvest and parameter D5 as a function of ALA [Figure 13 (A, C, E)] and as a

function of AdALA [Figure 13 (B, D, F)], respectively for axillary fruits of ‘Fuji’.
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Figure 12. Distribution of (A) maximum fruit diameter Dy, (mm), (B) the parameter s [In(°C™")]
parametrized for each fruit using Von Bertalanffy model (equation 6), (C) fruit fresh weight at
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axillary fruit with ‘high’ leaf area; “2 axillary fruits/branch” refers to two axillary fruit with ‘high’,
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A regression model using AdALA as input allowed a better adjustment of simulating dry matter
content when combining treatments of branches bearing both one and two-fruits (R>=70, Figure 13D)
compared to a regression model using ALA as input (R>=0.66, Figure 13C). Fits of Dy, to a negative
exponential model using both AJALA and ALA showed a good fit. Models also showed that DW at
harvest was different according to the number of fruits per branch; however, this result cannot be
confirmed, as we did not test the case of having one fruit with no or ‘low’ leaf area on the branch.
Models showed that dry matter content was almost the same for one or two fruits per branch even if
the branch did not bear any leaves, which indicates that this variable is constant among treatments in

‘Fuji’.
3.3. Branch model

3.3.1. Simulation of light interception of the experimental orchard

Figure 14 shows the simulated hourly rate of light output of direct (sun) and diffuse (sky) light, as
well as of the amount of light being absorbed by the ground, for the period June 20 to October 31,
2015, corresponding to the time the experimental branches were monitored. This simulation output
served to test the light model of GroIMP, which is sensitive to the number of rays chosen. Finally, for
all simulations a light model with 20 million rays was used as this represented a compromise between
faithfulness of output and computation time. Simulations were run with 168 to 744 steps
(corresponding to one week or one month of development, respectively) each on three different
computers. The average simulation time per step was 15 seconds (results not shown). As can be seen
in figure 14, the radiation climate in the summer and autumn of 2015 in the experimental orchard was
rather mixed, with cloudy and sunny days frequently alternating with each other. The simulated light
absorption by the unexposed soil corresponded very well with the theoretical value (results not

shown).

3.3.2. Simulation of light interception at the level of the branch

For reasons of time and model economy, only one experimental branch (‘Fuji’, first-order branch 3,
tree number 1, rank 1, exposition southwest) was modelled, i.e. its architecture reconstructed and
then inserted in the correct position and orientation within the virtual orchard. This simplified branch
had served as a control treatment in the experiments; having relatively high leaf area and bearing two

fruits (see Figure 15 for a simulated view of the branch).
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Figure 13. Distribution of (A, B) fruit dry weight at harvest (g), (C, D) dry matter content of the fruit at harvest (%) and
(E, F) the highest diameter of the fruit observed during its development D,,,, (mm as a function of leaf area available per
fruit (A, C, E; cm?) and adapted leaf area available per fruit (B, D, F; cm?). Experimental data (®): One fruit/branch; (e):
Two fruits/branch. Linear (A-D) and negative exponential (Von Bertalanffy (1938); (E-F)) models (--): One fruit/branch;
(--): Two fruits/branch (--): Models for both one and two fruit/branch
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Figure 14. Simulated hourly light emission by the sun (direct —) and sky (diffuse —) and light absorbed by the soil (—), 20" of June to 31% of October, 2015, for a virtual orchard of 3 x 4 trees, with radiation data from
Beaucouz¢ weather station (for further information see text).
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Using the model of Bairam et al. (2017), we computed for this branch, the individual leaf areas of the
bourse shoot, the vegetative shoot, and the rosette leaves (121, 339, and 28 cm’, respectively). Other
architectural parameters (orientation and divergence angle of the mother branch; amphitonous or
epitonous orientation of each shoot on the mother branch; divergence angles of stems and leaves) had
been determined once in July 2015 (see section 2.3) and were used to reconstruct the branch in
GrolMP. Figure 16 shows the simulated daily integral of absorbed light for the three different leaf
types. Vegetative shoots absorbed up to four times more PAR than the bourse shoot, and the bourse
shoot up to seven times more PAR than the rosette. Large differences in absorption existed between
bright and cloudy days (Figure 16), with the latter exacerbating the differences and the latter
diminishing them. Generally, the trends in absorption in bourse shoot and vegetative shoot leaves
were similar until the end of August after which the matching patterns seemed to be out of phase by
one day. We also differentiated light interception for each leaf rank. Figure 17 shows the daily
average light interception rate per acropetal leaf rank of all leaves of the bourse shoot. Apart from the
fact that we observed the same strong fluctuation in light interception rate (between 5 and 16 pmol
PAR m? s7) as in the daily integral (Figure 16), there was also a clear rank-specific gradient, with
high leaf ranks (11, 12) showing the tendency to intercepting more light than lower ones (1, 3).
However, this trend was not consistent as relatively high ranks (7, 9...) intercepted rather little light.
This trend was particularly visible on bright days when the highest interception rates were above 120

umols.
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Figure 15. Rendered view of simulated branch (‘Fuji’, tree 3), treatment with two fruit and high leaf
area.

P '\ ——Vs 18
——BS L 16

A \ / ,\ T
INRAE RSN v

20/06/2015 04/07/2015 18/07/2015 01/08/2015 15/08/2015 29/08/2015 12/09/2015 26/09/2015 10/10/2015 24/10/2015
Date

Light absorbed by VS leaves [mol PAR d!]
S

Light absorbed by BS and RO leaves [mol PAR d7]

Figure 16. Simulated daily light interception of all rosette, bourse shoot and vegetative shoot leaves
of a reconstructed experimental branch (‘Fuji’, tree number 3, fruit-bearing branch number 4 from
below, exposition south-west), 20 June — 31 October 2015. Note different scale for vegetative shoots,
which absorbed up to four times more than bourse shoot and rosette leaves.
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(1 —12) of a reconstructed experimental branch (‘Fuji’, tree number 3, fruit-bearing branch number 4
from below, exposition south-west), 20 June — 31 October 2015.

3.3.3. Simulation of carbon balance of the branch
Figure 18 shows the simulated development of the two fruits that grew on the experimental branch in
terms of dry weight kinetics, as well as the kinetics of daily maintenance and growth respiration of
the fruits and the wood.
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Figure 18. Simulated developmental dynamics of the two fruits growing on an experimental branch
(‘Fuj1’, tree number 3, fruit-bearing branch number 4 from below), from 20 June — 14 October 2015.
Variables simulated were growth (fruit dry weight); maintenance respiration (MR fruit) of the two
fruits [g d']; maintenance respiration (MR wood) of the internodes and leaf petioles (g d'y; growth
respiration of each fruit (GR Frl, 2; g g d™).
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We modelled dry matter kinetics from the measured kinetics in fruit diameter, assuming a constant
relationship between dry matter and diameter (0.32 g/cm), using a Gompertz function (equation 9)

with four parameters:

ct

dw(t) = y, + ae™b¢ 9)
where dw(t) is the dry matter of the fruit at time t, t is the number of days after full bloom, yj is initial
fruit dry weight, and a, b, and ¢ are model parameters (Table 5). We initially tried the Von
Bertalanffy equation which had been used to model diameters (section 3.2) but applied to dry matter
kinetics it gave a worse fit (results not shown).
We assumed that there was no secondary growth of branch wood during the period in which we
carried out the experiments (based on branch diameter measurements conducted, results not shown).
This is a reasonable assumption, as secondary growth seems to be neglected by the tree in favour of
fruit growth (Heim et al., 1979). Table 5 shows the model parameters used for the simulation. For
growth respiration, we assumed a coefficient of 1.2; i.e. for each gram of new dry mass 1.2 g of sugar
(glucose equivalent) needs to be invested (Lakso et al. 1999). We further assumed that daily
maintenance respiration was a function of daily average temperature (equation 10):

mr(t) = AWy o * MRy o€ %06%3(Tm=25) (10)
where dwy w, 1S the dry weight of fruit or wood [g], MRy, is the coefficient of maintenance
respiration of fruits or wood [g g'l], respectively (Table 5), and Ty, is the daily mean temperature
[°C].
Using the average values of the parameters (Table 6) found for the photosynthesis rate model by
Marshall and Biscoe (1980), we simulated the hourly average photosynthesis rate for each leaf type
and from there the daily and total assimilate production (in glucose equivalents). A summary of the
model output can be found in Table 7. Overall, assuming that the girdling of the branch isolated it
from the rest of the tree we were able to do a complete carbon balance (Table 7). The comparison

between predicted total source production and sink demand yielded a prediction error of 0.3 %.

4. Discussion

This work aimed at the understanding of the dynamic interactions between sources and sinks in apple
at the scale of the (first-order) fruit-bearing branch. Furthermore, the present study provided
parameters and initial architectures for an FSPM of apple set up to integrate the knowledge gathered
during this study and to help explain or put into context, the findings. It was therefore an essential

prerequisite to have an accurate characterization of sources and sinks, more specifically of leaf area
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and fruit growth dynamics, in order to describe the initial branch architecture and the sink behaviour

as accurately as possible, with the ultimate aim to derive hidden parameters such as transport

coefficients.

Table 5. Model parameters used for the simulation of fruit dry matter kinetics, growth respiration,
and maintenance respiration of fruits and wood (see Fig. 13).

Parameter | Name Value Reference

MRy, Coefficient of maintenance respiration of fruits | 0.02112 Lakso et al. 1999

MRy, Coefficient of maintenance respiration of wood | 0.015 Lakso et al. 1999

GRg Coefficient of growth respiration of fruits 1.2 Lakso et al. 1999

DWr ini Initial fruit dry weight for fruit 1 and 2 5.1,6.0 Own data

a Parameter of Gompertz model for fruit dry | 27.676, fitted using MS
matter growth (fruits 1 and 2) 39.034 Excel

b Parameter of Gompertz model for fruit dry | 48.365, fitted using MS
matter growth (fruits 1 and 2) 23.772 Excel

c Parameter of Gompertz model for fruit dry | -0.041, fitted using MS
matter growth (fruits 1 and 2) -0.030 Excel

Table 6. Model parameters used for the simulation of leaf photosynthesis in three different shoot
types (BS bourse shoot, VS vegetative shoot, and RO rosette).

Parameter of Marshall and Biscoe (1980) model
Shoot type P oax Ry a 9
RO 9.919 -0.6600 0.0348 0.649
VS 8.474 -0.4573 0.0322 0.871
BS 7.615 -0.6241 0.0231 0.912

In the present study, total leaf area per shoot and per leaf was not measured but predicted using the
new allometric model we created (Bairam et al., 2017, chapter 2). Using this model we computed the
leaf areas both to recreate the initial architecture of the branch used in the FSPM to predict light
interception, and to quantify a posteriori the actual total leaf area of the experimental branches that
prior to this, had just been labelled as ‘High’, ‘Medium’, or ‘Low’. Having done the latter, we found
that these treatment labels were not indicative of the leaf area (see fig. 5), leading to wrong

conclusions, i.e. sometimes an ‘M’ branch had a higher leaf area than a branch labelled as ‘H’.

134



Concerning fruit growth dynamics, the Von Bertalanffy equation (VBE, cited in Zedrovec 2014)

instead of the expolinear equation proposed by Lakso et al. (1995) was used.

Table 7. Summary of model output. Simulated period was June 20 to October 14, 2015.

Variable Name Simulated value
TLAgs Total leaf area of bourse shoot 120.9 cm”
TLARro Total leaf area of rosettes 28.2 cm”
TLAvs Total leaf area of vegetative shoots 338.5 cm”
DWyood Dry weight of wood 432 ¢
DWGg Dry weight gain of the two fruits 60.1¢g
TMR it Total maintenance respiration of the two fruits 669 g
TGR it Total growth respiration of the two fruits 72.1¢g
TMR yo0d Total maintenance respiration of the wood (incl. | 47.9 g
leaf petioles)
TResp Total respiration 1869 ¢
ASgs Integral of assimilation by bourse shoot leaves 219¢
ASro Integral of assimilation by rosette leaves 172 g
ASys Integral of assimilation by vegetative shoot leaves | 208.7 g
ASot Total amount of assimilates produced 2478 g
SKot Total sink demand (respiration plus dry mass | 247.1 g
produced)
Asosk Difference between source offer and sink demand | 0.3 %

Effectively, VBE describes the later stages of fruit growth better than the expolinear equation, which
is more suitable for the early stages of fruit growth where cell division is still ongoing, and during the
transition from exponential to linear growth. Although experiments were done after natural ‘June
drop’, we observed some late fruit drop, which could be related to the wounding effect caused by
girdling as fruits in lateral positions (i.e. on Y2 wood) were very close to the girdling zone. However,
no significant effect of pruning treatments on fruit drop was noted.

The first aim of this study was to investigate the effect of source sink distance on fruit growth. Our
results indicate no significant difference among fruits belonging to different ranks, and this

independent from source availability. These results, therefore, seem to confirm those obtained by
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Hansen (1969), who showed that the distribution of carbon between sources and sinks could not be
explained exclusively by source-sink distance. What is more, these results suggest that carbon
allocation takes place in a similar and homogeneous manner among all fruits on the same branch.
Indeed, such a result is in contradiction with those obtained by Hansen (1969), who, though not
demonstrating a distance effect for carbon allocation, nevertheless provided some evidence for an
unequal distribution of carbon among the different fruits, which he attributed to the preferred
vascular connections between certain leaves and fruits at the scale of the fruiting branch. Still, this
hypothesis, which was taken up by other authors (Watson and Casper, 1984; Dengler, 2006) and
attributed to the phyllotaxy of the plant (Barlow, 1979; Orians et al., 2005; Dengler, 2006) remains
controversial since the differences might also be explained by differences in initial sink strength
among fruits of the branch, contrary to our study in which the initial size of fruits, and thus a priori
their sink strengths, were statistically tested to be equal. It would therefore be interesting, in the
frame of a follow-up study, to simultaneously test the effect of initial fruit size and of source-sink
distance in order to know which one of these two factors is the most determinate for carbon
allocation at the level of the fruit-bearing branch in apple. Although in the present study we did not
notice an effect of source-sink distance on fruit growth, we nevertheless identified an effect of the
position of the fruit on the branch: Indeed, we observed a clear effect of apical dominance when
comparing terminal with lateral spurs. This effect was visible for all fruit growth-related traits.

Our second objective was the investigation of the effect of the source/sink ratio on fruit growth and
leaf photosynthetic rate. We found evidence that it is in fact the number of growing fruits (sinks) and
not the leaf area available per fruit (as usually assumed), which determines dry matter accumulation.
This was surprising as it contradicted the literature and common orchard practice. Effectively, our
results show that a modification of the source/sink ratio seems to be compensated by an alteration of
the photosynthetic rate of leaves, with stronger and weaker values obtained for weaker and stronger
ratios, respectively. These observations, which were already made by other authors (Palmer 1992;
Blanke 1997, or Wiinsche et al., 2005), could be explained by a modulation of the foliar
concentration of starch, which latter is known to have an inhibitory effect on stomatal conductance
(Roden and Ball, 1996), as a function of carbon demand. Although this result was only quantified for
branches with one and two fruits, it is an interesting finding and puts into a wholly different light the
definition of potential growth or rather, the method to obtain it, which is usually by reducing the
number of sinks, thereby obtaining a high (saturating) source-sink ratio. Moreover, our results seem
to suggest that two growing sinks together will upregulate the photosynthetic rate more strongly than

one growing sink on its own, and this with the same leaf area per fruit. As for the likely mechanisms
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involved in this upregulation, we can only speculate: firstly, perhaps two sinks achieve a more rapid
depletion of stored starch from intermediate stores (leaves), thereby lifting product inhibition of
photosynthesis (Roden and Ball, 1996); secondly, as suggested by Sané et al (2012) two fruits could
induce an increase in xylem area that could facilitate carbon transport by reducing flow resistance; or
thirdly, competition between the two fruits could induce an increase in their sink activity, which in
turn could induce an increase in their sink strength and thus their ability to attract carbon. On the
other hand, we cannot generalize our findings to normal conditions. In our experiments, we worked
with rather small, girdled branches, which represent closed systems with respect to carbon as well as
slightly suboptimal systems with respect to water flow and transpiration because of the xylem that is
exposed to the air at the girdling zone. What is more, at the base of a girdled branch, upstream of the
girdling zone, assimilates destined for export to the tree trunk and roots will accumulate, which
usually leads to a downregulation of photosynthesis rate (Poirier-Pocovi, unpubl. research). Our
results nevertheless suggest that in order to obtain a satisfactory source sink-ratio (i.e. one that
guarantees near-potential fruit growth) at the scale of the fruit-bearing branch, one should take into
consideration the number of fruits available for a given leaf area. One should then evaluate the
source-sink ratio using an “effective” leaf area rather than the apparent leaf area, where the former
includes both a quantification of photosynthetic efficiency and area available for photosynthesis. In
the present study, we subjected a single static reconstructed branch to a detailed light regime with an
hourly resolution, in a virtual orchard, and this from the start of the experiments (June 2) to the
harvest date (October 14): we did this for one branch only, for reasons of model economy and time.
In fact, we could have inserted several measured branches into the scene but this would have meant
to restructure the model code, thereby allowing the testing of several different organs of the same
type (leaf and fruit) and their data written into separate files during the same run. We will in fact do
this in a follow-up study where the performance of the model will be validated on several other
branches.

The predicted source and sink behaviour of the simulated branch matched very well, exhibiting a
very low error. This could be interpreted as proof that the processes considered (light absorption,
photosynthesis, growth, respiration) were already well calibrated and sufficient in number, i.e. that no
major process was neglected. However, it should be cautioned that even in a "simple" system like the
present one, which was isolated from the rest of the tree and in which, therefore, only a limited
number of sources and sinks were present, we surely have neglected certain state variables and the
processes they represent, e.g., soluble sugars transported and therefore present in the branch, or starch

in the leaves (in the present model, all assimilates are actually used up for growth and respiration). In
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addition, the fact that only a single branch was simulated prohibits any generalizing conclusions

about model validity.
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"Comment établir une vérité unique sur
quoi que ce soit, quand un simple
changement de distance, une modification
de la lumiere alterent le monde que nous
croyions le mieux connaitre ? Je me
souviens d'un vol en hélicoptere au-dessus
de la vallée de Gstaad : ce que nous avions
tenu, au cours de nos promenades, pour un
grand désordre de détails, les uns
charmants, les autres déplaisants, il
suffisait d'un envol de quelques centaines
de metres pour l'ordonner, pour former
sous nos yeux un merveilleux dessin de
chemins, de barrieres, de ruisseaux sur la
neige."

Philippe Jaccottet
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Ce travail de these s’inscrit dans un projet global de 1’équipe consistant a la caractérisation
des relations sources-puits chez le pommier ainsi que les facteurs régulant le transport des sucres
dans la charpentiere du pommier. Pour la réalisation de ces objectifs, les travaux intégrent une
approche expérimentale en écophysiologie du pommier ainsi que 1’élaboration d’un FSPM qui
permet de simuler le transport des sucres et de I’eau dans la charpentiére du pommier, allant de
I’assimilation photosynthétique du carbone inorganique dans I’air jusqu’a a ’accumulation des

sucres dans les différents organes portés par la branche.

Le comportement de toute la plante est la résultante d’un ensemble de processus
physiologiques complexes et connectés qui émanent d’un déterminisme génétique mais aussi de
I’influence de I’environnement. Ce comportement englobe, entre autres, les séries de mécanismes
entrainant la croissance et le développement des organes, les défenses immunitaires de la plante mais
aussi sa plasticité¢ afin d’assurer la meilleure adaptation de la plante au milieu et aux conditions
environnantes. Vu la sophistication des processus mis en jeu au sein de la plante, les manieres
classiques les plus communément utilisées durant des si¢cles afin de comprendre les processus de
développement, de croissance et de fonctionnement des plantes et les caractériser ont été soit de
décrire ce qu’on observait, soit d’intervenir sur les conditions environnementales afin d’étudier leur
impact sur le comportement de la plante. Ce type d’approche a permis d’enrichir la base de
connaissance a I’égard du fonctionnement des plantes a plusieurs niveaux. Toutefois, depuis la fin du
20°™ siécle, I’avancée des moyens informatiques a propulsé la modélisation mathématique qui a
connu un essor encore plus important au cours des derniéres années par I’incorporation de moyens
infographiques permettant de simuler de fagon combinée la structure et la fonction de la plante
(DelJong et al., 2011). Il s’agit donc, dans cette approche, d’acquérir les connaissances par une
synthése, et non plus par une analyse, du systéme investigué. Cette reconstruction — forcément tres
incomplete a cause de sa complexité — du systeme plante dans un cadre mathématique permet
I’intégration de différentes sources d’information (littérature, observations botaniques et données
mesurées propres ou d’autres équipes...) et est réalisée dans le but de pouvoir simuler une partie de la
réalité représentée par le systeme et ainsi de voir si les processus, parametres et variables d’état sont
essentiels pour la compréhension du fonctionnement du systeéme. De facon globale, les modeles
fonction-structure de plantes (FSPM, ‘functional-structural plant models’) permettent, en effet,
I’étude et la modélisation du développement, la croissance et la fonction de cellules, tissus, organes
ou plantes dans leur contexte spatial et temporel (Godin and Sinoquet, 2005). L’intégration du

modele FSPM dans les travaux entrepris par 1’équipe a modulé d’une certaine facon la réflexion faite
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autour du questionnement scientifique. En effet, I’utilisation d’un FSPM suggére de partir de la base
méme de la structure de la plante afin de simuler le transport des sucres et de I’eau. L’utilisation de la
structure est plutot novatrice puisqu’elle permet de tenir compte aussi bien du microclimat dans le
voisinage de la branche mais aussi de la vascularisation de la branche et de la connexion entre les
organes sources et puits via le réseau constitué par les entre-nceuds des pousses. Bien que cette
approche nécessite, dans un premier temps, un ajustement spécifique supplémentaire par rapport a
une approche classique, elle permet, dans un deuxiéme temps, un gain de temps dans les simulations
ainsi qu’une intégration d’un nombre considérable de facteurs supplémentaires dans 1’étude des
relations sources-puits et le transport des sucres. Il faut souligner, de ce fait, que le modéle ne
constitue pas la finalit¢ des travaux mais un outil d’étude complémentaire et/ou alternatif aux

expérimentations écophysiologiques.

Dans une premiere étape, I’idée était de partir d’un modéle assez simple et de I’enrichir au fil
du temps. Cette procédure a consist¢ a définir les données bibliographiques requises pour la
simulation de la photosynthése en réponse a I’interception lumineuse par les feuilles, du transport des
sucres des sources vers les puits et ’accumulation des sucres dans les fruits. Ainsi un premier
prototype a été construit sur une base de données bibliographiques comprenant les lois d’assimilation
photosynthétique du carbone et les lois de transport de I’eau et des sucres dans le phloéme. Apres
quoi, ce prototype a di étre testé afin de cerner son degré de justesse par rapport a la réalité. Les
travaux entrepris au cours de cette thése se positionnent de part et d’autre de la construction de ce
premier prototype. En effet, outre les données bibliographiques utilisées pour 1’¢laboration du
modele, la collecte de données sous forme des jeux de données corrélées a été nécessaire afin de
paramétrer le modele. Cette collecte de données concerne principalement une meilleure
caractérisation de la structure du pommier, des aspects de fonctionnement de la source, ainsi qu’une
caractérisation des relations entre les sources et les puits. Une deuxiéme partie des travaux a été
dédiée a apporter des ¢léments de comparaison aux sorties du prototype ; ces travaux ont consisté a
effectuer des expérimentations sur la branche du pommier afin de vérifier la justesse de prédiction du

modele quant au transport des sucres depuis les feuilles jusqu’aux fruits.

Caractérisation de la structure

La représentation de 1’architecture se base sur (i) la décomposition des différents composants
de la plante, potentiellement de différents types, (ii) la géométrie décrivant les formes et leurs

positions dans ’espace et (iii) la topologie qui définit la hiérarchie de branchement, i.e. de quelle
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facon les composants sont interconnectés (Godin, 2000). Dans le cas des travaux faits au cours de
cette thése la représentation de 1’architecture s’avere étre un élément clé puisqu’elle rend compte,
d’une part, de I’exposition spatiale des différents organes de la charpentiére du pommier et, d’autre
part, des connections permettant le cheminement des sucres et de 1’eau entre les sources et les puits.
Par ailleurs, le modele FSPM ¢élaboré par I’équipe intégre 1’architecture de la branche comme entrée ;
et sur la base de cette architecture, est simulée la synthése du carbone au niveau des feuilles et son
transport jusqu’aux fruits. Bien que I’architecture du pommier, comme la plupart des especes
végétales, répond a une réitération de ses structures, le devenir des bourgeons et la vigueur des
pousses qui en proviennent n’en demeure pas moins difficile a prédire. Plusieurs travaux, ont permis
de cerner certains de ces aspects (Costes et Guédon, 2002). Néanmoins, la caractérisation dépend
grandement de la variété, des conditions environnementales ainsi que de la pousse porteuse. Dans les
travaux accomplis au cours de cette thése, I’'impact de I’environnement sur la plasticité de la plante et
le devenir des bourgeons n’ont pas été¢ abordés ; par ailleurs, le modéle utilise comme entrée la
structure de la branche. De ce fait, nos travaux se positionnent sur la compréhension du transport des
sucres et de I’eau a un stade survenant bien apres le débourrement des bourgeons et le modele FSPM
en particulier se positionne au stade ou la croissance végétative primaire est achevée. Pour cette
raison la caractérisation de la structure post-débourrement a constitu¢ un élément primordial, d’une
part, pour I’étude des processus de transport des sucres entre les sources et les puits et, d’autre part,
afin de fournir au mode¢le la structure la plus fidele a celle étudiée pour d’éventuelles comparaisons
entre les résultats des simulations et le devenir réel des organes. Ainsi, une partie des objectifs de
cette thése s’est orientée vers la détermination de modeles permettant de reconstruire les pousses en
fonction de leur nature. L’utilisation de trois variétés a permis de recenser certains points communs
mais aussi certaines différences auxquelles nous pouvons faire face pour la modélisation des pousses
du pommier. Toutefois, les résultats novateurs proposés dans 1’utilisation de ces modeles résident
dans la possibilit¢ de reconstruire, a partir de deux variables trés facilement mesurables, une
représentation des trois types de pousses du pommier qui est trés fiable en ce qui concerne la surface
foliaire totale de la pousse, mais qui tient aussi compte de la surface et de la forme de chaque feuille.
L’établissement de ces modeles peut constituer un moyen de prédiction et une alternative non
destructive a la digitalisation, d’autant plus que cette derniére s’aveére étre trés chronophage et
difficilement réalisable au niveau d’un verger. Ces modeles ont ainsi été intégrés dans le FSPM afin

de reconstruire de 1’architecture de la branche, architecture qui constitue I’entrée du modele.
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Par ailleurs, outre la reconstruction des pousses en utilisant les modeles établis, I’architecture
de la charpentiére dans le FSPM intégre d’autres données topologiques et géométriques, a savoir le
rang de la charpentiére et des sous-charpentieéres, l’orientation de la charpentiere porteuse,
I’emplacement de 1’arbre portant la structure étudiée dans le verger par rapports aux autres pommiers.
L’utilisation de ces données avait pour but de recréer le contexte de la sous-charpentiéres afin de
mieux cerner I’ombrage et dans I’optique de simuler I’interception lumineuse d’un modele en 3
dimensions. Les simulations du premier prototype FSPM ont abouti a des résultats trés satisfaisants,
ce qui valide de maniére indirecte 1’idée que les modeles de prédiction de 1’architecture des pousses
sont satisfaisants. Cependant, il faut admettre que ce seul résultat ne peut pas étre extrapolé au-dela

de I’échelle de la branche puisqu’elle est isolée du reste de ’arbre par une incision annulaire.

Relations sources-puits

Au cours de ce travail, une base de données caractérisant les relations sources-puits et le
transport a aussi été utilisée dans 1’élaboration du FSPM. Ces données ont été utilisées dans la
paramétrisation des lois régissant un ensemble de mécanismes intervenant depuis la photosynthése en

réponse a I’interception lumineuse jusqu’au transport des assimilats carbonés vers les puits.

Dans un premier temps, les données de réponse photosynthétique a la lumiére suggérent que
I’accroissement du ratio sources/puits régule négativement la photosynthése et inversement. De
méme que les feuilles les plus sénescentes (feuilles de rosette) avaient une photosynthése plus
réduite. Toutefois, les mesures de la réponse de la feuille a la lumiére n’ont été faites qu’au cours
d’un laps réduit de temps (2 semaines au cours du mois de juillet). Ceci suggere que ces mesures ne
peuvent pas rendre compte du comportement saisonnier global des feuilles, surtout en ce qui
concerne 1’étude de la photosynthése et la respiration nette. En effet, la photosynthése nette augmente
jusqu’a une valeur maximale puis chute de nouveau au cours du cycle de vie des feuilles tandis que la
respiration nette décroit au cours de ce méme cycle (Lieth et Pasian, 1990). Les mesures ayant été
faites au cours de deux semaines consécutives, elles ne peuvent que représenter 1’étude de ces
variables au cours d’un moment donné de ce cycle. Par ailleurs, la comparaison de ces variables pour
des feuilles n’ayant pas le méme "age" ne tient pas compte de leur comportement passé et futur et
peut de ce fait inclure une erreur due au décalage dans leur réponse par rapport a leur stade de
développement. Dans cette optique, une ¢étude plus étalée sur la saison de la réponse
photosynthétique pourrait apporter des €léments de réponse plus affinés a cette caractérisation. Ce

type d’étude a ainsi été conduit récemment au sein de 1’équipe.

146



Dans un deuxiéme temps, la caractérisation des puits en réponse a la disponibilité des sources
s’est faite a deux échelles : celle du spur et celle de la branche. En effet, en se basant sur des données
bibliographiques, il est stipulé que plus le fruit est jeune, plus il s’alimente a partir de sources
proches, et plus il grossit, plus il s’alimente a partir de sources ¢éloignées sur la charpentiére voire
I’arbre (Hansen, 1969). De ce fait, 1’étude des relations sources-puits et leur impact sur le
développement et la croissance du fruit a été décomposée au cours du travail de theése en deux étapes.
Ainsi, une premicre expérimentation a vis¢ la caractérisation des relations sources-puits a I’échelle du
spur (Chapitre 1) et une deuxiéme la caractérisation des sources-puits a 1’échelle de la branche
(Chapitre 3). Dans les deux cas, les expérimentations ont consisté a créer des déséquilibres dans les
relations entre les sources et les puits afin de comprendre le rle et le comportement des organes
définis comme sources dans le développement du fruit. Pour induire ces déséquilibres, nous avons
test¢ 1’effet de défoliations, de tailles et d’éclaircissages. Par ailleurs, pour mieux comprendre les
mécanismes mis en jeu, nous avons créé des situations extrémes de déséquilibre. En supposant que le
fruit puise le carbone a partir de sources treés proches au début de sa croissance, les défoliations ont
¢té effectuées a la floraison et deux semaines apres la floraison, au niveau du spur, afin de vérifier si
la division cellulaire en est perturbée. Toutefois dans cette premiére expérimentation, le spur n’a pas
été isolé par "girdling" du reste de la branche afin d’éviter que la blessure n’engendre une chute
massive des fruits. Mais si tel avait ét¢ le cas, en nous basant sur notre hypothese, le fruit auraitt été
impacté a plus ou moins long terme dans la mesure ou il aurait été alors dans 1I’impossibilité de capter
du carbone en provenance de sources lointaines. Dans I’expérimentation a [’échelle de la
charpentiére, les sources et les puits ont été choisis intentionnellement éloignés et positionnés sur des

pousses d’ages différents.

L’expérimentation menée a 1’échelle du spur a permis de montrer la possibilité que le fruit
puisse s’alimenter a partir de sources en dehors du spur. Toutefois, dans la situation d’une
suppression totale des feuilles du spur, le fruit est fortement pénalisé et cela conduit alors a une chute
massive des fruits sur de tels spurs. Ceci pourrait a la fois s’expliquer par la trop faible disponibilité
en carbone au début du développement du fruit impactant la phase de division cellulaire mais aussi —
et surtout — une alimentation hydrique fortement réduite en 1’absence de feuilles a proximité.

Par ailleurs, le réseau de corrélations entre variables met la lumiére sur les organes les plus connectés
au sein du spur. Il en ressort que les caractéres morphométriques du fruit sont trés peu corrélés a ceux

des feuilles de la rosette et de la pousse de bourse méme a des stades précoces du fruit. Ceci confirme

que le fruit parvient a s’alimenter a partir de sources plus éloignées que les feuilles s’étant
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développées sur le méme spur. Par ailleurs, une étude plus poussée — notamment histologique ou
utilisant du carbone marqué — et intégrant I’impact de ces défoliations précoces sur la division
cellulaire pourrait apporter des réponses plus précises sur la dépendance des fruits des feuilles
voisines a ce stade de leur croissance. Le réseau de corrélations met, néanmoins les variables
caractérisant la bourse au centre des connexions entre les autres organes. Schématiquement, la bourse
est le carrefour entre tous les autres organes du spur et donc entre les sources et les puits. A partir des
résultats obtenus a I’échelle du spur, différentes hypothéses ont ét¢ formulées quant aux roles joués
par la bourse (organe de réserve, zone de forte vascularisation) et qui mériteraient d’étre confirmées.
Des travaux ont d’ores et déja débuté au sein de 1’équipe avec une analyse de la composition en
sucres et amidon de la bourse au cours de son développement et en fonction de la présence/absence
de feuilles au sein du spur.

Les expériences réalisées a 1’échelle de la branche viennent appuyer la conclusion que les
fruits ont la capacit¢ de s’alimenter en carbone a partir de feuilles situées plus loin sur la
charpentiére. En effet, seule 1’isolation de la branche par girdling couplée a une réduction des feuilles
(sources) a permis de réduire le développement des fruits de facon évidente. De plus, dans cette
expérimentation, les branches disposant d’une surface foliaire suffisante ont permis un
développement normal du fruit bien que ces feuilles soient localisées sur des parties €loignées sur la
branche. Par ailleurs, dans le cas ou plusieurs fruits étaient présents sur la branche et peu de sources
¢taient disponibles, la photosynthése a été régulée de sorte que les feuilles produisent plus de
carbone ; toutefois les feuilles les plus éloignées (pousse de bourse terminale) et les feuilles les plus
proches (pousses végétatives axillaires) ne montraient aucune différence significative pour leurs
activités photosynthétiques. Ceci suppose que les feuilles les plus éloignées sont sollicitées autant
que les feuilles les plus proches pour la production de sucres et confirme le fait que les fruits
s’alimentent a partir de sucres produits assez loin sur la charpentiére.

L’autre résultat intéressant qui a été pointé au cours de ces travaux réside dans le fait que la
compétition entre fruits semble augmenter leurs forces de puits. En effet, pour une surface foliaire par
fruit équivalente, les fruits accumulent plus de matiére séche quand ils sont deux que lorsqu’il n’y en
a qu’un seul par branche. Ce résultat semble aussi indiquer un effet bénéfique de la compétition entre
fruits sur leur capacité a capter le carbone, avec I’hypothése que cette compétition pourrait augmenter
leurs forces de puits individuelles. De plus, cela semble aussi indiquer, contrairement a ce que nous
pensions, que la croissance potentielle d’un fruit peut difficilement étre évaluée par la limitation de la
compétition trophique entre fruits méme en augmentant la disponibilité en carbone. Les résultats de

cette partie de la thése ont permis de montrer que le coefficient de régulation de la photosynthese
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était autour de 1,7 lorsqu’on passe de 1 a 2 fruits par charpentiére ; en d’autres termes, lorsque deux
fruits sont en compétition sur une méme branche, chacun d’entre eux est capable de s’approvisionner
de 70% de plus de carbone qu’un fruit seul sur une branche, et ce pour une méme surface foliaire
relative disponible. En effet, nous supposons que cette régulation se fait au niveau de la
photosynthése des feuilles puisque, d’une part, nous avons pu prouver que la demande des fruits peut
réguler la photosynthése et, d’autre part, parce qu’il n’existait pas d’autres réelles sources de carbone
que les feuilles sur la branche. Ce coefficient pourrait donc s’appliquer a la régulation de la
photosynthése dans le cadre du modele FSPM en cours de développement. Pour cela, davantage
d’investigations seraient toutefois nécessaires afin, d’une part, confirmer ces résultats et, d’autre part,
cerner si ce coefficient continue a augmenter en fonction de 1’augmentation du nombre de fruits par
branche ou s’il est le méme dés le moment ou une concurrence existe et aussi s’il est le méme pour
tous les cultivars.

Les travaux de cette thése permettent, de ce fait, aussi bien de répondre a certains
questionnements écophysiologiques sur le transport et I’accumulation du carbone chez le pommier

que d’apporter des ¢léments de paramétrisation du modéle FSPM.

Perspectives pour la modélisation

"All models are wrong but some are useful "

George Box

Il est important de noter que le but ultime n’est pas le modele lui-méme mais la rigueur
scientifique et la réflexion interdisciplinaire qu’il impose ou induit a son développeur ou a son
utilisateur et qui, ensuite, peut conduire a I’émergence d’une nouvelle compréhension du systéme en
question —méme si cela implique I’acte de devoir exclure un modele qui apres les tests de validation

s’avere étre inapproprié.

Dans le cadre de ces travaux, nous nous sommes focalisés sur une structure statique d’une
branche reconstituée soumise a un régime lumineux horaire au sein d’un verger virtuel, et ce depuis
le 2 juin 2015 a la date de récolte, i.e. le 14 octobre 2016. Nous avons di nous restreindre a une seule
branche en raison de la contrainte chronophage des premiers tests de simulation. Evidemment, ce
type de test aurait pu étre appliqué a toute autre structure mais pour chaque nouvelle structure, le
code d’entrée de la structure aurait da étre paramétré de nouveau afin d’y inclure toutes les données

enrichissant la caractérisation de la structure de la branche. Ce type d’études est prévu dans la
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poursuite du développement et la paramétrisation du FSPM dans le but de valider la robustesse du

modele par I’utilisation d’un échantillon composé de plusieurs branches.

Toutefois, en nous basant sur les résultats préliminaires obtenus, la prédiction du
comportement sources-puits concorde trés bien avec les données mesurées et 1’erreur obtenue était
minime. On pourrait en déduire que les processus utilisés dans le modele (absorption lumineuse,
photosynthése, croissance des fruits, respiration) étaient déja suffisamment calibrés et qu’aucun
processus supplémentaire n’a été négligé. Toutefois, il va de soi que méme dans un systeme plutdt
« simple » et isolé du reste de I'arbre et dans lequel un nombre bien défini de sources et de puits
étaient présents, nous avons certainement négligé certaines variables d'état et les processus qu'elles
représentent. A titre d’exemple, il est possible de citer les sucres solubles demeurant dans la branche
ou encore lI'amidon dans les feuilles (dans le modele actuel, tous les assimilats sont effectivement
dédiés a la croissance et la respiration). De plus, le fait que les simulations ont été faites sur une seule
structure rend impossible une généralisation et surtout une validation du modele. Ainsi, les futurs
tests de validation pourraient outre le fait de valider le modele renseigner quelle part des assimilats

aurait ¢ét¢ dédiée aux organes autres que les fruits.
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Etude des processus écophysiologiques caractérisant la distri-
bution du carbone entre les sources et les puits au sein de la
charpentiére du pommier. Eléments pour un modéle fonction-
structure

La synthése et le transport du carbone chez le pommier re-
pose sur un ensemble de mécanismes complexes et imbri-
qués dépendants de facteurs endogénes et exogenes. Une
approche combinant une caractérisation écophysiologique
et l'utilisation d’'un modéle structure-fonction de la plante
(Functional-Structural Plant Model, FSPM) présente un moyen
intéressant pour ce champ de recherche dans la mesure ou
un modéle structure-fonction permet d’intégrer la topologie et
la géométrie de la plante et de ses différents organes a I'en-
semble des facteurs impliqués dans I'assimilation et le trans-
port du carbone et de I'eau. Le travail présenté ici a contribué
a la compréhension des relations sources-puits mais égale-
ment a I'élaboration d’un modéle FSPM a plusieurs niveaux.
Premiérement, le développement de modéles de prédiction
de I'architecture des différentes pousses du pommier a partir
de variables simples apporte un moyen novateur pour simpli-
fier la simulation de I'architecture des branches mais égale-
ment pour quantifier de facon robuste la surface foliaire. Deu-
xiemement, I’établissement d’un réseau de corrélations entre
variables morphométriques des différents organes issus du
bourgeon mixte met en évidence les organes les plus connec-
tés a I’échelle du spur. Enfin, une étude des relations sources-
puits a I'échelle de la branche a permis, d’'une part, une ca-
ractérisation de la régulation de la photosynthése nette des
feuilles en réponse a des changements dans le ratio sources/
puits mais aussi en fonction des types de feuilles et, d’autre
part, a mettre la lumiére sur l'influence de la compétition
entre fruits @ augmenter la force de puits et de ce fait a réguler
I’assimilation du carbone par les feuilles afin de répondre a la
demande des fruits. Les premiers tests sur les simulations ap-
portées par le FSPM apportent une validation supplémentaire
quant a la pertinence des résultats et modeles développés.

Mots clés : Pommier, transport, carbone, sources, puits, FSPM,
modeélisation
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Ecophysiological Processes characterizing the Carbon
Partitioning between Sources and Sinks in the Fruit-bearing
Branch of Apple: Elements for a Functional-Structural Plant
Model

The synthesis and the transport of carbon in apple are based
on a whole host of complex and interlaced mechanisms that
depend on endogenous and exogenous factors. An approach
that combines the ecophysiological characterisation with the
use of a Functional-Structural Plant Model (FSPM) represents
an interesting method in this field of research, inasmuch as
such an FSPM allows integrating the topology and the geo-
metry of the plant and its constituting organs with the enti-
rety of factors involved in assimilation as well as water and
carbon transport. The present study has contributed to the
better understanding of the source-sink relations characteri-
zing this system but also to the elaboration of a multi-scaled
FSPM. First, the development of models for the prediction of
the architecture of different shoot types in apple from simple
variables provides a novel way to simplify the simulation of the
initial structure of branches but also to quantify leaf area in a
robust manner. Second, the creation of a network of correla-
tions among morphometric variables of the different organs
formed by the mixed bud of apple clearly shows the functio-
nal relations among the spur organs. In the end, the study of
source-sink relations at the branch scale has allowed, on the
one hand, to characterize the regulation of net photosynthe-
sis as a function of a changed source/sink ratio but also as
a function of leaf type and, on the other hand, to shed some
light on the influence that the competition among fruits has
on increasing sink strength and thus regulating the leaf net
photosynthesis in order to meet the demand of the fruits.
First tests conducted using the FSPM provided an additional
validation with respect to the importance of the model results
developed here.

Keywords: Apple, transport, carbon, source, sink, FSPM, modelling
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