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1. Contexte
1.1.Agronomie et modélisation

L’agronomie d’aujourd’hui est confrontée a un défi double qui vise & assurer une production
a la fois compétitive et respectueuse de I’environnement (Papy et Benoit, 1998).
L’agroécologie est devenue un élément des politiques publiques qui visent a réduire
’utilisation des produits phytosanitaires et préserver les écosystemes. Elle est définie par
Miguel Altieri (1995) comme « la science de la gestion des ressources naturelles qui porte
sur I'accumulation de connaissances sur les fonctionnements des écosystemes et conduit a la
conception, a la création et a I'adaptation sous la forme participative de systemes de culture
complexes productifs et par suite attractifs malgré un milieu défavorable et malgré un
recours tres faible aux intrants ». Une des voies pour faire progresser 1’agroécologie, c’est
d’accrofitre notre compréhension du fonctionnement des plantes et de leurs interactions avec
leur environnement biotique et d’accroitre notre capacité a caractériser les systémes cultives.
Face a la multiplicité des scénarios possibles et a la vitesse de sélection, une des questions qui
se pose serait d’avoir des connaissances Sur des scénarios sans les essayer expérimentalement.
Dans ce contexte, de nombreux efforts de recherche ont été entrepris dans le développement
des modeéles visant a représenter le fonctionnement des systéemes cultivés en interaction avec
leur milieu biotique et abiotique. La modélisation est un moyen pour acquérir des
connaissances en formalisant des idées et des hypothéses scientifiques qu’on évalue en
comparant les prédictions des modeles a des données expérimentales. La modélisation ouvre
aussi la possibilité d’explorer par simulation des situations nouvelles, et par exemple d’étudier
les conséquences de scénarios qui ne pourraient pas étre évalués de facon exhaustive par
I’expérimentation. Elle peut ainsi fournir des méthodes et des outils pour les professionnels
afin de mieux geérer les cultures et mieux prédire les risques pour la production et
I’environnement.

D’autre part, I’agriculture est touchée par la révolution numérique. On parle aujourd’hui
d’une «agriculture numérique ». Elle a était définie par Bellon-Maurel et Huyghe (2016)
comme étant: «une agriculture qui utilise les technologies de [’information et de la
communication: technologies d’acquisition de données (satellites, capteurs, Lidar, objets
connectés, smartphones...), de transfert et de stockage et technologies de traitement
embarquées ou déportées (supers calculateurs accessibles par des réseaux de communication
trés haut débit) ». Ces technologies peuvent étre mises en ceuvre a toutes les échelles de la
production agricole et de son écosysteme, que ce soit au niveau de 1’exploitation (optimisation
des opérations culturales, de la conduite de troupeau...), dans les services d’accompagnement
(nouveaux services de conseil agricole basés sur des données collectées automatiquement), ou
a des échelles plus grandes comme dans un territoire (gestion de 1’eau) (Bellon-Maurel et
Huyghe, 2016). Ces technologies fournissent une masse importante de données qui ne sont
que partiellement valorisées actuellement. Les projets visant a développer 1’« agriculture
numérique » se multiplient.



1.2.Diversité des modéles, une diversité de questions

Un modéle a été défini comme étant «une représentation mathématique, graphique ou
informatique des objets et des relations entre ceux-ci dans un domaine restreint du monde
réel, objet d'un questionnement » (Goffinet et al., 2005). La modélisation des plantes vise a
formaliser les relations entre « plante-environnement» pour mieux comprendre le
fonctionnement du systéme et prendre les décisions le concernant.

Les premiers modeles apparus en agronomie pour décrire le systéme sol-plante-
atmosphere sont les « modéles de culture ». Dans ces modeéles la structure de la partie
aérienne du couvert végétal est considérée comme un gaz homogéne constitué des
phytoéléments de tres petite taille qui sont répartis aléatoirement dans 1’espace (Brisson et al.,
1991, Brisson N, 2009; Sinoquet et Caldwell, 1995). Cette représentation simplifiée de la
structure a pour paralléle une représentation simplifiée du fonctionnement des plantes et de
leurs échanges avec I’environnement. Ces modéles permettent d’estimer des grandeurs
agronomiques ou I’impact environnemental du systéme a partir de calculs dynamiques de flux
de matiére ou d’information entre les compartiments du systéme. Ils constituent des outils
génériques pour aborder un grand nombre de problémes rencontrés dans la production
agricole comme la prédiction de la production agricole et les flux de matiére vers
I’environnement. Ces modeéles de culture sont de plus en plus interfacés a d’autres modéles -
comme les modéles d’action des agriculteurs, ou les modeles calculant le devenir physico-
chimique des produits phytosanitaires ou des modéles socio-économiques- et souvent intégrés
dans I’espace ou/et dans le temps (représentation de paysage ; évolution des relations au cours
du temps) abordant ainsi des problemes a des échelles plus larges (exemples: modéle APSIM
Keating et al., 2003 ; modele CERES Gabrielle et al., 1995).

Toutefois, les choix de simplification dans ces modeles limitent la précision des calculs et
leur capacité a représenter des traits variétaux particuliers. D’autre part, cette approche est
fondée sur I’hypothése d’un milieu homogéne, la validité de cette hypothese est remise en
question dans le cas des cultures hétérogenes (associées ou en mélanges) pour lesquelles la
répartition verticale et horizontale de la surface foliaire est non uniforme.

Pour contourner ces limites, d’autres modéles ont vu le jour depuis une vingtaine d’années
adoptant une approche dite «plantes virtuelle » qui pose de fagon assez spécifique la
question de I’intégration des processus entre les différents niveaux d’organisation : & partir de
I’organe vers la plante entiere et le peuplement (Vos et al., 2010 ; Room et al., 1996). Dans
ces modeles, la représentation de la structure des différents organes de la plante est fidéle a la
description botanique de la plante, et le peuplement est représenté par une population de
plantes individuelles (Fig.1b ,Fig.2). De ce fait, ils sont aussi appelés modéles architecturaux.
Les modeéles architecturaux permettent, par exemple, d’étudier le réle que joue 1’architecture
des plantes sur le développement des épidémies et sur le devenir des produits phytosanitaires,
ce qui est d’importance majeure en agroécologie. Dans ce travail, on s’est intéressé a cette
approche, qui sera présentée d’avantage dans le paragraphe suivant.
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Figure 1: Représentation d’un couvert végétal dans les modeéles: & gauche le modéle « turbide
medium » ou modéle de culture et a droite le modéle « plante virtuelle » (Andrieu, 2005).

P Radd okt o & 3ol s

Figure 2 : L’architecture d’une plantule de blé (a gauche), d’un couvert de blé (au milieu) et d’un
champ de vigne (a droite). Les figures du haut sont des photographies et celles du bas sont des
simulations par un modele type « plante virtuelle » (Abichou et al, 2013 ; Louarn et al, 2008).

Phytomere g+ 7' —»

| «<— Phytomere n Bourgeon

! axillaire 'n"

Figure 3 : Anatomie d’une tige de blé avec a gauche une tige, composée de différents phytomeres et a
droite la description des composants d’un phytomére (Moore and Moser, 1995).




1.3.Les modeles architecturaux: Définition FSPM et SPM

Nous désignons par « modeéles architecturaux », les modeles qui se fondent sur une
représentation explicite et réaliste de ’architecture des plantes. Il y a deux grandes catégories
de modeles architecturaux qui sont: (1) les modeles FSPM (functional-structural plant
model), et (2) les modeles SPM (structural plant model) sur lesquelles nous reviendrons par
la suite. Ces modéles ont en commun une représentation architecturée de la plante qu’il nous
semble utile de définir en se basant sur les aspects suivants:

L’identité des phytoméres qui composent la plante et leurs dimensions : la plante est
considérée comme un systéme d’axes, Composés d’unités similaires, les phytomeéres,
chaque unité ayant pour principaux composants: un limbe foliaire, une gaine ou un
pétiole, un entrenceud et un ou plusieurs bourgeons. Un bourgeon est susceptible de
s’activer pour produire une ramification composée de nouveaux phytomeres (Fig.3).
L’agencement de ces phytoméres et leur géométrie . chaque phytomere de la plante
doit étre défini par sa position, son orientation, sa courbure et forme. Certaines
relations doivent étre prises en compte dans la description de la géométrie des
phytomeres successifs (e.g. feuilles alternées chez les céréales).

Une description statique ou dynamique de la structure: I’architecture peut étre
décrite d’une fagon statique, a un instant précis. Plusieurs études caractérisent
I’architecture des plantes a floraison sur des couverts purs, en mélange ou en
association afin d’étudier les variables d’architecture impactant la répartition de
lumiére ou la dispersion des spores par éclaboussure des pluies au sein du couvert.
L’architecture peut étre aussi décrite d’une fagon dynamique, pour tout le cycle de
culture, ce qui offre la possibilité a d’autres applications que nous détaillerons par la
suite (paragraphe 1.3). Dans ce dernier cas, d’autres notions doivent étre prises en
compte dans la simulation, comme par exemple, les coordinations temporelles entre
les organes, la vitesse d’initiation et d’extension de chaque organe, leur durée de vie,
les changements de forme géométrique et d’orientation. Des formalismes
mathématiques spécifiques ont été développés pour représenter la structure des plantes
et I’évolution des composants de 1’architecture. Les principaux formalismes sont : les
LSystems avec par exemple les logiciels L-studio et L-Py (Prusinkiewicz et Hanan,
1990) et leurs extensions, comme par exemple GrolMP (Hemmerling et al., 2008) et
puis les graphes multi-échelles MTG (Godin et Caraglio, 1998).

Comme annoncé au début, deux approches de modéles architecturaux peuvent étre
distinguées qui correspondent a des finalités différentes:

L’approche « structure-fonction »: les modéles FSPM visent & représenter les
interactions entre la structure et les fonctions au sein de la plante (Godin et Sinoguet,
2005, Vos et al., 2010). Ces modéles fournissent un cadre conceptuel pour représenter
et intégrer les processus pour lesquels I’organisation botanique de la plante, sa
géométrie et les propriétés individuelles des organes jouent un rdle important. Ces
modeles nécessitent souvent un couplage entre des modeéles décrivant la structure et des
modeles simulant les échanges physiques au sein du couvert. Ce couplage permet de
calculer les conditions physiques (rayonnement, tempeérature, humidité) percues par
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chacun organe et les mettre en relation avec les processus qui en dépendent
(photosynthese, transpiration, morphogénese, etc.) et qui en retour affectent la structure
des plantes (Fournier et Andrieu, 1998, Verdenal et al., 2008). Les limites des
connaissances font que les modeéles FSPM sont encore largement exploratoires, ils ne
permettent pas de prédire de fagon précise la croissance des peuplements dans une large
gamme de conditions de milieu.

e Une deuxiéme approche que nous désignerons par SPMse focalise sur la
« structure » et vise a décrire d’une fagon réaliste les caractéristiques morphologiques
des plantes, et éventuellement leur évolution au cours du cycle. Les modeles SPM
s’appuient sur des caractérisations expérimentales des peuplements et sur I’emploi de
descripteurs qui sont définies par des fonctions paramétriques, empiriques ou
statistiques visant a reproduire au mieux les observations. Ces modéles peuvent étre
couplés a des modeles simulant les conditions physiques comme le rayonnement, la
pluie et les particules. Ces modéles fournissent un outil de reconstruction permettant de
retracer la croissance d’un peuplement lors d’une expérimentation et d’accéder a des
variables difficiles a mesurer directement, comme par exemple le rayonnement sur
chaque étage foliaire et son évolution au cours de la croissance. Ces modéles permettent
ainsi de comprendre le role que joue D’architecture dans les interactions plante-
environnement.

C’est a cette deuxiéme approche que nous nous sommes intéressés. Nous présentons dans ce
qui suit quelques exemples d’applications qui ont motivé mon travail.

1.4.Les modeles SPM: quelles applications?

Les modéles SPM représentent un outil intéressant lorsque la caractérisation des propriétés
géométriques a 1’échelle fine de 1’organe est une clé pour la compréhension des processus
d’intérét. Les exemples d’utilisation de ces modeles SPM sont multiples, nous présentons ci-
dessous quelques applications en lien avec les thématiques de ’'UMR ECOSYS.

- La simulation des processus d’interactions avec le couvert. Le couplage du modéle
SPM avec un « modéle biophysique » ou un « modéle de pathogéne » permet de mieux
comprendre I’impact de 1’architecture sur I’interception de rayonnement, des pesticides
ou sur I’épidémie (Calonnec et al., 2013 ; Vidal et al., 2014 ; Saint-Jean et al., 2004). Le
principe est de faire varier les valeurs de paramétres de I’architecture et d’analyser
comment cela impacte les sorties du modele couplé. Par exemple, le couplage avec un
modéle de « rayonnement» ou de « pesticide » permet d’analyser 1’effet de variation des
traits d’architecture soit (i) d’une fagon globale sur la quantité de rayonnement ou de
particules interceptées ; (ii) ou bien d’une fagon plus fine, en étudiant ’impact sur la
distribution entre les différents rangs foliaires. De méme pour le modele « maladie », le
couplage avec un modéle d’épidémie permet d’étudier I’impact global de traits
architecturaux en termes d’épidémie ou d’analyser plus finement I’exposition de chaque
organe. Il permet aussi ‘de décortiquer’ une expérience spécifiqgue et de mieux
comprendre comment a évolué la maladie au cours du temps. Ces variations
d’architecture peuvent viser & simuler précisément la structure de différents génotypes

7



connus, ou au contraire explorer des architectures potentielles en vue de proposer des
ideotypes. Les applications attendues sont donc de guider le choix des pratiques et des
variétés, voire la sélection variétale vers des traits optimisant [’interception du
rayonnement, des produits phytosanitaires ou l’échappement a la maladie.
- La simulation des signaux percus par les capteurs en phénotypage. Le couplage de
modeles SPM avec des modeles qui simulent les signaux percus par des capteurs (Laser,
LiDAR, Caméra, etc.) permet d’étudier comment les traits architecturaux impactent ces
signaux. De telles simulations facilitent la mise au point et 1’évaluation des méthodes
« d’inversion » qui estiment des caractéristiques du peuplement végetal a partir des
signaux percus par le capteur (Lewis et al., 2004, 2005 ; Baret et al., 2010). Les
applications attendues sont ici de mettre au point de nouveaux outils de phénotypage
permettant de comparer des variétés, d’évaluer [’effet de traitements, ou de prendre des
décisions (irrigation, apport de fertilisants ou de pesticides) dans la conduite des
cultures.
- Comprendre les relations entre architectures des plantes et partage de la lumiére
dans un couvert hétérogéne. Les modeles SPM permettent de représenter des couverts
hétérogenes et en particulier des peuplements plurispécifiques. Dans ce cas, le couplage
des modéles SPM avec un modele de rayonnement permet d’étudier par simulation la
répartition de la ressource lumineuse entre les espéces composant le peuplement. Il est
ainsi possible de comprendre comment les traits architecturaux de chaque composante
affectent la répartition des ressources dont dépend finalement 1’équilibre entre les deux
composantes. Par exemple, Barillot (2014) a étudié les traits architecturaux de
I’association blé-pois, qui impactent la répartition du rayonnement au sein de chaque
espece, ce qui a permis d’identifier les traits importants qui assurent une meilleure
cohabitation. Les applications attendues des modeles SPM sont donc de guider
I"agriculteur vers le choix de meilleurs especes ou le meilleur arrangement spatial qui
optimisent l’interception de rayonnement des différentes composantes.
- Evaluer des hypotheses mécanistes. Le modéle SPM peut étre utilise pour
reconstruire une expérimentation bien spécifique et accéder a des variables d’intérét peu
on non accessibles a la mesure directe. Par exemple, le couplage du modéle SPM avec
un modeéle de rayonnement peut permettre d’analyser les relations entre les propriétés des
feuilles et le microclimat qu’elles ont connu au cours de leurs croissances. Ainsi
(Bertheloot et al., 2010, Fig.4) a analysé les relations entre la quantité de lumiere
interceptée par une feuille et sa teneur en azote ; (Evers et al., 2007, Fig.5) a analysé des
relations entre la qualité de lumiere incidente sur différents organes d’une plante et I’arrét
du tallage. Les applications attendues sont donc d’avancer nos connaissances sur le
fonctionnement des plantes et les lois de réponses. Ainsi, le développement de modéles
SPM contribue a faire progresser les modéles mécanistes et notamment les modeles
FSPM.

Les applications des modéles SPM pour les questions maladies, pesticides et phénotypage

intéressent particulierement ARVALIS-Institut du vegétal qui a financé mes recherches.
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Figure 4: Visualisation de la densité de
rayonnement photosynthétique (J m-2 s-1) au
sein d’un peuplement de blé a floraison
(Bertheloot et al.,, 2010). Le peuplement est

Figure 5: Distribution spatiale du ratio R:FR au
sein d'un couvert de blé. Les plantes sont
simulées avec le modele ADELwheat ; le
rayonnement est calculé par la méthode de

reconstruit avec le modéle ADELwheat et le
rayonnement est calculé avec le modele Caribu.

radiosité mixte (Chelle et al., 2007; Evers et al.,
2007).

1.5.ADELwheat : exemple de modéle SPM pour blé

Le modele ADELwheat (Fournier et al., 2003) est un modéle SPM qui permet de générer des
représentations 4D de I’architecture aérienne d'un peuplement de blé en se basant sur des
mesures réalisées au champ. Il est disponible sur la plateforme Openalea (http :
openalea.gforge.inria.fr) ou il a été couplé a d’autres modeéles comme par exemple, le modele
de maladie « septo3D » (Robert et al., 2008) ou le modele de radiosité « Caribu » (Chelle et
al., 2007).

ADELwheat est fondé sur un ensemble de paramétrisations décrivant la dynamique
d’apparition et d’extension des organes, leurs dimensions et leurs géométries. La version
initiale (Fournier et al., 2003) est fondée sur 1’analyse approfondie d’une expérimentation
unique, dans laquelle le cultivar Soissons avait été cultivé a deux densités de semis. Depuis
2003, I’équipe plante de 'UMR Ecosys a acquis d’autres données sur 1’architecture des
peuplements de blé, incluant plusieurs génotypes conduits a des conditions de croissance
variées ; des améliorations dans le modeéle ont été rajoutées mais sans étre véritablement
formalisées, évaluées ou documentées.

Finalement, le modé¢le disponible lorsque j’ai initi€ mon travail souffrait d’un certain nombre
de points faibles :

o les paramétrisations étaient définies sur la base d’un ensemble expérimental réduit.
Plusieurs versions coexistaient en fonction des données expérimentales disponibles.

e Il n’y avait pas de formalisation des mesures qui devaient étre disponibles pour
fournir les entrées nécessaires aux simulations.

¢ |l manquait une évaluation de la qualité des paramétrisations par rapport aux données
experimentales indépendantes ; il manquait également une évaluation de la qualité de
simulation de variables représentatives du peuplement, comme I’indice foliaire ou la
couverture du sol.

e la paramétrisation de la géométrie était fondée sur un ensemble restreint de mesures.
et ne prenait pas en compte 1’évolution du port foliaire apreés la ligulation de la
feuille, ni I’évolution d’inclinaison des tiges au cours du temps.

e Le modele n’incluait pas de description de la sénescence des feuilles. D’autre part
seules les talles se développant jusqu’a former un épi étaient représentées.



2. Obijectifs et démarche de la these

L’objectif de mon travail de recherche a été de développer un modele opérationnel qui
permette de reproduire par simulation 1’architecture 4D d’un peuplement de blé. Les
principales caractéristiques recherchées dans le modele sont :

(1) 11 doit étre capable de simuler d’une fagon réaliste les caractéristiques du peuplement
spécifique.

(2) 1l doit pouvoir représenter la plasticité de 1’architecture en couvrant une large gamme
de conditions de culture et de génotypes.

(3) Il doit générer des reconstructions dynamiques, couvrant ’ensemble du cycle de
culture, ce qui implique de décrire la dynamique de tallage et 1’évolution au cours du
temps des propriétés des organes (port foliaire, senescence)

(4) 1l doit avoir un nombre réduit de paramétres qui soient faciles a interpréter et a
acquérir sur le terrain.

(5) Il doit présenter une interface utilisateur, documentée, simple a gérer et facile a
coupler a d’autres modéles (maladie, rayonnement et pluie).

Dans ce travail, nous nous sommes appuyés sur les acquis a 'INRA et a I’INRIA,
respectivement le modéle dynamique ADELwheat et la plateforme de simulation OpenAlea.
En collaboration avec Christian Fournier, nous avons choisi de définir un outil a interfacer
avec ADELwheat et permettant de « piloter » la représentation des plantes par ADELwheat.
Cet outil permet de produire «in silico » une collection de plantes tres proches par leurs
caractéristiques morphologiques et dynamiques de plantes réelles. La simulation de ces
caractéristiques est fondée sur une approche paramétrique qui s’appuie sur des observations
afin de reproduire les caractéristiques spécifiques des peuplements particuliers que ’on se
propose de reproduire in silico. Un effort important a été consacré a la définition de
I’ensemble des fonctions paramétriques permettant de décrire la morphologie des plantes de
blé, et son évolution au cours du temps, en s’adaptant a la plasticité de ces caractéres en
fonction des conditions de croissance. Les principales étapes de travail ont été les suivantes :

Volet expérimentation :

e J’ai analysé une grande base de données avec une gamme large de conditions de croissance
et de cultivars. Ces données proviennent d’expérimentions que j’ai personnellement menées
au cours de ma thése (15 traitements), mais également de la compilation de données
préexistantes dans 1’équipe (36 traitements). Les données décrivent la structure botanique des
plantes individuelles avec une description de propriétés de chaque phytomére (nombre,
dimensions, état) sur un nombre important de plantes (entre 15 a 60 par traitement). Ces
données sont acquises a plusieurs dates, de facon a décrire la dynamique du développement
des plantes au cours du temps.

e J’ai mené une expérimentation spécifique dédiée a 1’étude du comportement des plantes 1ié
aux changements de I’espacement entre les rangs. Les données acquises caractérisent les
dynamiques de développement, les dimensions et la géométrie des plantes.

e J’ai aussi reéalisé des expérimentations dédiées au suivi de la dynamique de la géométrie
des organes au cours du temps. Les données acquises caractérisent chaque rang foliaire et
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chaque tige sur un nombre important de plantes afin d’assurer une bonne représentativité des
mesures et d’analyser les gradients en fonction de la position des feuilles sur les axes.

Plusieurs méthodes d’acquisition et d’analyse de données ont été mobilisées: digitalisation 3D
(Polhemus digitizer); digitalisation 2D (Popcorn); photographie verticale et inclinée (Satva);
photogrammeétrie Agisoft PhotoScan (expérimentation de la méthode); suivis non destructifs
sur plantes; prélevements et depouillement des plantes (mesure directe; scan d’organes; etc.).

Volet modélisation :

e Sur la base des données analysées, j’ai défini un ensemble de fonctions permettant de
décrire la dynamique compléte de la structure botanique des plantes. Ces fonctions concernent
les aspects suivants: (1) la dynamique d’apparition des feuilles; (2) la dynamique
d’apparition et de mortalité des talles; (3) la dynamique du nombre de feuilles vertes et
sénescentes le long d’un axe ; (4) le calcul du nombre final de phytoméres sur les talles ; (5)
les dimensions des organes matures (limbes, gaines, entrenceuds, épis) ; (6) la géométrie des
plantes au cours du temps. Sur ce dernier point, je n’ai pas pu aller jusqu’a définir une
paramétrisation des aspects géométriques. Ceux-ci seront représentés avec le module
géométrique d’ADELwheat.

e Jai intégré ’ensemble de ces fonctions dans une routine, appelée « Plantgen ». Cette
routine est couplée au modéle ADELwheat qui intégre des lois de coordinations temporelles
permettant une simulation correcte de 1’extension des organes au cours du temps, et effectue
la représentation géométrique des plantes en 3D. J’ai développé également des routines de
« post-processing » des reconstructions 3D pour calculer des variables caractéristiques a
I’échelle du peuplement ; celles-ci ont été utilisées notamment pour évaluer la qualité des
peuplements simulés.

e J’ai défini un protocole de mesures assurant 1’obtention de I’ensemble des variables
nécessaires pour estimer les paramétres de « Plantgen-ADELwheat » avec principalement des
mesures a réaliser sur le brin maitre.

3. Structuration du mémoire

Ce mémoire s’articule autour de quatre chapitres qui sont rédigés sous forme d’articles
scientifiques en anglais, le premier est soumis, les autres sont en cours de finalisation pour la
soumission.

e Les deux premiers chapitres définissent des fonctions paramétriques décrivant la
morphologie et le développement des plantes pour tout le cycle de culture. Le premier
chapitre est consacré a la dynamique d’apparition des feuilles et a la dynamique de
tallage. Le second chapitre porte sur la sénescence foliaire et les dimensions finales des
organes. Nos travaux ont permis d’identifier des patterns conservés au travers de la
variabilite induite par les conditions de croissance. Les fonctions paramétriques
présentées dans ces chapitres représentent une formalisation de ces patterns. Ces
fonctions ont été établies en minimisant le nombre de paramétres nécessaires pour la
calibration. Ces paramétres sont faciles a mesurer. Ces fonctions ont été implémentées
dans une routine permettant de piloter ADELwheat afin de générer des reconstructions
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4D des peuplements de blé avec un effort expérimental réduit. La description de la
routine, le protocole de mesures et les résultats de 1’évaluation globale des
reconstructions sont présentés en annexes Al et A2.

Le troisiéme chapitre présente une analyse expérimentale du comportement des
plantes aux changements de leurs dispositions spatiales. Nous présentons les réponses
des plantes en termes de développement, morphologie et géométrie, suite & une
augmentation de 1’espace d’inter-rangs a densité égale pour une sélection de cultivars.
Le quatriéme chapitre est consacré a une caractérisation expérimentale de I’évolution
de la géométrie des plantes au cours du temps. Ma recherche s’est plus particuliérement
focalisée sur la caractérisation de la dynamique d’inclinaison des feuilles et des tiges qui
est tres peu documentée.

La discussion générale synthétise et discute les principaux résultats de cette thése, des
perspectives, notamment en termes d’améliorations ou d’applications futures sont
proposées. Je présente aussi, deux exemples d’applications qui ont été menées en
parallele a ma thése dans lesquelles ma méthode de reconstruction a été mise en ceuvre.
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Chapterl: Parametrizing wheat leaf and tiller dynamics for structural plant models

RESUME

Contexte et Objectifs. Les modeles structuraux 3D des plantes visent a simuler « in silico » le
de développement des plantes, isolées ou en peuplement, en se fondant sur la caractérisation
expérimentale des traits d’architecture. Ces modéles peuvent étre couplés avec des modeles
physiques pour étudier comment la structure des plantes module leurs interactions avec
I'environnement. Les mécanismes qui régulent I'organogenese ne sont pas pleinement
compris, ainsi ils sont souvent décrits par des fonctions paramétriques calées avec des
mesures. Une difficulté principale de telles paramétrisations est d’assurer une flexibilité
suffisante pour s’adapter a la plasticité liée aux conditions de croissances. Dans ce travail,
nous avons défini des fonctions paramétriques qui permettent de décrire la dynamique de
I'apparition des feuilles et la dynamique de tallage chez le blé dans une large gamme
d’environnement de croissance.

Méthodes. Une large base de données décrivant 1’évolution de 1’architecture de plantes de blé
(Triticum aestivum) a été recueillie. Les données représentent 51 traitements expérimentaux,
avec une gamme de cultivars, plusieurs années climatiques, des conditions contrastées en
termes de date et densité de semis et fertilisation azotée. Sur la base de I’analyse de ces
données, des fonctions paramétriques ont été définies pour : décrire le rythme d'émergence
des feuilles et représenter la dynamique de I'émergence et de la mortalité de talles.

Principaux résultats. Nous avons pu clarifier les informations contradictoires rapportées dans
la bibliographie sur le caractere linéaire ou par phase de la progression du Haun stage en
fonction du temps thermique. Les deux comportements ont été observés, sur un méme
génotype et nos résultats suggerent que le type de cinétique suivi dépend du nombre total de
feuilles formées. Les talles suivent le méme type de comportement que le brin maitre, mais
peuvent presenter des différences de phyllochrone conduisant a des retards dans la ligulation
de la feuille drapeau. Nous avons également montré des relations stables entre le nombre de
feuilles formées sur le brin maitres et les talles.

Nous avons par ailleurs précisé les dynamiques d’émergence et la régression des talles. Ainsi
I’émergence est coordonnée avec celle des feuilles du brin maitre, comme cela est
usuellement rapport¢é mais nous montrons un décalage dans le temps qui s’accroit
régulierement pour les talles successives et est remarquablement stable vis-a-vis des
conditions de croissance. Nous montrons aussi que le début de régression des talles est
intervenu a un stade lié au nombre total de feuilles formées et peu ou pas affecté par les
conditions de croissance.

Finalement, nous avons pu formaliser les patterns observés par des fonctions paramétriques
qui permettent de représenter la dynamique de l'architecture dans les modeles architecturaux
de plante.

Conclusions. Cette étude fournit une vue synthétique des patterns d’évolution de
I’architecture de plantes de blés. La large gamme de conditions expérimentées a permis de
clarifier la robustesse des observations déja publiés et d'identifier certaines relations, telles
que les conditions pour le début de la mortalité des talles, qui méritent une plus grande
attention. Ce travail permet de définir les observations nécessaires et un ensemble de relations
pour représenter de facon précise dans des modeles le développement des peuplements.

Mots-clés: ble, modéle structure, architecture, feuille, phyllochrone, coordination, tallage.
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ABSTRACT

Background and Aims. Structural 3D plant models aim at mimicking the dynamics of plant
and crop structure based on experimental data. Such models can be interfaced with physical
models to investigate how plants structure modulates their interactions with the environment.
Characterizing plant dynamics at phytomer level represents an important aspect in defining
structural plant models. The mechanisms that regulate organogenesis are not fully understood
so that it is commonly described by descriptive functions adjusted using measurements. One
challenge here is to minimize the amount of measurements required to simulate a plot with
structural plant models, while keeping sufficient plasticity so the model can be fitted to a wide
range of situations. The aim of this work was to define parametric functions that describe the
dynamic of leaf appearance and tillering of wheat plants in a wide range of growth conditions.

Methods. A large dataset describing the dynamics of wheat plants architecture was collected.
The dataset represents 51 experimental treatments with a range of cultivars, climatic year,
sowing date and sowing density, and N fertilisation. On this dataset, the kinetics of Haun
stage vs thermal time, and the total number of leaves formed for each category of axe were
analysed.

Key Results. Data analysis allowed to precise some contradictory results of the bibliography
about the linearity of phasic progress of Haun stage with thermal time: both behaviours
existed in our experiments, even on a same genotype. Our results suggest that the behaviour is
related to the total number of leaves formed on the stem. Tillers showed a behaviour similar
to the main stem, but could differ in their phyllochron, and finally in the time of flag leaf
ligulation. Beside, we could define a stable relation between the total number of leaves
formed on the main stem and on tillers.

Our work also clarifies some important aspects of tillering dynamics. Tiller emergence was
related with leaf emergence, as usually reported but we show that the delay increases with
higher tiller position. This increase was remarkably stable, independently of growth
conditions. We also consistently observed that the start of tiller regression occurred for values
of Haun stage, showing no relation with growth conditions or leaf area index, but correlated
to the final leaf number.

Finally, our analyses allowed to define a set of parametric functions that describe the progress
of the Haun stage for each axis, derive the final leaf number of all tillers from that of the main
stem and describe the emergence and mortality of tillers.

Conclusions. The study provides a comprehensive view of patterns existing in the dynamics
of winter wheat plants architectures. The broad range of conditions experimented enabled to
clarify the robustness of patterns previously reported and to identify some relations, such as
the conditions for the start of mortality that deserve further attention. The functions that we
derived make it possible to represent accurately in structural plant models the dynamics of
architecture for contrasted growth conditions with a reasonable experimental effort.

Keywords: wheat, Structural Plant Model, architecture, leaf, tiller, phyllochron, phenotype,
coordination, tillering
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1. INTRODUCTION

Architectural models of crops aim at mimicking the 3D dynamics of a set of plants of which
the architecture is explicitly represented. Such models make it possible to simulate the
interactions between plants and their environmental, such as the interception of light (Chelle
and Andrieu, 1998), water (Saint-Jean et al., 2008) or spores (Robert et al., 2008). It is
therefore possible to investigate how plant architectural traits modulate these interactions. In
architectural models, a shoot is represented as a collection of phytomers, each made of a leaf
blade, a sheath and an internode. The interplay between the dynamics of architecture, the
dynamics of environmental conditions and the occurrence of events such as rain or agronomic
treatments, governs the conditions experimented by each plant component. Simulating a plant
implies representing different axes that develop in parallel and may or not complete their
development. The patterns of development along and between plant axes are thus important
aspects to represent in realistic 3D plant models. Because regulatory mechanisms that define
this dynamics are not fully understood, representing it accurately requires using functions
adjusted with measurements.

Our general goal was to formalize stable patterns that can be used to minimize the amount of
measurements required to simulate the timing of architecture development with structural
plant models, while keeping sufficient plasticity so that the model can be fitted to a wide
range of situations. In this perspective we studied the following aspects: (i) the rate of
appearance of leaves on an axe, (ii) the final number of leaves produced in each axis and (iii)
the tillering dynamics (emergence and mortality). In the following paragraph we present an
overview of the state of knowledge on these aspects, and define the objectives of the work.

1.1. Phyllochron and Haun stage progress

In wheat and numerous cereals, the progress of vegetative development is often measured by
the Haun stage (Haun, 1973), that represents the fractional number of expending leaves at a
given time. The phyllochron is defined as the thermal time required for the Haun stage to
progress of one unit. In several models, the rate of the Haun stage is used to drive organ
extension of the whole plant (blades, sheaths, internodes) and also the timing of appearance of
tillers using co-ordination schemes as presented by Fournier et al. (2005). The phyllochron
has been extensively investigated in wheat. When the phyllochron is expressed in thermal
time, it is often approximated as being constant during plant ontogeny while its value depends
on sowing date (Kirby et al., 1985; Baker et al., 1980). In wheat, phyllochron is only slightly
affected by abiotic stresses, such as low nitrogen or water availability (McMaster, 1997;
Kirby et al., 1985; Cao and Moss, 1991). However, several authors reported ontogenic
changes within the course of plant development. Boone et al. (1990) provided evidence that
such change in the phyllochron may mark the occurrence of an early event related to floral
transition of the shoot apical meristem. There has been some debate about whether the change
is real or is an artefact caused by difference between soil and air temperature (Jamieson et al.,
1995) as the apex first develops in the soil and then emerges with stem extension. The works
cited above aimed at representing the crop level and were mainly based on characterizing the
main stem behaviour, while structural models address the individual plant level and consider
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explicitly all the plant axes. Few parametrisations of the Haun stage patterns have been
developed that consider both main stem and tillers. A simple frame, used in Adel-wheat is
that tillers emerge in coordination with the leaves on the main stem and then their Haun stage
progresses at the same rate as that the main stem (Masle-Meynard, 1982; Klepper et al., 1982,
Fournier et al., 2003; Evers et al., 2005). However, these similarities were based on
observations of a restricted range of conditions and cultivars and noticeable differences
between the phyllochron of main stem and tillers have been reported (Kirby et al., 1985b).

1.2.Final leaf number

The main factors that regulate the floral transition and thus the number of leaves on main stem
are the vernalization requirement and day length sensitivity (Miglietta, 1989, 1991; Hay and
Kirby, 1991; Kirby, 1992). For tillers that complete their development, the final number of
leaves of a tiller at a given rank is strongly related to that of the main stem (Friend 1965),
which arises from the quasi-synchrony of their floral transition (Friend 1965; Hay and Kirby
1991). Several authors reported a difference of three leaves between the main stem and the
tiller axiled by leaf one (T1) and then a decrease of one leaf for tillers of successive ranks
(Masle-Meynard and Sebillotte, 1981b) however various published results show some
departure from this relation (eg Friend, 1965) and we did not find any quantitative assessment
based on a large experimental dataset.

1.3.Tillering

During the vegetative phase, each phytomer initiated by the shoot meristems bears a bud. The
buds may grow and form tillers or remain dormant. Buds, on phytomers of the main stem,
produce first order tillers which produce second order tillers and so on until tillering is
stopped. The phase of tiller emergence is followed, immediately or after some delay, by a
phase of mortality during which a proportion of tillers die while the others complete their
cycle and produce an ear.

A large amount of observations exist that help to build a descriptive model. For winter wheat
crop, the lower tiller that appears is most often the tiller emerging in the axil of leaf one (Ty).
However in favourable conditions the coleoptile tiller (To) may emerge, whereas in
unfavourable conditions the first tiller to emerge may be T, or Ts. Once the first tiller has
emerged, the next tillers generally appear with a high probability until the end of the tillering
phase (Spink et al., 2000; Whaley et al., 2000). The end of tillering generally occurs before
competition between plants significantly reduces light availability and it seems that both
phytochrome signalling and stem extension are able to trigger the end of tillering (Kirby,
1985; Miralles and Richards, 2000; Sparkes et al., 2006; Vos, 2010). Once tillering has
stopped, the number of tillers per plant remains constant until the start of mortality phase. The
interval between cessation of tillering and onset of tiller mortality is generally short and the
onset of tiller mortality may or not be distinguished from the cessation of tillering. The phase
of mortality corresponds to a period of strong competition between plants and among plant
axes, which may span until ear emergence (Alzueta et al., 2012). The mortality of tillers in a
plant shows a well fixed temporal pattern in which the tiller that dies is often the “last
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emerged” or the “less developed” tiller on the plant. The rate of mortality, and thus the
number of tillers that complete their cycle is highly influenced by availability of light, water,
and nutriments (Alzueta et al., 2012; Davidson and Chevalier, 1990; Fraser 1982; Power,
1978; Sparkes et al., 2006). Within a same plot, plant to plant competition and local
heterogeneity in density and resources often results in a large variability of tillering between
individual plants (Masle-Meynard and Sébillote, 1981a).

Despite the importance of the dynamic of tillering in wheat, experimental works with detailed
characterisation are relatively few and cover a limited range of conditions. A robust empirical
model able to describe the tillering dynamics for a wide range of conditions is needed.

1.4. Objectives

In this work, we want to define parametric functions that describe key variables of wheat
architecture dynamics required in 3D plant models: (a) the progress of the Haun stage on all
plant axes, (b) the correlation in final leaf number between MS and fertile tillers, and (c) the
dynamics of tiller emergence and mortality within a population from emergence up to
flowering. We aim to define parametrisations that are valid for a wide range of cultivars and
growth conditions, that could be adjusted using a reduced number of parameters mostly
estimated from main stem measurements, and that are able to simulate the inter-plant
variability corresponding to that of the sample set.

There is little data available in the bibliography where wheat plants growing in field
conditions have been described following an individual plant approach. That is why our work
is based on dedicated experiments that allow investigating the patterns existing at plant level.
A large experimental dataset was collected across years and analysed. This dataset guided us
to define and to evaluate the parametric functions. Our general approach consisted to
parametrize the main stem and to identify similarities between axes so that most parameters
are estimated from main stem measurements.

2. MATERIALS AND METHODS
2.1. Experiments

Most experiments were conducted in field conditions, at the INRA campus of Thiverval-
Grignon (48°51 N, 1°58 E), with a maritime influenced climate and a deep loamy soil that
permits high yields from winter annual crops. Beside, one experiment was conducted in
Wageningen (51°58 N, 5°40 E), in containers placed outdoors (Evers et al., 2006).
Experiments ranged over ten growing seasons, between 1998/1999 (Y98/99) and 2015/2016
(Y15/16), thus including various meteorological sequences. Agronomical treatments varied
from years to years, as summarized in Tablel; altogether, experiments comprised 12
commercial wheat cultivars Triticum aestivum (winter and spring), three plant population
densities, three sowing dates and two nitrogen-fertilization treatments (N., No). Field plots
consisted of nine rows with an inter-row distance of 0.175 m; while the length varied between
experiments, with a minimum of 8 meters. Plant population density is referred to as low
density (Di, ~70p/m?), normal density (D,, ~250p/m2), or high density (D3, ~500p/m?).
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Table 1: Information relative to experimental datasets from E1 to E8 with: (i) growing season; (ii) reference of experiment; (iii) Triticum aestivum cultivars;
(iv) sowing date: S; late September, S, mid to late October, S; mid-November (the date is given in brackets); (v) sowing density: D; low, D,, normal, D3 high
(number of plants per m—2 are given in brackets); (vi) nitrogen treatments (N..: optimal, No: no N given); (vii) inter-row spacing (Is: 17.5cm, Ip: 35 cm); (viii)
growth regulators treatments (doses are given in brackets), (ix) the variables analysed (see text and appendix for the definition of the variables); (x) the axes
measured ;(xi) the reference for published work in literature by the author group for further experimental details.

Year Exp. Cv Sowing date Density Nitrogen Inter-row Gr. Variables analysed Axes measured Reference
(ij mm) (pl.m-?) (Lha)
98/99 El Soissons S, (15 Oct.) Dy(70), N. Is Gro(0) - HS(1), 7o MS Ljutovac (2002)
D,(250) - N MS and primary tillers
03/04 E2 Soissons, Caphorn, Apache, Arminda, S, (16 Oct.) D,(250) N. Is Gr.(1.5) - N, MS and primary tillers Watt et al. (2013)
Isengrain, Thésée, Oratorio, Recital,
Florance
04/05 E3 Soissons , Caphorn S, (26 Oct.) D,(250) N. Is Gr.(2.0) - N, MS and primary tillers Watt et al.(2013)
05/06 E4 Soissons, Caphorn S, (27 Oct.) D, (250)  N., No Is Gr.(2.0) - HS(7), N, MS and primary tillers Bertheloot et al.
- Ny (v); N*** ; N, All axes (2008)
- TsM s Tem -
- P(T) primary tillers
05/06 E5 Minaret S4 (1 Marc.) D,(100), N. Is - HS(7) MS Evers et al. (2006)
D,(262), N, N - Ny(v); NJ***; N, All plant axes
D5(508) N. - Tsm; Tem -
- P(T) primary tillers
07/08 E6a Soissons S1 (25 Sep.), D4(77), N. Is Gr.(2.0) - HS(7), N, MS and primary tillers Baccar et al.
D,(228), (2011)
D4(514)
07/08 E6b Soissons S; (12 Nov.) D4(77), N. Is Gr.(2.0) - HS(7), N, MS and primary tillers Baccar et al.
D,(228), (2011)
D4(514)
08/09 E7a Soissons S1 (30 Sep.), D4(77), N. Is Gr.(2.0) - HS(7), N, MS and primary tillers Baccar et al.
D4(514) (2011)
08/09 E7b Soissons S; (17 Nov.) Dy(77), N Is Gr.(2.0) - HS(1), N, MS and primary tillers Baccar et al.
D2(228), (2011)
Ds(514)
10/11 E8 Maxwell S, (26 Oct.) D,(220) N Is Gro(0) - HS(1), N, MS and primary tillers
- N,(v) ; NJ'**; N, All axes
- Tsm; TEm -
- P(T) primary tillers
12/13 E9 Maxwell, Soissons, Caphorn, Apache, S, (02 Oct.) D, (220) \W Is, Ip Gro(0) - HS(7) MS
Renan - NJ***; N, All plant axes
- P(T) primary tillers
13/14 E10 Caphorn, Apache, Renan S, (30 Oct.) Dy(70), \W Is Gro(0) - HS(7) MS
Caphorn D, (200) - N N, All plant axes
- P(T) primary tillers
15/16 El1 Soissons S, (19 Oct.) Dy(72), N., No Is Gro(0) - HS(r) MS
D,(170), N, No - NJ***; N, All plant axes
D3(400) N. - Tsm -
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Sowing dates are referred as early sowing (S;, late September) normal sowing (S,, mid to late
October), late sowing (Ss mid-November) for winter wheat; and (S4, early March) for spring
wheat. N-fertilization followed the standard scheme (N.) with one dose at tillering stage (late
February-early march) and one dose brought shortly before stem elongation (Zadok 3.0, often
early April ), except in the (No) treatment in Y05/06, where no N was supplied. Air
temperature at 2 m was recorded from a nearby meteorological station and soil temperature at
3 cm depth was monitored in the experimental plots, using sets of thermocouples that were
lined up within rows. Data was recorded every 30 seconds to compute an average hourly
value. The apex temperature was estimated based on soil temperature before stem extension
and then based on air temperature. In each treatment, between 15 and 60 plants were tagged to
perform the architectural measurements described below.

The Haun stage progress of main stems was monitored in 32 treatments (E1, E4-E11) that
include five winter cultivars and the full range of growing conditions described above. The
average number of fertile axes per plant ranged between 1.5 and 7. The Haun stage progress
was monitored for both main stems and first order tillers in 16 treatments (E4, E6-E8). In each
case, the number of visible and ligulated leaves and their lengths were noted weekly.

The relation between the final leaf number on main stem and on tillers was analysed in 29
treatments (E1- E4 and E6-E8) that include ten winter cultivars and the full range of growing
conditions described above. The total number of leaf produced was recorded for each
category of flowering axes.

The probability of emergence of all primary tillers, the number of axes at the plateau of
tillering (NJ*@*) and the number of ears (N.) were assessed for 23 treatments (E4, E5 and E8-
E10). A tiller was considered as emerged if its first leaf exceeded the collar of the axillant
leaf.

The dynamics of the number of active axes were followed weekly from the plant emergence
up to flowering on nine treatments (E4, E5 and E8). These treatments include four cultivars
(winter and spring), three densities (D, D2, D3) and two nitrogen treatments (N., No). A tiller
was considered to be non-active, when the youngest leaf had not gained length since the last
measurement; the date of death was estimated as halfway between the last time the tiller was
recorded as active and the first moment it was recorded as dead.

The starting time of tiller mortality phase was measured on 12 treatments (E4, E5, E8 and
E11). This includes six cultivars (winter and spring) and the range of growing conditions
described above, excepted that there was no treatment with early sowing date.

In experiments E4, E5 and E8 (14 treatments), the thermal time at the start of tiller mortality
phase (ts,) was measured on 14 treatments from experiments E4, E5 and E8 on tagged
plants. It was considered as halfway between the last time for which the median number of
active axes was maximum and the first time for which a significant decrease was noted.
Alternatively, in experiment E11, frequent destructive samplings were used to estimate the
time of start mortality (zg),) ,taken as half-way between the last time for which less than 50%
of plants had one non-active tiller and the first time for which more than 50% of plants had
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one non-active tiller.

The thermal time at the end of tiller mortality phase (tzy) was estimated in experiments E4,
E5 and E8 as halfway between first sampling for which the number of active tillers per m?
was equal to the final number of ear per m2 and the previous sampling for which a significant
difference was noted.

The plant area index (PAIg, expressed in m2 leaf per m2 soil) was monitored in some
experiments to investigate relations with cessation of tillering. Ground cover photographs
with an angle of viewing of 57.5° (Baret et al., 2010) were used to estimate the PAIg in
experiment E8 and E11. Alternatively, in experiment E4, the PAIg was calculated from scan
of plant organs, by cumulating individual organ areas of all axes and taking into account the
green fraction of each organ (only organ area of the main stem and primary tillers were
measured; the organ size of secondary tillers were supposed equal to that of the primary tiller
of the same cohort).

2.2.Data analysis

Thermal time (z) was computed on an hourly basis, assuming a linear response to temperature
with a base temperature of 0°C as widely accepted for wheat (Gallagher et al., 1979;
McMaster and Smika, 1988; Baker et al., 1986; Baker et al., 1980).

Haun stage was calculated following equation 1, which slightly differs from the original
formulation in (Haun, 1973).

HS(x) =n++ (1)
Where n is the number of ligulated leaves at a given time (z), [ and L are respectively the
exposed and the final length of the blades of leaf n+1.

Representative values for Haun stage, final leaf number and number of active axes were
calculated at each sampling date as the mean of measurements on individual plants. Model
parameters were estimated using either the least squares fitting methods in R (functions Im or
nls) or Excel 2010 (Solver). Plant emergence was defined from the fitted dynamics of main
stem Haun stage vs. thermal time, as the time when fitted Haun stage was null. The Haun
stage of main stem at emergence of each tiller was defined by adjusting a linear model
between the Haun stage of the tiller and that of main stem as illustrated in supplementary
figureS1.

We identify tillers according to Kirby et al. (1985). T; is the primary tiller emerging in the axil
of leaf i. Secondary tillers are numbered with two indices and T;; is the tiller emerging from
the axil of the j™ leaf of T;. It results from the coordination between leaf and tiller emergence
that tillers of various orders can be grouped by cohorts, we refer to cohort N as the set of all
tillers that emerge at the same time as main stem leaf N (see Table2).

To select the most efficient model for the dynamics of Haun stage the Akaike Information
Criteria (AIC) was calculated for both linear and bilinear model for each experiment.
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Table 2: Scheme illustrating potential tillering in wheat under ideal conditions with the nomenclature

of tillers used in ADEL-Wheat (adapted from Kirby et al., 1985).
MS: the main stem

To: the coleoptile tiller

Ti: the tiller growing in the axil of the i"" leaf of the main stem

Tij: the tiller growing in the axil of the j" leaf of tiller T;

Tij«: the tiller growing in the axil of the K" leaf of tiller Tij

N, is the cohort to which a tiller belongs, that is the rank of the main stem leaf which emerges
synchronously with the tiller. For a primary tiller T;, N = i+3, for a secondary tiller T;; Nc= i+j+5,
for a third order tiller Tijy, N = i+j+k+7, etc.
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2.3.Parameterisation of Haun stage progress

Our parametrisation of Haun stage (HS) of the main stem allows for either a linear or a
bilinear model as expressed in Eqn T3.1 and Eqn T3.2 (Table3). The figurel illustrates the
parametrisation of the bilinear behaviour.

We propose also a set of equations to derive the Haun stage of tillers from that of the main
stem. The hypotheses on which the equations are founded were elaborated based either on the
bibliography or on the observations made on our experimental dataset; they address four
questions: when do tillers emerge? how is tiller phyllochron related to that of the main stem?
are there differences between fertile and sterile tillers? and are there differences between
tillers of a same cohort that differ in their final leaf number? The hypotheses are listed below:

(i) Each tiller emerges at a given value of Haun stage of the main stem HSMS(¢1%) that
depends on tiller position but not of growth conditions. This reflects the report by many
authors that the emergence of tillers is synchronized with the emergence of main stem leaves
(Friend, 1965; Masle-Meynard and Sebillotte, 1981b; Klepper, 1982; Masle, 1985; Kirby,
1993). To estimate the main stem Haun stage at emergence of each tiller, a linear model was
fitted between the Haun stage of tillers and that of main stem before the eventual break point.
The time of emergence of a tiller (z}%) is then defined as the intercept of this model and is
expressed in term of Haun stage of the main stem ( HS™5 (z1Y)).

(i)  When the phyllochron of the main stem is constant over ontogeny, the phyllochron of
tillers is taken constant too. In that case the Haun stage dynamics of a tiller is parameterised
using the time of tiller emergence (z7%), the tiller final leaf number, and the thermal time
delay (o) at flag ligulation between main stem and tiller (Eqn T3.3 in Table3).

(iii)  When the phyllochron of the main stem changes during the cycle, this also occurs for
tillers and the break point (z,,,) is the same for all axes. Before the break point, the Haun
stage of tillers progresses at the same rate as that of main stem; after the break point, the Haun
stage progress may differ between tillers and is parameterised depending on the tiller final
leaf number and the delay at flag ligulation between main stem and tiller (Fig.1). This is
expressed in the equations Eqn T3.4a and Eqn T3.4b in Table3.

(iv)  The above description refers to tillers that complete their ontogenic cycle. For sterile
tillers, we consider that their development is unaffected until their last leaf emerges, and the
extension of the last leaf takes place at a lower rate, approximated as a constant fraction (f) of
the rate for previous leaves; this is expressed in equation Eqn T3.6 (Table3). The final number
of emerged leaves on a sterile tiller is estimated from the tillering sub-model (next paragraph).
(V) Within a given treatment, main stems of different plants may differ in their final leaf
number (N;); similarly, tillers of a same cohort may differ in final leaf number (Fig.1). We
assume that there is a constant delay (¢) in the moment of flag leaf ligulation for any
supplementary leaf.
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Table 3: Equations describing the Haun stage model HS of main stem and tillers and the model
of final leaf number of tillers N, (see Appendix for the definition of symbols).

Axis Model Equations Thermal time N°
interval
Main stem  HS linear  HSMS(1) = aMS (z — t{!5) <t Eqn T3.1
model <t/
HS  bilinear  HSMS(1) = al (7 — %) S <t <71, EG
model T3.2a
HSMS (1) = a¥S (v — Tppi) + HSYS, T < T Eqn
LS — NMS — HSMS <t/ T3.2b
2T MS ¢
flg brk
Fertile HS linear  HS™(7) = a"'(r —13"); pi<t<t), EnT33
tillers model ) N )
A= T =T o
Trig — To . '
HS  bilinear HST{(7) = as (r — 1}Y); T ST<S Ty EON
model T3.4a
HST (1) = al' (t — Typi) + HSE s Tprk < T Egn
all = NlT% — HSpry < 1l T3.4b
T]Z‘lfg ~ Tork
N; model N'=a NMS—p NI EqnT3.5
Sterile HS model HSTEst(r) = HSTU(T) 0<t<t, Eagn
tillers HSTi(ty) = NF&st — 1 T3.6a
HSTESt (1) = fxa™ (r — 1) + (NSt — 1) T, <1< Tlel:g Egn
T3.6b
Ni'ﬂsl
NEWSZ e
N[ /o

Haun Stage

! Ti Ti
s ot Tork e g

Thermal time (°CD)

Figure 1: Representation of the parameterization of the Haun stage as a function of thermal time. The
graph illustrates the case of a bilinear behavior. Black lines represent the HS function for two main
stems of the same population having different final leaf number: N5 (solid line) and N5% (dotted
line). Blue line represents the HS function for tiller ‘i’ having a final leaf number N;*. Parameters used
in equations Eqn T3.2 and Eqn T3.4 are shown.

27



Finally, three to five parameters are required to describe the Haun stage progress on the main
stem, which should be estimated from experimental data:

- The final leaf number of the main stem (N*%), or the distribution;
- The thermal time of plant emergence (z{'° );

- The thermal time of flag leaf ligulation (zf77),

- The first rate of the Haun stage dynamics if there are two (a™S, al’®);
- The thermal time of the break point (z,,+)
To simulate tillers, the following information is required:

- The delay in thermal time between MS and each tiller at flag ligulation (o;), which is
expected to be characterized experimentally.

- The Haun stages of the main stem at tillers emergence HS™S ("), which are taken as
constants.

- The ratio (f), between the rate of haun stage progress of the last leaf to emerge and that
of other leaves, is taken as a constant.

- The final leaf number of each tiller (N[*), which is calculated from main stem leaf
number (next section “Parameterisation of final leaf number on tillers”).

Beside, our parameterisation allows representing the variability in Haun stage progress
between plants of a same treatment differing in final leaf number. If a distribution of main
stem final leaf number is characterized experimentally, the Haun stage progress for different
type of plants can be derived from that for the type with the more frequent leaf number.

2.4 Parameterisation of final leaf number on tillers

In our parametrization, we suppose that: (i) tillers of a same cohort produce the same number
of leaves (ii) the final leaf number of each cohort is linearly related to that of the main stem as
expressed in equation Egn T3.5 (Table3). The final leaf number of the main stem is the only
variable that needs to be measured.

2.5.Parameterisation of dynamics of active tiller population: appearance and mortality

Our model use tillering patterns that have been repeatedly reported (Alzueta et al., 2012;
Rawson, 1971). It divides the tillering process into four phases as presented in figure2: (¢1)
the emergence of successive tillers; (¢2) the number of axes is stable (N***); (¢3) the number
of active axes (N,) decreases; (@4) the number of active axes remains constant up to crop
maturity. Beside, we use some hypothesis to derive the behaviour of higher order tillers from
that of primary tillers using the cohort concept (Masle, 1985). Below, we describe the
parametrization of the emergence and regression phases since other phases are plateau.

*Emergence phase (¢1): two keys information are required to describe the emergence process:
the moment of emergence of each tiller and the frequency of emergence of each tiller. As seen
in section 2.3, the timing of tiller emergence (z3%) is coordinated with leaf emergence on main
stem (Egn T3.3). Our parametrisation implies that the frequency of emergence of primary
tillers is given as an input. To calculate the frequency of emergence of higher order tillers, we
consider that a high order tiller can be present only if its parent tiller is present and in that case
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we assume a constant ratio (k) between the probability of emergence of a high order tiller and
that of the primary tiller of the same cohort; for a secondary tiller T;; this is expressed in
equation Eqn T4.1 (Table4).

*Mortality phase (¢3): based on our observations, we defined the following approximations to
describe the mortality phase: (i) the start of tiller mortality occurs for a specific value of Haun
stage of the main stem which depends on the final number of leaves produced by the main
stem (equation Egn T4.2, Table4), (ii) the end of tiller mortality occurs at the ligulation of the
flag leaf of the main stem (equation Eqn T4.3, Table4), (iii) During the mortality phase, the
number of active axes follows a stable pattern that is scaled according to the duration of the
mortality phase and the number of axes that regress (equation Eqn T4.4, Table4).

Finally, to simulate the progress of the number of active axes (N,) at the crop level, the
tillering sub-model requires the following parameters:

- The number of plants per square meter (Np)

- The final number of ears per square meter (Ne)

- The probabilities of appearance of all primary tillers P(T},)

- The final leaf number of the main stem (N}5)

-The thermal time at the emergence of the each tiller (z2°)
The first four parameters are input data that are expected to be characterized experimentally.
The thermal times at tillers emergences (z}°) are calculated from the Haun Stage sub-model
described in the previous section.

To simulate a set of individual plants following the dynamic of active axes described above,
we follow a relatively straightforward scheme that we describe only briefly: For each plant,
the emergence of a primary tiller is randomly drawn from the probability of emergence of
primary tillers. The same process is used to decide for emergence of secondary tillers when a
primary tiller exists. For tiller mortality, the dynamic of the number of active tillers
determines how many tillers should die at each time step and the tillers that die are taken
randomly among the youngest axes in the population of active axes.

3. RESULTS

In the following paragraph we present the results of the dataset analysis and the evaluation of
the hypothesis of each sub-model.

3.1.Linear or bilinear Haun stage behaviour for fertile axes

When considering all treatments together, the phyllochron, averaged from emergence to flag
leaf ligulation of the main stem, varied from 87 to 126 °Cd and was highly correlated with
sowing date (P < 0.001). The Haun stage data were fitted separately for each treatment with
the linear and the bilinear models and the Akaike Information Criteria (AIC) was used to
choose the best model in each case. First, the fit was made for the main stems considering
only plants of the most frequent N; group; then the model with fitted parameters was used to
estimate the dynamic of Haun stage for main stems having different N;.
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Table 4: Equations describing the dynamics of tillering (see Appendix for the definition of

symbols).

Variable Equations N°
frequency of emergence of a  P(T;;) = k P(Tiyj12) Eqn T4.1
secondary tiller

Timing of start mortality HSMS(1gy) = p NM5 + 1 Eqn T4.2
phase

Timing of end mortality Tgy = T%g Egn T4.3
phase

Eqn T4.4

Pattern of mortality phase —0 7,(7)

N, (1) = exp (m) (Ne — Ng**) + N, ;

T— Tgy
T, (1) =———
n(0) TEm ~— Tsm

o1 02 03 o4

max
Nﬂ

Number of active axes per m?

T I 1 T
0 TO 1’0 sM EM

Thermal time (°Cd)

Figure 2: Representation of the parametrization of the number of active axes per m? vs. thermal time.
Four phases of tillering are shown: (1) tillers emerge in coordination with MS leaf emergence, (¢2)
the number of active axe is constant, (¢3) part of the tillers die and (¢4) the number of ears is reached.
Np, N,"™ and N, are respectively the plant number, the maximum number of active axes and the

number of ears per m2; TS, ti1, tl3are the thermal time of emergence of respectively the main stem,

tiller 1 and tiller 3; t5y and tgy are the thermal time at the start and the end of mortality phase. The
full line shows a simulation for a set of plants, with a standard deviation of +-30 °Cd in the time of

plant emergence T}'S.
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Table 5: The root mean square error of the Haun stage sub-model, calculated separately for the main
stems and tillers. Values are measured on 16 treatments from experiments E3 to E6 covering three
cultivars sowing under different densities and sowing dates (the total number of HS measurements
used for the evaluation is given in brackets).

Haun Stage Number of Main stem Tillers Global
model treatments  Frequent N; Non frequent N,
linear 8 0.22 (147) 0.17 (116) 0.25 (375) 0.19 (452)
bilinear 8 0.14 (118) 0.26 (19) 0.23 (273) 0.21 (395)

Table 6: Haun stage of the main stem at the emergence of tiller HS™S (¢1%). Values were estimated on
16 treatments from experiments E3 to E6, covering three cultivars and a range of sowing densities and
sowing dates (see TableS2 for more information on agronomic treatments).

Tiller rank Mean value of Confidence intervals (95%) Number of treatments
HSMS (z")
T, 2.5 0.11 12
T, 3.2 0.11 16
Ts 4.3 0.12 14
T4 55 0.15 12
Ts 6.9 0.47 2
gE D
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Figure 3: Haun Stage vs. thermal time from plant emergence of individual plant axes: (a) cv Maxwell
sown at density 220 p/m2 in late October (experiment E8) and (b) cv Soissons sown at density 228p/m?
in late September (experiment E6a). Symbols show the mean values observed for main stems having
different final leaf number with black symbols, and for tiller 1 (green), tiller 2 (blue), tiller3 (orange)
and tiller 4 (red). Only tillers that produced an ear are taken into account. Error bars mark the 95%
confidence intervals of mean estimates. Numbers between brackets are the final leaf number of each
axis group. Dotted black lines represent the model fitted on main stems having the most frequent NS
(11 leaves); solid lines represent model simulation for main stems groups with 10 or 12 leaves in
black, and for tiller 1 in green, tiller 2 in blue, tiller3 in orange and tiller 4 in red.
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The RMSE were in the range 0.14 - 0.26 (Tableb) illustrated that the models represented well
the data. Parameters values are given in supplementary TableS1.

The linear model was appropriate for all cultivars (‘Soissons’, ‘Caphorn’, ‘Maxwell’, ‘Renan’
and ‘Apache’) when sown between mid to late October (S,); the final leaf number was 11 or
12 leaves in these treatments. Changes in phyllochron with ontogeny were observed in the
case of either early (late September) or late (mid-November) sowing dates, that is in
experimentations E6 and E7 with the cultivar Soissons. There was one case of early sowing
(Experiment E7, S;) for which visual observation of the data suggests a change in phyllochron
but the pattern could not be accurately described by a simple bilinear model and in that case
the linear model was applied. In early sowings, the final leaf number of the main stems was
between 13 and 14 and the phyllochron for higher leaves was longer than for lower leaves
(Fig.3a). In late sowings, the final leaf number of the main stems was 9 or 10 and the
phyllochron for higher leaves was either higher or lower than that of lower leaves depending
on the year (see TableS1). Altogether, the Haun stage of the main stem at the break point
varied between 2.1 to 4 and was highly correlated with final leaf number (r?2 = 0.6843). Thus
our results confirm that change in phyllochron along ontogeny may occur independently of
artefact in the measurement of temperature, and a same genotype may show either a linear or
a bilinear behaviour depending on the sowing date or the number of leaves produced.

Plants differing in N; within a same treatment were nearly synchronous in the date of flag leaf
ligulation, with a mean increase of only 21°Cd per additional main stem leaf (Fig.4).
Consequently, plants with higher N, had a lower phyllochron. Taking into account this delay
of 21°Cd per additional main stem leaf, the dynamics of Haun stage was simulated with an
RMSE of 0.17 for main stems with non-frequent N;.

3.2.Tillers emerged at stable value of main stem Haun stage but their phyllochron did
not necessarily equal that of the main stem

Tillers of a same rank emerged at a same value of main stem Haun stage HS™S(¢1),
independently of the treatment or cultivar, the deviation from the mean being generally less
than 0.2 leaves (Table6). The delay between the emergences of two successive tillers
increased markedly with tiller rank (Fig.5). On the other hand, the delay at flag leaf ligulation
between the main stem and tillers (g;, Eqn T3.3) was quite variable depending on treatments:
in some treatments there was a synchrony of flag leaf ligulation between MS and all tillers
(Fig.3a) ; in other treatments flag leaf ligulation was synchronous amongst tillers of all
orders, but was significantly delayed compared to the main stem (Fig.3b; o; = 125°Cd);
finally we observed also cases where main stem, tiller 1 and tiller 2 were nearly synchronous
but higher tillers showed a delay that increased with tiller rank. These three behaviours were
observed even for the same cultivar Soissons. This justifies that the delays at flag leaf
ligulation between the MS and each primary tiller are expected to be characterized
experimentally in our parametrisation.
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Figure 4: Duration in thermal time from
emergence to flag ligulation of the main stem
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Figure 5: Haun stage delay between the
emergences of two successive tillers. Symbols
represent the mean value calculated over 16
treatments covering three cultivars of winter
wheat (‘Maxwell’, ‘Caphorn’ and ‘Soissons’),
different densities (77, 220, 250, 514 p/m?) and
sowing dates (experiments E4, E6-E8). Error
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Figure 6: Haun stage vs. thermal time from plant emergence of tiller 1 (a) and tiller 2 (b) measured on
cv. ‘Maxwell’ grown in Grignon in 2010/2011 at density 220 p/m? (experiment E8). Symbols
represent the mean value of HS measured on the fertile tillers (black circles) and on sterile tillers
having different final leaf number (white circles). Error bars mark the 95% confidence intervals of

mean estimates.
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Using as input the delay in flag leaf ligulation between main stem and each cohort, the Haun
stage of tillers was simulated with an RMSE of around 0.24. Note that our parametrisation
assumes that if a change of phyllochron occurs on the main stem, this also occurs for tillers, at
the same time. This seemed to be the case but could not be statistically tested because the first
phase is very short on tillers, so that an accurate estimate of the position break point was not
possible for tillers.

A comparison of the rate of Haun stage progress of sterile tillers with that of tillers that
completed their development was performed in experiment E8, which was the only one with
sufficient data on sterile tillers. As shown in figure6, the development was first identical
independently of tiller fate, and tillers that would regress showed a reduced rate of
development only during extension of the last leaf that emerged. This behaviour was
approximated in the model by considering that for sterile tillers, the rate of progress of Haun
stage after emergence of that last leaf was reduced by 50%.

3.3.Final leaf number of tiller highly correlated to that of the main stem

The final number of leaves produced on the main stem N* generally differed by one leaf
between plants of a same treatment. Between treatments, it varied mainly with the sowing
date: from 13 or 14 leaves in early sowings to 9 or 10 leaves in late sowings. The mean value
of final leaf number on the main stem NMS and on primary tillers N/ in each of the 29
treatments from experiments E1- E4 and E6 to E8, were used to analyse the relation between
the final leaf number of main stem and that of tillers. The figure7 show that N/ was linearly
related to N5, with an offset depending on tiller rank i. When the parameters « and 4 were
fitted on these data, Eqn T3.5 predicted satisfactorily the final leaf number of tillers from that
on main stem (RMSE = 0.42 leaves). Fitted values were o = 0.942, meaning that there was
approximately one additional leaf on tillers per additional leaf on main stem and 3 = -0.623,
meaning that the decrease in final leaf number between successive tillers was significantly
less than 1.

3.4.Secondary and higher order tillers emerged at a lower frequency than primary
tillers of the same cohort

Averaged over all treatments, the lower tiller to appear was Ty in 71% of the plants; T, in
16%, To in 1%, and 12% of plants didn’t produce any tiller. The higher tiller to appear
decreased with higher plant density (P<0.01); it was generally Ts at low density and Tz at high
density. The value of k in equation Eqn T4.1 was adjusted on 23 treatments (experiments E4,
E5, E8-E10), for which the maximum number of tillers per plant varied between 3 and 14.
When k was fitted (k=0.60) the total number of tillers was correctly estimated from the
number of primary tillers (RMSE =0.39 axes). Conversely, assuming a probability of
emergence of higher order tillers equal to that of primary tillers would have overestimated the
number of tillers (Fig.8).
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Figure 7: Final leaf number of tiller vs. final
leaf number of the main stem. Circles show
values from 29 treatments from experiments
E1-E4 and E6-E8. In green the T, in blue the
tiller, in purple the Ts, in red the T,, in orange
Ts and in black Te. Each circle represents the
mean value in one treatment. Lines represent
the model fitted for each tiller rank and the
dotted line represents the line 1:1.
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Figure 8: Simulated vs. measured number of
axes per plant at the plateau of tillering, for 19
treatments of winter wheat covering five
cultivars (‘Apache’, ‘Caphorn’, ‘Maxwell’,
‘Renan’ and ‘Soissons’), two sowing densities
(D4, D,) and four seasons (experiments E4, E5,
E8-E10). Each circle represents the mean value
in one treatment. Error bars show the
confidence intervals. Black circles represent
simulations considering that probability of
emergence of a high order tiller equals to that
of the primary tiller of the same cohort (k= 1;
Eqn T4.1). White circles represent simulations
considering a probability of emergence of high
order tillers lower than that of primary tillers of
the same cohort (k= 0.60; Eqn T4.1). The
direction 1:1 is shown as dotted line. Detailed
information is given in TableS3.
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Figure 9: Haun stage of the main stem at start mortality of tillers (HS™S(z5,)) vs. (a) the final leaf
number (N;) of the main stem and (b) plant area index (PAIlg). Symbols show the mean values
observed on the 14 treatments from experiments E4 (e) ,E5 (o), E8(#) and E11( A) covering: three
densities (D; , D, , D3); three winter cultivars (black symbols); one spring cultivar (white symbols) and
two nitrogen treatments (N.,No). Error bars mark the 95% confidence intervals of mean estimates and

the line show the linear model adjusted.
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3.5.The start and the end of tiller mortality phase are correlated to plant ontogeny

The mortality of tiller started for Haun stage of the main stem, HSMS (z4,,), between 5.5 and
8. The figure9a shows that HSMS(zs,,), was linearly related to the final leaf number of the
main stem (r2=0.61).

So on our dataset covering a large range of plant density and sowing dates, the final leaf
number was a good estimator for the plant stage at the start of tiller mortality. On the other
hand, the PAIg at start of tiller mortality was highly variable (between 1 and 3) and was
poorly correlated with HS™S (74,,) (Fig.9b, r2=0.033).

The time of end mortality of tillers was also highly correlated to the time of flag leaf
ligulation of the main stem (r2=0.78, Fig.10).

3.6.A stable pattern for tiller mortality phase

The dynamic of mortality of tillers was followed on nine treatments from experiments E4, E5,
E8 that include four cultivars (Soissons, Caphorn, Maxwell, Minaret), three densities (D1: ~70
D2:~250 and D3:~510) and two nitrogen treatments (N4, Ng). The maximum number of axes
per plant varied from 4.7 to 13.4 and the number ear varied from 1.4 to 5. The number of ear
depended principally on plant density (P<0.001), cultivar (P<0.01) and N treatment (P<0.01).

The pattern of decrease of the number of active axes per square meter was captured by fitting
equation Eqgn T4.4 using data from eight of the nine available treatments that is excluding the
low density treatment from E5. The parameters o and § were adjusted by minimising the
difference between the normalized number of active axes observed and simulated on this eight
treatments. The result of the fit is presented in figurell and the values obtained for 8 and &
are respectively 3.32 and 1.77 with an RMSE of 0.10.

In the low density treatment, the start of tiller mortality was correctly predicted from the
relation with final leaf number but mortality started with a low rate and the end of tiller
mortality occurred 150°Cd after the ligulation of the flag leaf of the main stem.

The good overall behaviour of the parametrisation of tillering dynamics, at the exception of
low density treatment, is illustrated in figurel?2 that presents the observed and simulated
dynamics of active axes for two treatments from experiment E4 and ES8.

4. DISCUSSION

In this study we used a large dataset to analyse how to parameterise the development of wheat
plants with the objective to formalize stable patterns that can be used to minimize the amount
of measurements required to simulate a plot with structural plant models, while keeping
sufficient plasticity so the model can be fitted to a wide range of situations.
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Figure 10: The thermal time at end mortality of
tillers (tgp) vs. the thermal time at flag leaf
ligulation of the main stem. Symbols show the
mean values observed on the 9 treatments from
experiments E4, E5 and E8 covering three
sowing densities (Di:A, Djy:o,e, Dzo), four
cultivars (‘Soissons’, ‘Caphorn’, ‘Maxwell’ and
‘Minaret’) and two nitrogen treatments (N.,No).
Black Symbols refer to values observed on winter
wheat cultivars and empty circles represent data
of spring wheat cultivar. Error bars mark the 95%
confidence intervals of mean estimates and the
dotted line represents the line 1:1.
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line represents the fitted function (Eqn T4.4).
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Figure 12: Number of active axes per square meter vs. thermal time from crop emergence for two
cultivars of winter wheat. In black cv Soissons grown at density 257p/m? (experiment E4, N.) and in
blue cv ‘Maxwell’ grown at density 220 p/m? (experiments E8, N.). Circles represent the mean values
measured on 15 plants for experiment E3 and 60 plants for experiment E6. Error bars show the
confidence intervals. Lines represent the fitted models. Dotted lines represent respectively the thermal
time at the start and the end of tiller mortality phase (tgp; Tep)-
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1.1.Haun stage progress

Main source of change in phyllochron was sowing date, as reported by various authors. We
observed that phyllochron may remain constant during plant development or may change,
even for a same genotype. Such changes have been reported by various authors (Cao and
Moss, 1991; Calderini et al., 1996; Miralles et al., 2001; Slafer and Rawson, 1997; Miralles
and Richards, 2000; Baker et al., 1986; Boone et al., 1990; Hay and Delecolle, 1989) but
generally they used air temperature to calculate sum of temperature, so that it has been
proposed that such changes may reflect artefact due to the difference between the temperature
measured and that sensed by the plants (Jamieson et al., 1995). In our case we used soil
temperature when apex was below ground level and air temperature after the start of stem
extension so that such artefact did not exist. The Haun stage at the moment of change of
phyllochron was correlated with the final leaf number, suggesting a link with phase change at
the apex. Changes in phyllochron were most clear for early sowing dates, when plants had 12
leaves or more and in that case the phyllochron at later stage was lower than at early stages.
Within a same crop, we observed generally a range of one or rarely two in the total number of
leaves produced by main stem of different plants. We consistently observed that the time of
flag leaf ligulation was delayed by approximately 21 °Cd per additional main stem leaf,
meaning that the phyllochron was significantly reduced in axes with higher leaf number.

We found that significant differences in phyllochron and time of flag leaf ligulation may exist
between main stem and tillers, which confirm the variability of results reported in the
literature. Here also flag leaf ligulation of early tillers (T4, T,) was most frequently only
slightly delayed compared to main stem, whereas later tillers were more delayed, but there
were significant departures to that frame. Interestingly, such variability in behaviour could be
found even for a same genotype, depending on the experiments, so that these differences seem
to depend on growth conditions. Finally this justifies that the moment of lag leaf ligulation of
tillers is taken as an input if a precise description of tiller development is required. For tillers
that die before completing their development, we found negligible difference in their rate of
development excepted for the last leaf to emerge. This is consistent with the few data
published (Davidson and Chevalier, 1990).

1.2.Final leaf number

In our experiments, the final leaf number of main stems varied with sowing date and to a
limited but significant extent, with density. In our work, the final leaf number of the main
stem is a key information that is crucial in the parametrisation of others aspects (e.g. start and
end of tiller mortality phase) so that we have chosen to directly measure it. In our treatments,
difference of one or rarely two leaves could be found between plants of a same plot. A stable
relation was found, independently of the treatment, between the final number of leaves of
main stem and that of successive tillers, as reported for many species. This decrease was in
average 0.6 leaf per higher tiller position, that is less than the previously reported value of one
(Masle-Meynard and Sebillotte, 1981b). A value of one would be expected from a perfect
synchrony in phyllochron and in floral transition between main stem and tillers. A likely
cause for the lower value observed would be a delay in floral transition between successive
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tillers, which is consistent with the observed trend of a delay in flag leaf ligulation and in
flowering for tillers at higher position.

1.3.Tillering

Our analysis of tiller dynamics followed the scheme in four phases proposed by Alzueta et al.
(2012): a phase of tiller emergence, a plateau in the number of active tillers, a phase of
mortality and a plateau after the final number of reproductive tiller is reached. We did not
attempt to predict maximum number of tillers and the number of ears per plant, that are highly
dependent on growth condition, but rather to better characterize each phase and to investigate
whether the dynamics of tiller population could be simulated from a limited number of
measurements, that are the frequency of appearance of primary tillers and the final number of
ears.

The phase of tiller emergence is frequently described as the number of tillers following a
Fibonacci series (Porter, 1985; Boone et al., 1990; Miralles and Richards, 2000), assuming
from a perfect synchronisation of tiller emergence with leaf emergence, and a probability of
appearance independent of tiller position. In our experiments, tiller emergence occurred at
stable values of main stem Haun stage, but the interval between emergences of successive
tillers did not correspond exactly to one phyllochron. Instead, the delay between successive
tillers increased linearly with higher tiller position. This increase was very stable over all
treatments and cultivars and our estimates are close to those reported by Evers et al. (2006)
for spring wheat. A second departure from the classical scheme lied in that the probability of
appearance of secondary tillers that were approximately 70% that of primary tillers. This
value was derived from a limited number of treatments and is not general, but it suggests that
the hypothesis of equal probability may result in significant bias. A count of the total number
of tillers at the end of the emergence phase seems required in low density treatments for
which the contribution of secondary or higher order tillers is significant.

Given the high coordination of tiller emergence with Haun stage development, the start of the
second phase, ie the plateau, is fully defined by the rank of the highest primary tiller that
emerges. It has been proposed that cessation of tillering is a response to light quality (red:far-
red ratio) rather than to low nutriment availability (Evers et al., 2006; Alzueta et al.,2012) and
that it corresponds to some critical value of LAI reached by the crop, but we did not
investigate this hypothesis.

Tiller mortality is often understood as a result of the change in source-sink relations and takes
place mostly during stem elongation (Borras-Gelonch et al., 2012; Sparkes et al., 2006;
Davidson and Chevalier, 1990), however few authors investigated specifically the condition at
the onset of tiller mortality and it is not known whether some event specifically triggers the
onset mortality phase. Hay and Kirby (1991) reported that the start of mortality phase
coincided approximately with terminal spikelet initiation; Alzueta et al. (2012) found no
correlation between the beginning of tiller mortality and the start of stem elongation and
reported that the timing of tiller mortality was independent of nitrogen and sulfur treatments
in experiments with both winter wheat and barley cultivars. In our experiments, tiller
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mortality started either before (winter cultivars, E3 and E6) or after (spring cultivars, E9) the
elongation of the first main stem internode, and showed little relation with sowing density. On
the other hand, the Haun stage at the start of mortality phase showed a linear relation with the
main stem final leaf number with a high r2 (0.7 considering all cultivars and treatments pooled
together). Finally, this means that the start of the mortality phase could be predicted from final
leaf number and the Haun stage model and suggests that ontogeny, rather than sink-source
relation, may trigger the beginning of that phase.

Alzueta et al. (2012) reported that the number of axes decreased linearly and reached the final
ear number at flowering, but the criteria used to identify if a tiller was active or not was not
precisely described. In most of our treatments, with the exception of very low sowing
densities, the dynamic of the number of active tillers could be quite precisely approximated by
considering that the rate of tillering mortality, when normalized by the total number of non-
surviving tillers, followed a stable pattern with a rate decreasing from the start of the mortality
phase to the ligulation of the flag leaf. This pattern was adjusted by an empirical function
(Eqn T4.4). Nevertheless, it will be interesting to check with other data covering different
densities and nutriments availability. In low density treatments, the onset of mortality phase
was related to the Haun stage as in other treatments, but the period of a high rate of mortality
was strongly delayed.

The present study provides a comprehensive view of patterns existing in the architectural
dynamics of winter wheat plants. We formalized these patterns in parametric functions that
make it possible to represent the dynamics of architecture in structural plant models; The
broad range of conditions experimented enabled to clarify the robustness of patterns
previously reported and to identify some relations, such as the conditions for the start of
mortality, that deserve further attention. Simulating experimental treatments with structural
plant models has a large potential to investigate plant-environment interaction, but is
hampered by the amount of phenotyping work required to build these models. This study is a
step toward reducing the amount of measurements while keeping a high degree of accuracy.
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6. APPENDIX

list of notations and Abbreviations

Symbols
MS

0i
N

HS(x)

MS MS
a; , Ay

Ti Ti
a” ,a,

MS Ti
HS brk» HS brk
Thrk

s

MS

Ti
Trig Tfig

MS
Nl

Explanation
Main stem
Tiller rank i

The number of ligulated leaves at a
given time

The exposed and the final length of the
blade

Delay in thermal time at flag ligulation
between MS and a primary tiller T;

Cohort number of a tiller Ti (e.g.
NI9 =3 and N* = 4 ;see Table2)

Haun stage at thermal time (1)
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7. SUPPLEMENTARY DATA

.
T

Haun Stage of tillers
[§=]

Haun Stage of the main stem

Figure S1: Haun stage of tillers vs. Haun stage of the main stem for winter wheat cv. ‘Maxwell’ at
density 220 p/m2 sown in late October (experiment E8, N.). Symbols show the mean values for tiller
1 (green), tiller 2 in (blue), tiller 3 (orange) and tiller 4 (red). Lines show the linear models adjusted.
Error bars mark the 95% confidence intervals of mean estimates.
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Supplementary Table S1: Information relative to the parameters of the Haun stage model fitted for each treatment with: (i) the experiment number, (ii) T.
aestivum cultivars, (iii) sowing date: S; late September, S, mid to late October, S; mid-November (the date is given in brackets); (iv) sowing density: D, low,
D, normal, D5 high, (v) nitrogen treatments (N.: optimal, No: no N given); (vi) inter-row spacing (Is: 17.5 cm, Ip: 35 cm); (vii) the frequent final leaf number
of the main stems N (frequency is given in brackets); (viii) the Haun stage model applied having a lower AIC (L for linear and BL for bilinear); (ix) the

phyllochron of the first phase before the break point if there is one (ﬁ, unit : °Cd); (x) the phyllochron of the second phase after the break point if there is

one (ﬁ, unit : °Cd); (xi) the thermal time at emergence of plant (z}!S , unit: °Cd); (xii) the thermal time at the break point(z, unit: °Cd); (xiii) the thermal
MS

time at flag ligulation of the main stem (zgg" , unit: °Cd); (xiv) the thermal time from emergence to flag ligulation (Tfl‘l"gs — 1), unit : °Cd) ; (xv) the root

mean square error (RMSE) calculated between simulated and the observed values (observed values represent the mean value of the NS group) and (xvi) the
number of Haun stage measurement used for the fit (n.mes), it represent the number of dates of field measurements.

Exp. Cv. Sowing date DfSS' Nitrogen Inter- NMS (freq.) :idel ﬁ ﬁ ™ Ty Ty HSMS Ty — 76" RMSE  n.mes
EL  ‘Soissons’ S, D, N, ls 11 (0.8) L 110 NA 0 NA 1213 1213 NA 12
‘ S, D, N, s 12(0.8) L 97 NA 0 NA 1l64 1164 NA 12
E4  “Caphorn’ S, D, N, s 12(0.87) L 84 NA 0 NA 1005 1005 0.19 17
‘ S, D, No ls  11(0.60) L 88 NA 37 NA 1006 969 0.24 19
‘Soissons’ S, D, N, Is 11 (0.60) L 88 NA 4 NA 967 963 0.16 16
¢ S, D, No Is 11 (0.67) L 87 NA 0 NA 959 959 0.16 18
E6 ‘Soissons’ S; D, N Is 14 (0.86) BL 89 123 20 376 1603 4.0 1583 0.18 19
S; D, N. Is 13 (0.80) BL 93 132 8 367 1568 3.9 1560 0.21 19
S; Ds N. Is 13 (0.64) BL 94 135 5 373 1605 3.9 1600 0.15 18
S3 D, N. Is 10 (0.94) BL 161 95 -17 331 1077 2.2 1094 0.12 10
S3 D, N. Is 10 (0.79) BL 153 97 -9 318 1077 2.1 1086 0.11 10
S3 D3 N. Is 10 (0.95) BL 159 99 -25 323 1096 2.2 1120 0.15 16
E7 ‘Soissons’ S, D, N, Is 14 (0.67) L 115 NA  -18 -18 1589 1607 0.38 17
S, D, N, s 13(0.88) L 121 NA -18 -18 1557 1575 0.30 19
S3 D, N, Is 10 (0.54) BL 77 104 130 394 1076 3.4 946 0.07 16
S, D, N, s 10(0.72) BL 74 104 136 362 1085 3.1 949 0.10 16
S3 Ds N. Is 9 (0.79) L 115 NA 43 43 1074 1032 0.07 18
E8 ‘Maxwell’ S, D, N Is 11 (0.82) L 99 NA 0 0 1086 1086 0.07 23
E9 ‘Apache’ S, D, N. Ib 11(0.50) L 95 NA 136 NA 1180 1044 0.27 5
S, D, N. Is 10 (0.70) L 103 NA 136 NA 1165 1029 0.02 6
‘Caphorn’ S, D, N. Ib 11 (0.80) L 96 NA 126 NA 1178 1051 0.08 5
S, D, N. Is 11 (0.60) L 95 NA 126 NA 1174 1048 0.22 6
‘Maxwell’ S D, N. Ip 11 (0.40) L 98 NA 130 NA 1213 1083 0.10 4
S, D, N. Is 11 (0.70) L 100 NA 132 NA 1233 1100 0.05 6
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‘Renan’ S, D, N. I 11 (0.60) L 95 NA 125 NA 1165 1040 0.21 5

S, D, N. Is 11 (0.90) L 97 NA 128 NA 1193 1065 0.02 6

‘Soissons’ S, D, N. I 12 (0.70) L 88 NA 117 NA 1175 1058 0.18 5

S, D, N. Is 11 (0.70) L 92 NA 122 NA 1138 1016 0.11 5

E10 “‘Apache’ Ss D, N. Is 11 (0.81) L 106 NA 3 NA 1171 1168 0.28 15
‘Caphorn’ S; D, N. Is 12 (0.87) L 97 NA 0 NA 1166 1166 0.20 15

S; D, N, Is 11 (0.69) L 108 NA -6 NA 1177 1183 0.24 15

‘Renan’ S; D, N. Is 12 (0.5) L 96 NA 29 NA 1175 1147 0.17 15

Supplementary Table S2: Haun stage of the main stem at the emergence of a tiller Ti (HSMS(z]*) estimated on 16 treatments from experiments E3 to E6
that covering three cultivars (‘Soissons', ‘Caphorn', ‘Maxwell') sowing in different dates (S; late September, S, mid to late October, S; mid-November), under
different densities (D; low, D, normal, D3 high) and with or without nitrogen fertilization (N.: optimal, No: no N given).

Exp. Cultivar Sowing date Density Nitrogen HSMS (1) for each tiller rank
T, T, Ts Ty Ts
E4 ‘Caphorn' S D, No 2.01 3.24 4.34 5.12
S D, N. 2.36 3.44 4.27 5.38
‘Soissons' S D, No 2.48 3.13 4.46 5.45
S D, N. 2.57 3.22 4.04 5.32
E6 ‘Soissons' S; D, N. 2.62 3.28 441 5.70 6.67
S; D, N. 2.30 2.97 4.17 5.67
S; Ds N. 2.58 3.33 4.37
S3 D, N. 3.69 4.40 5.92
S3 D, N. 3.25 4.38 5.56
S3 Ds N. 2.63 3.69
E7 ‘Soissons' S D, N, 2.47 3.12 4,03 5.64 7.15
S, Ds N. 2.22 3.20
S3 D, N. 3.27 4.35 5.37
S3 D, N. 2.69 3.28 4.08 5.11
S3 Ds N. 2.67 3.36
ES8 ‘Maxwell' S D, N. 2.52 3.42 4.56 5.81
Mean of estimated values of HSMS(z%) 2.46 3.24 4.25 5.50 6.91
Number of treatments 12 16 14 12 2
Standard deviation 0.20 0.23 0.23 0.26 0.34
Confidence interval (95%) 0.11 0.11 0.12 0.15 0.47
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Supplementary Table S3: Number of axes per plant at the plateau of tillering (N/"@*), for 19 treatments of winter wheat with: (i) the experiment number
(E3, E6, E7 and EB8), (ii) T. aestivum cultivars, (iii) sowing date: S, mid to late October; (iv) sowing density: D, low (70 plt.m-2), D, normal (200-250 plt.m-
2) (v) nitrogen treatments (N.: optimal, No: no N given); (vi) inter-row spacing (Is: 17.5cm, Ip: 35 cm); (v) measured mean value of N;*#%; (vi) number of
plant measured; (vii) the confidence intervals (95%); (viii) simulated value of N"@* considering that probability of emergence of a high order tiller equals to
that of the primary tiller of the same cohort (k=1; Eq. 8); (ix) simulated value of Nj*@* considering a probability of emergence of high order tillers lower than
that of primary tillers of the same cohort (k= 0.60; Eq. 8)

Exp. Cultivar Sowing date Density Nitrogen Inter-row Measured N2 Simulated N Simulated N"?*
mean n.plant Cl (k=1) (k=0.60)

E3 Minaret S, D, No Is 8 0.54 7.40 6.38
Minaret Sy D, N, Is 9.3 0.21 11.50 9.07

Minaret S4 Ds N. Is 5.7 0.40 6.50 5.72

Minaret Sy D, N, Is 13.4 0.78 20.20 14.12

E4 Caphorn S, D, Ng Is 6.33 15 0.65 7.00 6.22
Soissons S, D, No Is 5.87 15 0.83 6.40 5.75

Soissons S, D, N, Is 6.53 15 0.57 7.20 6.37

Caphorn S, D, N. Is 6.33 15 0.31 7.80 6.84

E8 Maxwell S, D, N, Is 4.75 60 0.38 4.63 4.33
E9 Renan S, D, N, Io 3.83 30 0.23 451 4.19
Renan S, D, N, Is 4.13 30 0.16 4.89 4,50

Soissons S, D, N, Io 4.64 30 0.18 6.05 5.34

Soissons S, D, N, Is 5.78 30 0.20 6.50 5.77

Caphorn S, D, N, Ip 3.38 30 0.19 3.82 3.61

Caphorn S, D, N, Is 3.96 30 0.20 4.47 417

Apache S, D, N, Ip 3.88 30 0.13 4.26 3.97

Apache S, D, N, Is 4.09 30 0.22 4.46 4.16

Maxwell S, D, N, Ib 3.75 30 0.17 4.28 3.99

Maxwell S, D, N, Is 4.35 30 0.24 4.61 4.28

E10 Caphorn S, D, N. Is 3.13 16 0.50 3.51 3.38
Apache S, D, N, Is 6.38 16 1.25 7.29 6.24

Caphorn S, D, N. Is 7.06 16 1.34 7.50 6.50

‘Renan’ S, D, N. Is 8.80 16 1.54 10.47 8.60
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CHAPTER 2. Parametrizing final organ dimensions and leaf
senescence of winter wheat plants

This chapter is the base of a journal paper by:

Mariem Abichou, Tino Dornbusch, Camille Chambon, Benoit de Solan, Bruno Andrieu
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Chapter2: Parametrizing final organ dimensions and leaf senescence of winter wheat plants

RESUME

Contexte et objectifs. Les modeles structuraux 3D des plantes visent & simuler « in silico » le
développement des plantes, isolées ou en peuplement, en se fondant sur la caractérisation
expérimentale des traits d’architecture. Ces modéles peuvent étre couplés avec des modéles
physiques pour étudier comment la structure des plantes module leurs interactions avec
I'environnement. Dans le chapitre 1 nous avions analysé comment représenter le
développement des axes par des fonctions paramétriques. Ce travail compléte le précédent par
I’analyse des dimensions des organes matures et de la senescence foliaire au sein de
I’architecture.

Méthodes. Une large base de données décrivant les propriétés de chaque phytomere de
plantes de blé a été collectée et analysée. Les données représentent 34 traitements
expérimentaux, avec une gamme de cultivars, plusieurs années climatiques, des conditions
contrastées en termes de date et densité de semis et fertilisation azotée. Sur la base de
I’analyse de ces données, nous avons étudié comment décrire les patterns de dimension ainsi
que I’évolution du nombre de feuilles vertes et sénescentes au cours du temps.

Résultats. La séquence de dimensions des organes successifs sur le brin maitre présente une
forte dépendance aux conditions de croissance, ce qui nous a conduit a représenter
explicitement cette séquence plutdt que d’en rechercher une représentation paramétrique.
Nous avons alors précisé les conditions de validité du concept de « numéro relatif de
phytomere » pour déduire les dimensions des organes sur les talles & partir de celles sur le
brin maitre, en considérant un « shift décimal » dont la valeur dépend de la position botanique
de la talle. Nous montrons que cette approche permet de bien estimer les longueurs des
limbes, gaines et entrenceuds pour les phytomers supérieurs. En outre des valeurs de « shift »
uniques ont pu étre prises en compte : identiques pour ces trois composants du phytomere et
indépendantes des conditions de croissances ou du cultivar. La méthode toutefois ne convient
pas pour les premiers phytoméres des talles, portés par des entrenceuds courts. Elle ne permet
pas non plus d’estimer les largeurs des limbes et les diameétres des gaines et des entrenceuds.
Pour ces dimensions, nous avons établi des formulations qui remplacent ou complétent
I’utilisation de la notion de phytomeére relatif.

Nous avons analysé la cinétique du nombre de feuille verte (G)) le long des différents axes de
la plante. Sur I’ensemble de nos traitements, cette cinétique suit un méme pattern avec des
moments de rupture qui correspondent a des stades du développement de la plante et
n’apparaissent pas dépendre des conditions de croissance. Nous montrons que les talles
suivent une dynamique analogue a celle du brin maitre. Ces observations ont permis de
définir un ensemble de fonctions paramétriques pour représenter la dynamique de senescence
au sein de I’architecture avec des paramétres qui ont une interprétation simple et qui peuvent
étre estimés avec un effort expérimental raisonnable

Conclusion. Cette étude fournit une vue synthétique des patterns caractérisant les dimensions
finales des organes et la dynamique de senescence au sein de 1’architecture d’une plante de
blé. Les fonctions paramétriques permettent de les représenter dans des modéles architecturés
a partir de caractérisation expérimentales portant principalement sur le brin maitre.

Mots clés. Sénescence, dimension, longueur, largeur, diamétre, limbe, gaine, entrenceud, blé.
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ABSTRACT

Background and Aims. 3D structural models of plants are designed to simulate "in silico” the
development of plants or plant populations, based on the experimental characterization of
architectural features. These models can be coupled with physical models to study how plant
structure modulates the interactions with the environment. In chapter 1, we presented how to
represent the development of plant axes by parametric functions. This work complements the
previous by analysing the size of mature organs and the progress of leaf senescence over the
crop cycle.

Methods. A large database describing the properties of each phytomer of wheat plants was
collected and analysed. Data represent 34 experimental treatments, with a range of cultivars,
several climatic years, and contrasting conditions in terms of sowing date, seed density and
nitrogen fertilization. Based on the analysis of these data, we studied how to describe the
dimension of patterns and the evolution of the number of green and senescent leaves over
time.

Key Results. The sequence of the dimension of successive organs on the main stem has a high
dependency to the growth conditions, which led us to explicitly represent this sequence rather
than define a parametric representation. Then, we specified the conditions of validity of the
concept of "relative phytomer number "used to derive the dimensions of all tillers organs from
that of the main stem, assuming a "decimal shift value” that depends on the botanical position
the tiller. We show that this approach can properly estimate the lengths of blades, sheaths and
internodes for upper phytomers. Moreover, unique values of "shift" could be used, identical
for these three components of phytomer and independent from growth conditions and
cultivars. However, the method is not suitable for the first phytomers of tillers, ie those having
short internodes. It does not allow either to estimate the widths of blades and the diameters of
sheaths and internodes. For these dimensions, we could establish formulations that substitute
to or complement the use of the relative phytomer concept.

We analysed also the kinetic of the green leaf number along the different plant axes. On all
our treatments, this Kkinetic follows the same pattern with break points corresponding to
precise stages of plant development that didn’t show dependency to growing conditions. We
show that tillers follow patterns similar to those of the main stem. These analyses have led to
identify a set of parametric functions that represent the dynamics of leaf senescence, with
parameters that have a simple interpretation and can be estimated with a reasonable
experimental effort.

Conclusions. This study provides an overview of the patterns characterizing the final
dimensions of organs and the senescence dynamics describing the architecture of wheat
plants. These parametric functions could be used in SPM models using experimental
measurements focusing on main stem.

Keywords. Senescence, dimension, length, width, diameter, blade, sheath, internode, wheat.

54



Chapter2: Parametrizing final organ dimensions and leaf senescence of winter wheat plants

1. INTRODUCTION

Structural 3D plant models, interfaced with physical models, are increasingly used to
investigate how the structure of plants modulates their interactions with the environment
(Saint-Jean et al., 2008; Robert et al., 2008; Evers et al., 2007). Important efforts are required
to obtain faithful description of individual plant organ that represent the traits produced by
specific experimental conditions. In a previous paper (Abichou et al., 2016), we described a
parametrisation of the dynamics of leaf and tiller appearances that can be used to drive the
dynamics of appearance of phytomers of wheat plants. To get a complete description of the
plant structure, in this work, we present a parametrisation of the size of mature phytomers and
their lifespan. Together with the previous work, the aim is to provide a reconstruction of the
dynamics of the architecture of plants during the full crop cycle, with sufficient flexibility so
that it can be fitted to a wide range of situations, while parameters are easy to measure and
having a clear botanical interpretation. In the following sections, we present an overview of
the state of knowledge concerning the pattern of final dimension of phytomers and the
dynamic of leaf senescence; and then we specify our objectives concerning each aspect.

1.1.Pattern of final dimension of phytomers

A grass plant is composed of axes, with a main stem and tillers. Each axis is composed
of phytomers which are in turn composed of blades, sheaths, internodes and buds. To analyse
the pattern of final size of phytomers, it is useful to consider two aspects: (i) pattern along an
axis (over phytomer ranks), and (ii) pattern among axes (over tiller ranks).

Patterns along an axe

Several factors contribute to shape the size of the phytomer that build an axe:

A main source of patterning is the ontogenic changes that occur during plant life. In wheat as
in other cereals, lower phytomers are characterized by non-elongated internodes and short
blade. Upper phytomers have elongated internodes and longer blade. Internal changes
connected with the floral transition are responsible for these differences (Dwyer and Steward,
1986; Borrill, 1959; Kirby and Faris, 1972; Gallagher, 1979). Another major ontogenic
feature is the decrease in size occurring for the topmost blade, the rank of the longest blade is
at some position below the flag leaf, frequently one rank below but sometimes more in wheat.
This reduction in length has sometime been interpreted as resulting from competition for
resources with the growing ear; on the other hand Andrieu et al. (2006) presented evidences
in favour of a developmental control reducing the duration of extension of upper blades.

A second source of modulation is the environmental conditions (light and temperature) and
the availability of resources such as water and nitrogen. Seasonal trends and the increasing
competition between plants during crop development contribute to shape the pattern of size of
successive phytomers, with variability linked to the specific environmental conditions
(Hotsonyname and Hunt, 1997; Dornbusch et al., 2011).

Finally a third source of patterning is the “whorl size effect”. Each leaf first grows within the

pseudostem cylinder (whorl) made by sheaths of previously emerged leaves (Klepper et al.,
1982). The length of this whorl impacts the size of the growth zone - and ultimately the
mature size - of the leaves that grows within. The size of the whorl also determines when the
growing leaf starts perceiving external stimuli. Finally the whorl can be seen as a
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“dimensional reference system” that produces slightly longer sheaths and blades compared to
it resulting in an increase in length with increasing phytomer ranks (Fiorani et al., 2000;
Arredondo and Schnyder, 2003;Yu et al.,1975 ; Fournier , 2000 ; Ljutovac ,2002; Davies et
al., 1983; Wilson and Laidlaw, 1985; Casey et al., 1999). Such “size reference system” also
modulates how stresses impact leaf size, buffering the impact of short stress while
propagating the impact of longer stresses even to phytomers that grow after the period of
stress (Louarn et al., 2010). Changes in dimension over phytomer ranks are gradual, with
high correlations between the sizes of successive phytomers (Evers et al., 2005). These
correlations results from the whorl effect described above and also from the similarity in the
environment perceived, as there is a large recovering in the periods of growth of successive
phytomers. These correlations however vanish as the distance — in term of position on the
stem — increases. Dornbusch et al. (2011) observed that the size of adult leaves of winter
wheat showed very little correlation with that of juvenile leaves. Fournier et al. (2003)
parametrized the pattern of size along the shoot in winter wheat for blades, sheaths and
internodes, using broken line functions, in which the break points related to ontogenetic
change, and parameters allow to adapt the size to cultivar and growth conditions. The model
of Fournier et al. (2003) produced realistic patterns that are frequently found, but showed
limits to simulate a wide range of conditions (personnel communication).

Similarities between axes

Tillers of grass species present high similarities in their morphology with the main stem and,
from a botanical perspective, can be seen as reiterates of the main stem (Moulia, 1999). From
an ecophysiological perspective, these similarities can be expected as the processes that build
the axes are the same, and take place in similar conditions. A tiller emerges in the same whorl
as the axillary leaf, so that whorl effect propagates to it; besides, the synchrony of emergence
of the tillers leaves with those of the main stem implies that they undergo the same
environmental conditions (Friend, 1965; Masle-Meynard and Sebillotte, 1981; Klepper, 1982;
Masle, 1985; Kirby, 1993). Finally, convergence in floral development between main stem
and tillers results in similarities in the ontogenic component of the patterning (Evers et al.,
2005).

In wheat, rice and barley, several authors observed that the size of upper phytomers of tillers

matched nearly exactly that of main stem phytomers when a shift (depending on tiller
position) was added to their phytomer rank (Fournier et al. 2003; Evers et al. 2005; Tivet et
al. 2001). The values calculated for the shift of a tiller were equal to the difference in leaf
number between main stem and the tiller. Thus the method amounts to consider that, when
counting basipetally from the topmost phytomer, the sequence of size of phytomers is the
same on all axes (Kemp, 1981; Tivet et al., 2001). Other authors considered a decimal value
for the shift, which was fit to ensure the best match of dimensional patterns on all axes
(Fournier et al., 2003; Evers et al., 2005; Vos et al., 2010, Tivet et al., 2001). The use of a
decimal value makes sense if one considers that the delay between leaf emergence and tiller
emergence increases is not constant but increases slightly with successive phytomer ranks
(Abichou et al., 2016).

Finally the use of a decimal phytomer shift to derive the length of upper phytomer of tillers is
simple, generic of over a range of species and proved to be accurate in the conditions in which
it was tested. The questions that we will address here is whether it works for a broad range of
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Chapter2: Parametrizing final organ dimensions and leaf senescence of winter wheat plants

growth conditions, and for other dimensions than length and how to address the case of the
lower phytomers.

1.2.Dynamic of leaf senescence

We define here senescence as the irreversible change of state of tissues from turgid to necrotic
and dried. The senescence is the ultimate fate of all photosynthetic tissues (blades, sheaths
and internodes) and depends on regulations that are only partly understood (Lim et al.,2007;
Thomas and Stoddart ,1980). In cereals, the senescence progresses within plant architecture
following an acropetal order and our aim was to describe the kinetics of this progress with a
flexible and parsimonious parametrization. Out work focussed on blades, which represent
most of green tissues.

When a leaf senesces, the necrotic area progresses from the tip to the base of blade. McMaster
et al. (1991) proposed a model in which this progress occurs over one phyllochron, and leaves
senesce in an acropetal sequence in which the completion of senescence at one rank coincides
with the start of senescence on the rank above. In this view there is only one leaf senescing at
any time and the life span is the same at all phytomer positions. Hillier et al., 2007 and
Baccar et al., 2011 reported a more complex behavior in which the sequence described by
McMaster et al. (1991) occurs for the lower phytomers but the progress of senescence is
slower for leaves on elongated internodes, resulting in a progressively longer life span and a
significant overlap in the senescence of upper leaves. An interesting outcome of their study
was that senescence of successive blades are highly coordinated so that the progress of the
senescence of individual leaves can be deduced from the progress of the (decimal) number of
senesced leaves on the shoot.

1.3.0bjectives

In this work, we focussed on establishing parametric functions that: (i) define the final
dimensions (length and width/diameter) of phytomer components (blade, sheath and
internode) for all leaf ranks and all tiller ranks from those of the main stem, and (ii) describe
the progress with thermal time of the green leaf number (G;) for both main stem and tillers.
We aim to define parametrisations that were valid for a wide range of cultivars and growth
conditions and could be adjusted using a reduced number of parameters mostly estimated
from main stem measurements.

2. MATERIALS AND METHODS

A large experimental dataset of winter wheat crop (Triticum aestivum L.) that describes
proprieties of individual plant phytomers were collected and analysed. This dataset includes
experimental data from published works (see reference in Tablel) and data acquired for this
study. This dataset was used to define and evaluate the models for final dimension and for
senescence. Our general approach consisted to identify similarities between main stem and
tillers in order define parametrization with most parameter estimated from main stem
measurements. We will not present the exploratory work that led us to define the
parameterizations: we will describe the choices that we made, and that will be evaluated in the
result section. As a prerequisite, we suppose that dynamic of the Haun stage of all axes (MS
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and tillers), their final leaf number (N{"'S, N{") and most dimensions of the main stem
phytomers are known. In this work, the Haun stage and the final leaf number of all axes were
measured for the main stem and estimated for tillers following Abichou et al. (2016). We
identified tillers as follow: T; is the primary tiller emerging in the axil of leaf i. Tillers of
various orders that emerge at the same time as main stem leaf are grouped by cohorts Nc. All
variables and model parameters are listed in the appendix.

2.1.Experiments and measurements

The dataset includes eight experiments conducted between 1998/1999 and 2013/2014, thus
including various meteorological sequences. Experiments (Table 1) are numbered E1 to E8
and correspond to those presented in Abichou et al. (2016). Most experiments were conducted
in field conditions, at the INRA campus of Thiverval-Grignon (48°51 N, 1°58 E), with a
maritime influenced climate and a deep loamy soil allowing high yields from winter annual
crops. Beside, one experiment (E8) was conducted in outdoors containers. Plots of
experiments E1 to E7 consisted of nine rows with an inter-row distance of 0.175 m; besides,
five treatments in E7 had an inter-row distance of 0.35 m; plot length varied between
experiments, with a minimum of 8 meters. In experiment (E8), five outdoors containers
(length 1.82m; width 1.12m; depth 1.2m) were placed next to each other and each container
included ten rows with an inter-row distance of 0.175 m. Altogether, experiments represented
34 treatments, with 11 commercial winter wheat cultivars, three plant population densities,
three sowing dates and two nitrogen-fertilization. Plant population density is referred to as
low density (D1, ~70p/m?), normal density (D2, ~250p/m?), or high density (D3, ~500p/m?).
Sowing dates are referred as early sowing (S1, late September) normal sowing (S2, mid to
late October), late sowing (S3, mid-November). N-fertilization followed the standard scheme
with one dose between late February and early March and one dose brought early to mid-
April, except in the NO treatments from experiment E3, where no N was supplied. Air
temperature at 2 m was recorded hourly from a nearby meteorological station and soil
temperature at 3 cm depth was monitored in the experimental plots. The apex temperature
was assumed to be soil temperature before stem extension and then air temperature. The
thermal time t was computed from plant emergence, on an hourly basis, assuming a linear
response to temperature with a base temperature of 0°.

The dimensions of mature phytomers on both main stems and primary tillers were measured
on 17 treatments from experiments E1-E6. These treatments included ten cultivars, three
sowing dates, three densities and two levels of fertilization (see Tablel). For each axis, the
length and maximum width of blades, and the length and diameter of sheaths and internodes
were measured. Four to six samplings per treatment were carried out during the crop cycle. In
each sampling, 15 to 60 tagged plants were collected and their dimensions were measured
with a ruler or by image processing of scans. Leaf senescence was monitored for nine
treatments, covering five genotypes, one sowing date (S2), two densities (D; and D;) and two
levels of fertilization (N.,Np). Senescence was measured on the main stem in the nine
treatments (E3, E6, E8) and on primary tillers in five treatments (E3 and E6).
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Table 1: information relative to experimental datasets from E1 to E8 with: (i) growing season; (ii) reference of experiment; (iii) Triticum aestivum cultivars; (iv) sowing
date: S; late September, S, mid to late October, S; mid-November (the date is given in brackets); (v) sowing density: D, low, D,, normal, D3 high (number of plants per
m 2 are given in brackets); (vi) nitrogen treatments (N.,: optimal, No: no N given); (vii) inter-row spacing (ls: 17.5cm, lp: 35 cm); (viii) growth regulators treatments

(doses are given in brackets), (ix) the variables analysed (see appendix for the definition of the variables); (x) the axes measured (MS:
the reference for published work in literature by the author group for further experimental details.

main stem; T;: primary tillers) ;(xi)

Year Exp. Cv Sowing date  Density N.trt Inter Gr. Variables analysed  Axes Reference
(ij mm) (pl.m-?) -row  (l.ha') measured
98/99 El Soissons S, (15 Oct.) D4(70), D»(250) N. Is Gro(0) - Ly, Lg, L;, W, , D; MS and T; Ljutovac (2002)
03/04 E2 Soissons, Caphorn, S, (16 Oct.) D, (250) N, Is Gr.(1.5) - Ly, L, L;, Wy MS and T; Watt et al. (2013)
Apache, Arminda,
Isengrain, Thésée,
Oratorio, Recital,
Florance
04/05 E3 Soissons, Caphorn S, (27 Oct.) D, (250) Ni, No s Gr.(2.0) Ly, Lg,L;,W, ,Ds,D; MSand T, Bertheloot et al.
- Gy(7) MS and T; (2008)
07/08 E4 Soissons S1 (25 Sep.), D,(228), N, Is Gri(2.0) L, L, L;,W, MS Baccar et al.
(2011)
08/09 E5 Soissons S3 (17 Nov.) Dy(77), D,(228), N. Is Gr.(2.0) Ly, L, L;,W, ,D;,D; MSandT; Baccar et al.
D4(514) (2011)
10/11 E6 Maxwell S, (26 Oct.) D,(220) N, Is Gro(0) Ly, L, L;,W, ,D;,D; MSandT;
_G,(7) MS and T;
12/13 E7 Maxwell, Soissons, S, (02 Oct.) D, (220) N, Is, 1o Gry(0) _Ly, Ls, L;, W, , D MS
Caphorn, Apache,
Renan
13/14 ES8 Caphorn, Apache, S, (3 Nov.) D4(70), N, Is Gro(0) Ly, W, MS
Renan D, (200) - Gi(v) MS

Caphorn
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Betweenl5 and 60 tagged plants per treatment were tagged and the green and total length of
all ligulated leaves plus the emerged length of the growing leaf were measured at weekly
intervals. We computed the green leaf number G** and the Haun stage HS™® of each axis
using equations (Eqn.1) and (Eqn.2). The difference HS™® - G represents the fractional
number of senescent leaves, $** (Eqn.3).

ni+1

HSWE (1) =my + =g (Eqn.1)
f
ni+1
: L,
G axis — 9 E 2
l (T) L.x ( qn. )
x=1 7
S (1) = HS9¥ (1) — G (1) (Eqn .3)

Where n; is the number of ligulated blades on an axis at thermal time t; |, and L; are the
length of the non ligulated leaf (n+1) at thermal time t and after ligulation; If and Lg* are
the total length and the green length of a blade x at thermal time .

2.2.Sub-model of the final dimensions of phytomers

A set of parametric functions were defined to describe the dimensions of mature phytomers
for all plant axes from those of main stem. These parametric functions describe the length of
blades L, sheaths L, internodes L;, the maximum width of blades W, , the diameter of sheaths
Dsand the diameter of internodes D;. The final leaf number of the main stem N* is supposed
to be measured and those of tillers N;" are estimated following Abichou et al. (2016).

We defined continuous functions to fit the measured dimensions of main stem phytomers vs
phytomer position. Even if all dimensions are known, fitting a continuous function is required
to estimate the shift between main stem and tillers; besides, it allow for interpolating in case
some values are missing for the main stem. We used “adhoc” functions, with a sufficient
degree of freedom so that they could be fitted without notable deviation from measured data.
Equations that describe these functions are presented in Table2. Excepted when specified
below, parameters were fitted independently for each treatment.

o For length of blades, sheath and internode, we used a polynomial function of order 4
(Eqn T2.1, Eqn T2.2, Eqn T2.3).

o For width of blades, we used a polynomial function of order 3 (Eqn T2.4).

o For diameter of internodes, we used a polynomial function of order 2 (Eqn T2.6). Here
a fixed shape was considered so that only one parameter, ie di,, the mean diameter of
elongated internodes is fitted for each treatment.

o For diameters of sheaths, we used a linear-plateau function, in which the break point
corresponds to the position of the lower elongated internode (Eqn T2.5ab). The
diameter of sheath 1, ds; is considered as constant so only one parameter, dsp,
representing the diameter for sheaths of upper phytomers for each treatment is fitted
for each treatment.
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Chapter? : Paramelrizing final organ dimensions and leaf senescence of winter wheat plants

To describe the dimensions of the mature phytomers of a given tiller, we consider two aspects
their cohort number and their state (fertile or sterile). We assume that:

o All fertile axes (producing ears) of the same cohort Nc have the same pattern of
phytomer dimension. We derived the dimensions of the phytomers of all fertile tillers
from that of the main stem by applying the concept of “shifted phytomer number”.
This concept is presented below.

o All sterile axes (that die before producing ears) have reduced area for all their leaves
compared to fertile tillers of the same cohort Nc. The reduction concerns both the
length and width or diameter of phytomers with constants reduction factors: k;*for
length and kSt for width (Eqn T2.13 to Eqn T2.18). So, we estimate the dimensions of
sterile tillers from that of fertile tillers.

As a general approach, we assume that patterns of dimensions of fertile tillers follow the same
pattern as main stem, once the concept of “shifted phytomer number” was used. This concept
is used to estimate most dimensions (LL%, LT, LT, DT, DIY), except the maximum width of
blades W,I* for which the use of the shift was not suitable. The shifts values were estimated
separately for each dimension (blades length, sheaths length and internodes length). The
adjustment of the shifts values s”* was made by minimizing the RMSE on the 17 treatments
(from experiments E1-E3, E5 and E6).

For the lengths patterns of blades, sheaths and of internodes (LL, LT¢, LT"), we applied the
same polynomial functions as the main stem (Eqn T2.7b, Eqn T2.8, Eqn T2.9). An exception
was made on the length of tiller blades of early leaves that have a non-elongated internode.
For these leaves, we suppose that their pattern increases linearly from the first emerged leaf
(1,,) to the first leaf of the main stem having an elongated internode (LYS(r)) (Eqn T2.7a,
Figl). We suppose that the length of the first leaves of all the tillers (I,,,) are constants. The
length of the leaf having the first elongated internode is deduced from the function of the
main stem (Eqn T2.1).

For the diameters of sheaths and internodes of tillers (DI%, D*), we suppose that they follow
reduced patterns comparted to that of the main stem. A reduction factor (k° ) depending to the
relative position of the tiller in the plant was used (Eqn T2.11, Eqn T2.12)

For the maximum blade width of tillers (W,/"), as mentioned above, the use of shifts was not
suitable. The blade width pattern is different to that of the main stem. It follows a linear
model from the first leaf to the flag leaf (Eqn T2.10). We suppose that the first leaf on a tiller
WIt(1) is reduced compared to that of the main stem W;5(1) and a reduction factor k,, is
applied; and so on for the flag leaf. The value of the reduction factor k,, was adjusted on the
17 treatments by minimizing the RMSE of the W,/* model.
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Blade length of tillers
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Shifted phytomer rank (x+57)

Figure 1: Representation of the parametrization of the blade length of tillers vs. shifted phytomer
rank. The black line represents the pattern of upper leaves common to all tillers ranks and the main
stem. The coloured lines represent the pattern of lower leaves with non-elongated internodes, which
differs between tillers: green for T,, blue for T,, red for Ts, orange for T,4, and grey for Ts).
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Table 2: Equations defining the final dimension of blades, sheaths and internodes.

AXxis phytomer Equations Phytomer rank N° of
dimension interval Eqgn
Main blade 4 r—1<x<NM T21
stem length L (x) = Z by * (x)¥
k=0
sheath 4 1<x <N T2.2
length LS@) = ) s @
k=0
internode 4 r—1<x<NM  T23
length M5 (x) = Z i * ()
k=0
maximum 3 1<x<NM" T2.4
blade WM (x) = Z dy * (1)
width k=0
sheath Ms dg, — dgy 1<x<r T2.5a
diameter D5 (O =——7*(x=D+dy r<x <NMS T2.5b
Dé\/IS(x) = dsZ
internode 2 x \ r<x<NM T2.6
diameter DMS(x) = d;, * Z Cx * <W)
k=0 L
Fertile  blade T LYS(r) =1y, 1<x<r—s™ T2.7a
tiller  length L) === (XD b r—s<x<Ni T27b
LT (0) = LS (x — 5T
Isheatrr: LTi(x) = LMS(x — sTH) 1<x<N" T2.8
engt
:ntertr;]ode L (x) = IMS(x — sT) r—s"<x<N* T29
eng
maximum _ ky, * (wits . — wits) 1<x <N T2.10
blade Wy (x) = = NTfig_ 1 (X =1) +ky *xwpp’
width !
sheath DIi(x) = k° x DMS(x — sT%); 1<x <N[" T2.11
diameter
internode  DT(x) = k° x DMS(x — sT%); r—sT<x <N T212
diameter
Sterile  blade LYt (x) = k5t + LTE(x) 1<x <Nt T2.13
tiller length
Ishea:rr: LTt (x) = k5t LT (x) 1<x < Nt T2.14
eng
:ntertr;]ode LTSt (x) = k5t LTE(x) 1<x <Nt T2.15
eng
Lnla:;imum Wt (x) = kSt W (x) 1<x <Nt T2.16
ade
width
Zheath DTist(x) = kSt « DT (x) 1<x < Njist T2.17
iameter
internode DTSt (x) = kSt « DI (x) 1<x <Nt T2.18
diameter
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2.3.Sub-model of the green leaf number

The parameterisation of the dynamics of the green leaf number G, was first defined for main
stems; then we analysed how it could be transposed to tillers. Below we present successively
the two cases.

For the main stem, the green leaf number G showed a pattern with four phases, illustrated
in figure2a. The four phases are as follow (Table3):
e (p1): a phase in which G is equal to the Haun stage H
begun (Egn T3.1);
e (p2): a phase in which G"* decreases linearly from the moment of start senescence
(=5, gM5) to the ligulation of the leaf (NS —4), i.e. the fourth leaf from the top
(35, g5 (Ean T3.2);
e (p3): a phase in which the G™® increases linearly from (t¥°, gM5)to reach a
maximum at the ligulation of the flag leaf (¢S, g*°) (Eqn T3.3);
e (p): a phase in which the G decreases following a polynomial pattern until the full
senescence at TS corresponding to the monocarpic senescence (Eqn T3.4).

SMS since senescence has not

For tillers, we assume that all axes of a same cohort Nc follow the same dynamics of green
leaf number G,"'. We assume that the progress of senescence S, of tillers is independent of
their fates (flowering or regressing). For early tillers, green leaf number follows four phases
similar to that of the main stem (Fig.2b,c). For late tillers, they are only three phases (Fig.2d)
as two phases merge:
e (p1): a phase in which G,"" is equal to the Haun stage HS" (Eqn T3.5);
e (p,): a phase in which the senescence of the tiller progresses linearly. The start of the
phase 2 depends to the tiller order. For early tillers (T1 and T,), senescence starts when
their number of green leaves reaches that of the main stem (Fig2b,c); the green leaf
number G," decreases during phase 2, to reach the same minimum than the main stem
92" . This minimum is reached at ligulation of the fourth leaf from the top z," (Eqn
T3.6). For later tillers (higher than T3 or T,), phase 2 vanishes because HS™ does not
reach G before stem elongation (Fig.2d); thus late tillers start to senesce during
phase3.
e (p3): a phase in which the G," increases linearly to reach a maximum gs" at time z3",
which is the ligulation the flag leaf. This maximum gs" is supposed to be the same for
all tillers but may be lower compared to that of the main stem gS. We note 9 =
g3t 1g2" (Eqn T3.7).
e (p4): after the ligulation of the flag leaf, the green leaf number of the tiller follows the
same pattern than that of the main stem, but scaled by the factor d (Eqn T3.8). If the
ligulation of the tiller flag leaf is delayed compared to the main stem, all the phase 4 on
tiller is similarly delayed (Fig2c).
As mentioned above, the dynamic Haun stage, the final leaf number and the timing of major
events of all axes (MS and tillers) are supposed to be known. Here, the Haun stage progress,
the final leaf number N, and the timing of the major events (e.g. axis emergence "t,",
ligulation of leaves"t,; t5",) are obtained from the models presented in Abichou et al. (2016).
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Table 3: Equations describing the dynamics of green leaf number for main stem and tillers (see
Appendix for the definition of each symbol).

Axis  Phase Equations Thermal time N° of Eqn
interval
Main ¢, GMS(T) = HSMS (1) s <t <M T3.1
stem
MS MS MS MS MS
2 My _ (925915 (z-71"5) MS . TP <t<T7 T3.2
v G (T) = =2 Tzzwfs_.rzleS — + 01 , 1 2
HSMS (7)) = NMS — 4
MS MS MsS MS MS
3 Ms,.~ _ (93 — 92 )(T - ) MS 0 ST=T;3 T33
G (1) = MS _ _MS + 92
37— 1
MS . _ Ms\3 MS Ms TMS << MS T34
. P4 Gl.(r)—a(r.—rg, )+ Bt — ) + g3 ‘L'3' _T_Tf}
Tillers ¢, GIi(r) = HSTi(7) tli< g <l T35
MS_ Ti Ti Ti Ti
92 Tigy _ @°-g1)(-11") | i . <<t T3.6
G '(r) = TTi_Ti +91 1 2
3 . 2 i 1
HS™(t]") = N[' - 4
MS MS Ti Ti Ti
®3 6Ti(e) = (6 93> — 93 )(T — Tzl) 4+ s ' <t< 135 T3.7
1 \T) = Tgi _ T;i 92
. N3 ; Ti Ti
P4 Gl'(7) =a(a(T—T§l) +p(r—1I) + << T3.8
Ms).
93 )’
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a) 5 b)
N, =
w Q
b= 2N
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2
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Figure 2: Representation of the parametrization of the green leaf number (G)) and the senescent leaf
number (S)) vs. thermal time of: the main stem (a), an early tiller senescing before the stem elongation
(b), an early tiller for which the ligulation of the flag leaf is delayed compared to that of the main stem
(c) a late tiller starting senescing after the stem elongation (d). Black, green and red solid lines
represent respectively the Haun stage (HS), the green leaf number (G)) and the senescent shoot index
(S1). Dotted grey line in figures (b), (c) and (d) represents the green leaf number (G,) of the main stem.
The green leaf number at transition times 7, 7, and z3 are respectively g;, g, and gs (see appendix for

the definition of variables).
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The parameters that need to be estimated for the green leaf sub-model are: (i) the thermal time
at start senescence of the main stem ' (ii) the green leaf number at the ligulation of the
fourth leaf from the top gXSand the flag leaf g}'Sof the main stem (iii) the green leaf number
of the main stem at least on two times after flowering and before full senescence (vi) the ratio
of green leaf number between tillers and main stem at flowering d, (v) the delay o; between
ligulation of flag leaf on main stem and on tillers.

2.4.Models adjustment

To measure the deviation between measured and simulated values, we used the root mean
squared error (RMSE) or the mean absolute percentage error (MAPE). Model parameters
were estimated using fitting methods in R or Excel 2010 solver to minimize MAPE or RMSE.

RMSE=\/27=1(Y?M_Y§M)Z' MmapE= Ly MM
n ’ n<J=1 Y;.’bs
3. RESULTS

We will first present the major observations resulting from the analysis of the experimental
data and then the evaluation of each sub-model.

3.1.High variability of phytomers dimensions among different conditions

The range of variability observed for the cultivar “Soissons” in term of final dimensions
patterns of main stem phytomers are shown in figure3 The figure 3 illustrates data from 15
treatments from experiments E1-E5 and E7, covering three sowing dates (S;-Ss), three
densities (D;1-D3) and two nitrogen treatments (N.-Ng). The figure shows the patterns as a
function of inversed phytomer rank (computed from the top with the flag leaf being number
1). The final leaf number varied from 8 to 14 leaves.

The typical profile of blade length shows an increase with phytomer rank up to the
penultimate leaf blade (or the blade below in some treatments), with the flag leaf being
shorter (Fig.3a). The typical profile of sheath length shows of slow increase for the lower
leaves then a high increase for the elongated leaves (Fig.3b). The typical profile of internode
length shows an increase from the first elongated phytomer up to the internode of the flag leaf
with generally 4 to 5 elongated internodes (Fig.3c). The typical profile of maximum blade
width shows a pattern similar TO that of sheath length. The sheath diameter shows a complex
pattern with a larger diameter this may be explained by the difficulty of the measurement
when the ear grows inside the pseudo-stem. The pattern of internode diameter shows an
increase for the two first elongated internodes then a quasi-stable diameter for the upper
internodes. The variations of phytomer dimensions among environmental condition were
higher than that observed among the range of commercial cultivars investigated here (data not
shown). For example, the length of the larger phytomer varied among treatments: from 18 to
30 cm for blade and from 14 to 20 cm for sheath.
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Figure 3: Final dimensions of main stem phytomer vs. the inversed phytomer rank (flag leaf is number 1) of the cultivar “Soissons” growing under different
conditions in the Paris region. The figures show 15 treatments from experiments E1-E5 and E7 covering two sowing dates (S;-S3), three densities (D;-Ds3) and
two nitrogen treatments (N., No). Figures present: (a) the final length of blade, (b) the final length of sheath, (c) the final length of internode, (d) the final
height of collar (distance between the base of axis and the collar of leaf rank x; the geometry and inclination of the axis are not considered), (e) the maximum
width of blade, (f) the diameter of sheath, (g) and the diameter of internode. Each circle represents the mean value of a leaf rank for one treatment.
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The correlation between the dimensions of successive phytomers was analysed from 20
treatments from experiments E1-E3 and E5-E8. The dimension of a phytomer was highly
correlated to that of the previous phytomer with a global R? of 0.9 (for more details see
Fig.S1). However, the correlation weakened when considering more distant phytomers. For
example, the correlation between the penultimate phytomer and the fourth phytomer
(competed from the base) was low with respectively an R2 of 0.3 and 0.04 for blades length
and sheaths length (for more details see Fig.S2). So, the patterns could not be described using
a simple function.

The dimensional patterns of MS varied highly with environmental condition. It seem possible
to propose a parametrization of the MS patterns, in that case, at least three measurement dates
are needed to the calibration. Three dates are also sufficient to get directly to the dimension on
all the MS phytomers so that we preferred to measure directly all dimensions and we used
polynomial approximation. This choice ensured a good description of patterns for all
treatments and it is useful to estimate by interpolation dimensions if the dimension one or two
ranks is missing.

3.2.The dimensions of tiller phytomers: calibration and evaluation of the submodels

Most dimensions of tiller phytomers are derived from that of the main stem after applying the
concept of “shifted phytomer rank”. The shift values s' of each tiller rank were estimated
globally by minimizing the cumulated RMSEs of blade length, sheath length and internode
length on the 17 treatments analyzed. The shift values obtained were: 2.76, 3.43, 4.09, 4.59,
4.90 and 5.32 respectively for tiller T1 to T6 (Fig.S3).

Results of using the shift values mentioned above for matching the length of blades, sheath
and internode on main stem and tillers are exemplified in Figure 8 for two contrasted
treatments. Other treatments yield similar results. As shown in Figure 8, the pattern of blades,
sheaths and internode lengths per shifted phytomer rank were similar on all axes, except for
the length of the lower blades: Blades of lower phytomers in tillers, ie phytomers with non-
elongated internodes, were smaller than predicted. On the other hand, the length flag leaf
blade on tillers was generally well predicted from the pattern of main stem blade length. This
is of special interest as the processes that lead to the shorter flag leaf blade are not understood.

Finally we used the concept of phytomer shift, with the fixed values given above, to estimate
length of internodes, sheaths and upper blades on tillers from that on main stem. For blades of
lower tiller phytomers, ie those with short internodes, we considered a linear progress of
length with phytomer rank (Eqn T2.7a). This progress is fully defined by considering a
constant blade length size for the first phytomer, and a blade length equal to that predicted by
phytomer shift for the first phytomer with elongated internode.

Patterns of maximum blade width and of sheath or internode diameter on tillers (Wt DI

and DiTi) presented differences compared to that of the main. The figure5 shows examples for
a selection of treatments. Maximum blade widths on tillers generally increased linearly with
phytomer rank (figure5a), which was not the case on main stems, so the use of a shift was
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not appropriate to derive blade widths of tillers from those of main stem. Instead our
parameterization is based on the linear progression of blade width with phytomer rank.
Besides the width of the first blade was similar on all axes (figure6). The widths of the flag
leaves blade of all tillers were similar and ~12% smaller compared to main stem (figure6).
Consequently, in our parametrization, we used of a constant reduction of flag leaf width of
tillers (k,=0.88).

When plotted vs the shifted phytomer rank (Figure5b,c), the diameter of sheaths and
internodes of the tillers showed patterns similar to that of the main stem, but scaled by a factor
k° depending on the position of the tiller.

The normalized pattern of internode diameter vs shifted phytomer rank was relatively stable
in all treatments, and could be fitted by equation T2.6. Figure7 shows the result of this
adjustment.

Table4 summarizes the adjusted values of all constants of the phytomer final dimensions sub-
models.

Globally, we observed a good adjustment of our parametrizations of dimensions. The RMSE
values for each sub model are presented in the Table6. The mean relative error (MAPE) was
generally less than 15%, except for sheath diameters.

- Blade area, collar height and sheath diameter define most of the apparent dimensions
of an axe so they can be considered as synthetic variables to evaluate the quality of the
simulations. A comparison between simulated and measured blade area, collar height
and sheath diameter is shown in figure8. Blade area and leaf insertion height were
generally correctly estimated and the dispersion observed (Fig.8a,b) represents few
points. Most of them correspond to tillers for which the measured final number of leaf
did not match that predicted from the number of main stem leaves. This occurred
mainly in cases where there were some uncertainties in identifications of tillers rank
and likely was partly due to measurements errors.

- For sheath diameters (Fig. 12 c¢) the estimates were less accurate. One source of
difficulty was that sheath diameter enlarges when the ear grows inside the sheaths and
some residual deformation remains after. So an accurate representation of the stem
would have required a more complex model than the approximation by a cylinder. On
the other hand, Figure 12c¢ shows little bias so that we expect that the approximation is
sufficient for most applications. The results of the comparison of the other phytomer
dimensions were also acceptable (Fig.S4).

The result described above concern fertile tillers. The figure9 shows a comparison of
dimensions (blade length and width and sheath length) between fertile and sterile tillers of the
same tiller rank. It illustrates that sterile tillers had smaller leaves compared to fertile tillers of
the same cohort with a mean reduction of 20% on blade area.
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Figure 5: The width or diameter of phytomers of main stem and tillers vs. phytomer rank. Figure a
shows the maximum blade width vs. phytomer rank, figure b shows the internode diameter vs. shifted
phytomer rank and figure ¢ shows the sheath diameter vs. shifted phytomer rank. Figure a and b show
data of cv “Soissons” in experiment E1 (D,/ N.); figure ¢ show data of cv Maxwell in experiment E6
(Dy/ N.). Symbols show the median values observed and the lines represent the fitted model. Each
color represents an axis as indicated in fig.a.
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Table 4: adjusted values of the constants of the dimensions sub-models and their unit (see appendix

for the definition of the constants).

Constant Value Unit
sTt 2.755 -
sT?2 3.427 -
sT3 4.091 -
sT4 4,588 -
sTs 4.899 -
sTeé 5.322 -
lp1 7.023 cm
dg1 0.124 cm

Cy -0.014 -
C1 0.290 -
Co -0.526

P1 -0.265 -
o 1.007 -
P3 0.702 %
ky 0.877 %
k;t 0.885 %
kSt 0.906 %

Table 5: The root mean square Error (RMSE), the mean absolute percentage error (MAPE) and the
number of measurement (n) relative to phytomer dimension sub-models calculated from the 17

treatments from experiments E1-E6.

Variable RMSE (cm) MAPE (%) n

Blade length 3.627 12% 496
Sheath length 3.675 11% 493
Internode length 2.007 16% 306
Maximum Blade width 0.119 13% 335
Sheath diameter 0.067 18% 362
Internode diameter 0.0361 8% 166
Leaf insertion height 4.449 14% 378

Table 6: values of fitted parameter 0 (Eqn T3.7) defining the reduction of on the green leaf number of
tillers at flag ligulation compared to that of the main stem

Exp. Cv Sowing date Density N.trt
E3 Soissons S, D, N+ 96%
E3 Soissons S, D, N- 100%
E3 Caphorn S, D, N+ 85%
E3 Caphorn S, D, N- 96%
E4 Maxwell S, D, N+ 79%
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3.3.Change of the dynamics of the green leaf number depending on the ontogeny

The dynamics of the green leaf number on the main stem G}** was monitored in nine
treatments from experiments E3, E6, E8 covering five genotypes, one sowing date (S2), two
densities (D; and D) and two levels of fertilization (N, No). For these treatments, the final
leaf number of the main stem was either 11 or 12, and the phyllochron varied from 84 to 108
°Cd (data not shown). The figure 10 shows that the dynamics of green leaf number G,
followed four phases. In this figure, the simulated curves were obtained by adjusting the
G, pattern while leaving free the choice of the break points.

e The first break point (z;, g;) corresponds to the start of senescence of the main stem.
For the treatments investigated here, this occurred when the Haun stage of the main
stem HSMS was between 3.9 and 5.4 leaves; t; was highly correlated to the thermal
time of flag leaf ligulation. (Fig.S7b; R2=0.732).

e The second break point (z,, g,) corresponds to the green leaf number G, reaching a
minimum value; g, varied between 2.6 and 4.2 leaves. The time t, was reached when
the Haun stage of the main stem HSMS was around 7.5 leaves (standard
deviation=0.7), that is close to the ligulation of the 4th leaf from the top. Despite
varying in a limited range, the Haun stage at time 7, was highly correlated to the
phyllochron (R2=0.819, Fig.S7a). Besides, the thermal time at 7, was correlated to the
time of start senescence 7, (R2= 0.621, Fig.S7b): the later the senescence starter, the
sooner the minimum was reached. The thermal time at 7, was also correlated to the
thermal time of flag leaf ligulation. (Fig.S7c; R?=0.582).

e The third break point (3, g3) corresponded to a clear maximum of the green leaf
number. The thermal time 73 and the thermal time at the flag leaf ligulation zy,, were
estimated separately and their values were very close (Fig.S2d; R?=0.956). This was
expected because the number of green leaf can only decrease after flag leaf ligulation.
The green leaf number g5 varied between 4.0 and 6.5 leaves, and was slightly higher
than g,, except in one case (Figure 10b: experiment E3/Soissons).

To summarize, in all the treatments investigated here, representing contrasted sowing
densities, nitrogen fertilisation and 3 cultivars, the dynamics of green leaf number G, of the
main stem presented similar phases during the crop cycle; the change of phases occurred at
specific values of Haun stage that could be related to the final leaf number and the
phyllochron of the treatment. We have not a simple interpretation of all relations shown, but
that they exist for a range of treatments supports the idea of an ontogenic determinism.

The green leaf number of both the main stem and primary tillers G)* and G!* were monitored
in five treatments from experiments E3 and E6. These treatments included three cultivars
(Caphorn, Soissons and Maxwell), two nitrogen treatments (N. and Np) and one sowing
density of 250-220 plant/m2. The figurell shows the measured and simulated dynamics of the
green leaf number G; and the senescent leaf number S; on main stem and primary tillers for
three representative treatments. Simulations correspond to our parametrization, with ,
and 3 being the thermal times of the ligulation of the 4th leaf from the top and of the
ligulation the flag leaf on each axis. The figurell shows that the green leaf number G, of
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tillers was generally lower than that of the main stem and its dynamic followed either four or
three phases as described in the parametrization: tillers T1 and T2 had generally four phases
and T3 had three phases. Fig.11al, and Fig.11b1, show results from experiment E3 in which
the ligulation of the 4th leaf from the top and of the flag leaf was synchronous on main stem
and tillers so 7, and t3 were the same between axes. Fig.11c1 show results from experiments
E6 in which the development of tillers was delayed compared to that of the main stem. In all
cases the minimum green leaf number g, was almost identical for main stem and tillers. The
green leaf number of tillers g, was always similar between tillers, but in some of the
treatments was lower compared to that of the main stem: the cultivar Caphorn/N. and
Maxwell/N. presented respectively a reduction of 16% and 21% (Fig.11al,cl), while no
reduction was observed for the Soissons/N., Soissons/No and Caphorn/Ng (Fig.11b1). Finally,
figurella2-c2 illustrate that in all these cases our parametrization allowed an accurate
description of the dynamics of the decimal number of senescent leaf S;, which is the output
driving the representation of the progress of senescence.

The results presented above corresponded to the fertile tillers that produced ears. The progress
of senescence on sterile tillers was monitored in experiment E6. The figurel2 shows that
progress of senescence versus thermal time was similar for sterile and fertile tillers.

Finally figurel13 shows the scatter plot of the simulated vs measured senescent leaf number S,
for main stem and primary tillers in the nine treatments investigated. There was no systematic
bias and the overall RMSE was 0.32 leaves for the main stems and 0.35 leaves for tillers.
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Figure 10: The green leaf number (G,) of the main stem vs. thermal time from emergence for nine
treatments from experiments E3, E6 and E8. Figures (a) and (b) show respectively Caphorn and
Soissons cultivars grown at density D, (experiment E3). Figure (c) represents Maxwell cultivar grown
at density D, (experiment E6; N. ). The figure (d) shows the cultivar Caphorn grown at density D; and
D, (experiment E8, N.). The figures (e) and (f) represent the cultivars Apache and Renan sowing

under low density D; (experiment E8, N..). Circles represent treatments sowing under standard density

D, and triangles represent treatments sowing under low density D,. Full symbols refer to treatments
with standard fertilisation N, and empty symbols for treatments without fertilization No. Symbols
show the median values observed and lines represented the result of model calibration keeping free the
choice of the breaking points.
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Figure 11: Green leaf number and senescent leaf number vs. thermal time from emergence to full
maturity. The figures represent three cultivars: Caphorn in the left (al-2), Soissons in the middle (b1-
2) and Maxwell in the right (c1-2). The treatments are from experiment E3 and E6 sowing under
standard density D, (~250plant/m2) with standard nitrogen treatment (N.). Symbols show the median
values measured in plants and lines show the model simulation (the choice of 12 and 13 is not free).
Each colour represents an axis as indicated in figure al. The figures a, b and c refer to the same
experiments presented in the figure 10.
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the mean value measured on the flowering tillers (black circles) and on regressing tillers having
different final leaf number (white circles). Error bars mark the 95% confidence intervals of mean

estimates.

Simulated 51

Measured 51
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Data are from the treatments from experiments E3, E6 and ES8.
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4. DISCUSSION

In our experiments, the range of experimental conditions resulted in large variation in the size,
with a ratio ~2:1 for similar phytomers of a same genotype in different conditions. This
environmental plasticity was larger than differences observed between genotypes grown in the
same conditions. Some ontogenic patterns were generally conserved within this range of
conditions as seen in figure7 for the main stem, but our objective to represent faithfully any of
the experiments, implies that quite a high number of measurement are required. On the other
hand, a full description of the size of mature phytomer on main stem can be obtain by tagging
plant and dissecting plants at 2 dates along the crop cycle, typically at the five leaf stage and
at flowering. There is few correlation between the size of lower and upper phytomer so that
no parametrisation could avoid acquiring field information representing each of these periods.
Thus we found our representation on an explicit description of main stem dimension.

Given that changes in dimensions are progressive, with high correlations in the size of
successive phytomers, a polynomial approximation allows to estimate by interpolation
dimensions in case such protocol misses one or two ranks. Thus our work focussed more on
the possibility of estimating tiller characteristics from that of main stem. Our results confirm
that the use of a decimal phytomer shift is an accurate way to derive length of upper phytomer
in tillers from that of the main stem.

The phytomer shift was efficient in the case of growth condition with water or nitrogen stress
and enabled to represent detailed patterns, such as the reduced length of the flag leaf.
Moreover we found that the shift was identical for blade, sheath or internode, and a same
value could be taken for all cultivar and treatments. This value, estimated from the pattern of
organ size was close to the Haun stage delay between main stem and tillers that had been
independently estimated in Abichou et al. (2016); leaves or internode that grow
simultaneously reaches the same dimension.

The phytomer shift was not appropriate or not sufficient to derive dimension such as blade
width and stem diameter. Blades of successive leaves in tiller show a pattern that differs
significantly from that of main stem. On the other hand, considering that the width of the
largest leaf is the same for all axes and a linear increase of blade width with phytomer rank
allowed to represent width of tiller blade with a good accuracy. Sheath and internode diameter
also show a more complex pattern than length, following that of the main stem, but scaled
depending on tiller position.

Few works have attempted to describe precisely the progress of senescence in grass and for
wheat, and based on the analysis of a large dataset, our work bring original information.

One striking feature is the “M” shape pattern followed by the dynamics of the number of
green leaves on the main stem. In our experiments senescence of the first leave occurred when
the Haun stage was ~5, which is before plant development results in significant shadowing
between plants. In our parameterization we kept the Haun stage at the onset of senescence as a
parameter to be measured. A novel feature that comes out from our experiments is that there
is a phase of decrease in the number of green leaves, that precedes a phase of increase until
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flag leaf ligulation. In our experiments, the total number of leaves formed on the main stem
was 11 or 12, and the Haun stage when the minimum number of green leaves was reached
varied between 7 and 8, that is approximately the start of stem extension. Surprisingly, despite
this short range of variation, the Haun stage at t3 precisely correlated to the phyllochron. It
would be of high interest to extend the analyse to treatments with a wider range of final leaf
number in order to evaluate the generality of this relation. Finally the period following
ligulation of flag leaf, which is dominated by monocarpic senescence, is mainly characterized
by a progressive increase of the decimal number of senescing leaves that was in all cases well
fitted by a second order polynomial.

The progress of senescence on tillers could be satisfactorily described by transposing to tillers
the parameterisation developed on the main stem. Practically, this requires that two kinds of
information is measured on tillers (i) the time of flag leaf ligulation, which is to be specified
for all tillers and (ii): the number of green leaves at flag leaf ligulation, which showed little
variation between tillers in our experiments.
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6. APPENDIX

Description and status of model variables

Symbols Description status

MS Main stem -
T; Fertile tiller rank i -
Tist Sterile tiller rank i -
X Absolute rank according to the chronological order of appearance -

r Absolute phytomer rank of the first elongated internode on the MS. Input

N, Final number of leaves on the axis. Input

sTi Corrector shift of phytomer rank relative to Ti Constant
T Thermal time from plant emergence -

To Thermal time at the emergence the axis. Input

Ty Thermal time at the start senescence of the axis. Parameter
T, Thermal time at the ligulation of the 4™ leaf from the top on the axis. Parameter
T3 Thermal time at the ligulation of the flag leaf of the axis. Parameter
Ty Thermal time at the full senescence of all leaves on the axe (time of end filling) Parameter
oi Delay in thermal time at flag ligulation between the MS and Ti Input

HS @xis(t)  Haun stage of the axis at the thermal time =. Input
G (1) Green leaf number on the axis at the thermal time z. -

§,%%i8 (1) Senescent leaf number on the axis at the thermal time z. -

Ly(x) Final length of blade of the phytomer rank x on the axis. -

Ls(x) Final length of sheath of the phytomer rank x on the axis. -

L;(x) Final length of internode of the phytomer rank x on the axis. -

Wy, (x) Maximum width of blade of the phytomer rank x on the axis. -

Ds(x) Final diameter of sheath of the phytomer rank x on the axis. -

D;(x) Final diameter of internode of the phytomer rank x on the axis. -

Iy Final length of the first blade of the tiller taken as a constant for all tiller rank Constant
whs Maximum width of the first blade of the MS Input
witly Maximum width of the flag blade of the MS Input

dgq Sheath diameter of the first leaf on the main stem Constant
ds, Mean sheath diameters of the upper leaf of the MS Input

d;, Mean internode diameters of the upper leaf of the MS (peduncle not included) Input
op Coefficient of the polynomial function of the green leaf number (G,) Parameter
bg.4 Coefficient of the polynomial function of final blade length Parameter
50-4 Coefficient of the polynomial function of final sheath length Parameter
i0.4 Coefficient of the polynomial function of final internode length Parameter
do.4 Coefficient of the polynomial function of maximum blade width Parameter
Co-2 Coefficient of the polynomial function of final internode diameter Constant
ks key Reduction factors for maximum width of respectively the first and the last blade of fertile Constant< 1

tillers compared to that of the MS
pT The relative order of appearance of the tiller Ti in the plant (tiller rank/total number of tiller  Input
in the plant)
k° Reduction factors for diameter of sheaths and internodes of a givien tiller. This factor Parameter

depend to the position of the tiller in the plant; if the tiller is last emerged tiler then

ko = p3,if else k° = {p1 =p™ + p2; p3} with p™ is the relative position of the tiller in
the plant. (e.i.the relative position is defined as the ratio between the rank of the tiller and
the total number of tillers in the plant)

P13 Coefficient of reduction for diameter of sheaths and internodes of a tiller Constant
kst kst Reduction factors of final phytomer dimensions for sterile tillers compared to fertile tillers ~ Constant < 1
g Number of green leaf on the main stem at start senescence. Input
g¥s Minimum green leaf number on the main stem Input
gy Green leaf number on the main stem at the flag ligulation Input
g¥s Green leaf number on the main stem just after flowering Input
g2 Green leaf number on the main stem just before full senescence Input

gr Number of green leaf on the tiller (T;) at start senescence. Parameter
g¥ Minimum green leaf number on the tiller (T;) Parameter
gy Green leaf number on the tiller (T;) at the flag ligulation Parameter
a Ratio between the number of green leaf on the MS and tillers (8 = g7¢/g¥) Input
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7. SUPPLIMENTARY DATA

a c FO2F01
) b) ) FO3/F02
FO4F03
FO3/F04

[

(=1
T

[}

=
T

[

=
T

FO6F03
# FOTF06
¢ FORFO7
« FO9/F08

F10/F09
oFILFI10

[}
=
T
-3
=
T
[}
=

=
T

=
T

=

Ly (1) of the MS (cm)

Ly (nh 13 of the MS (cm)
[§
Li(n+1) of the M8 (cm)

0 0 0 L L
10 20 30 0 10 20 30 1] 10 20 30
3 L, (n) of the MS (cm) . L.(n) of the MS (cm) L;(n) of the MS (cm)
1
s 5! )
5 =08 Tos |
w S =
=2 - =
» ) Z06 - E 0.6
= B =
2 Z 04 =S 04 |
1 — = .
= - T
. £02 | <02
U 1 1 - 0 1 1 1 1 0 1 1 1 1
1 2 3 0 02 04 06 08 1 ] 02 04 06 08 1
Wy, (1) of the MS (cm) D.(n) of the MS (cm) D; (n) ofthe MS (cm)

Figure S1: final dimension of the phytomer (n+1) vs final dimension of the previous phytomer (n) of
main stems having eleven leaves. Data are from 20 treatments from experiments E1-E3 and E5-E8
including 9 commercial cultivars, two sowing densities (D; and D,) and two sowing date (S, and S;).
Each symbol represents the mean value of a treatment and the different colors represent a couple of
phytomer rank as indicated in the figure in the right. The line represent the fitted linear regression
model for all phytomer ranks except in figure a for which data relative to the flag leaf (in black) was
excluded for the fit. Each color represents a couple of leaf ranks as indicated in figure ¢ and lines
represent the fitted linear model. A caption of equation and R2 are shown in right bottom of each
figure.
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Figure S2: final length of the penultimate phytomer vs. final length of the 4™ emerged phytomer of the
main stem. Data are from 39 treatments from experiments E1-E8 including 10 commercial cultivars;
three sowing densities (D;-D3) and three sowing date (S; -S3). Each symbol represents the mean value
of a treatment. The line represents the fitted linear regression model and equation and R? are captured
in each figure.
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Figure S6: normalized internode diameter vs. shifted phytomer rank of main stem and primary tillers.
Data are from five treatments from experiments E1 (figures a, b) and E6 (figure c). Symbols represent
the mean measurement of each axis. Colors represent the different axes as indicated in figure a.
Figures a and b show data of Soissons cultivar, respectively with density D1 and D2. Figure ¢ shows
data for Maxwell cultivar with density D2. The values of fitted scale factor k° relative to each tiller
(Ti) are noted in the right bottom of each figure.

84



Chapter2: Parametrizing final organ dimensions and leaf senescence of winter wheat plants

o a)
3
g o]
L
2 s [o%.
-g 00
E e
2
T 4T
w
Z y=-0.0921x +16.118
R2=0.8194
0 1 L
80 90 100 110 120
Phyllochron (°Cd)
600 900 1300
b) c) d)
500 - % 800 |- 1200 =y
) o
= ° o @ = el ) o 3
§400 + . g0 -~ 1100
= © a o B
W © T Q o
300 600 1000 o
y = 0.5086x - 82.393 y=-0.2671x +989.91 & y=0.9766x + 40301
RZ = 0.8259 e i
R2=0.5823 RZ = 0.9565
200 1 1 1 500 L L L 900 1 L L
900 1000 1100 1200 1300 900 1000 1100 1200 1300 900 1000 1100 1200 1300
tlg (°Cd) tlg (°Cd) tilg (°Cd)
900
e)
800
~ .0
=) -
700 | @
o ° T
600
y=-0.4932x +931.67
R = 0.6216
500 1 L L

200 300 400 500 600
7l (°Cd)

Figure S7: correlation between variables of the green leaf number G, of the main stem. Symbols
represent the adjusted parameters of the nine treatments from experiments E3, E6 and E8. The figure a
represents the haun stage of the main stem at the minimum of green leaf (t;) vs. their phyllochron (R?
= 0.819). Figure b shows the relation between thermal time at the start of senescence (t;) and the
thermal time at flag leaf ligulation. Figure ¢ shows the relation between thermal time at the minimum
of green leaf (t,) and the thermal time at flag ligulation. Figure d shows the the thermal time at the
maximum of green leaf number (t3) and the the thermal time at flag ligulation. Figure e shows the
relation between thermal time at the minimum of green leaf (1) and the thermal time at the start of
senescence (ty)
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Table S1: fitted parameters of the of green leaf number model for the nine treatments with: (i) the experiment number, (ii) cultivars, (iii) sowing density: (D;:low, D,:normal),
(iv) nitrogen treatments (N.: optimal, No: no N given); (v) cohort number (MS:1, T:4, T,:5); (vi) the mean phyllochron (unit :°Cd); (vii) the final leaf number; (viii) the green
leaf number at the start of senescence; (x) the minimum of green leaf number; (xi) the maximum of green leaf number; (xii) the thermal time at start senescence; (xiii) the
thermal time at the ligulation of the 4™ leaf from the top; (Xiv) (xiii) the thermal time at the ligulation of the flag leaf :(xv) the root mean square error (RMSE) calculated
between simulated and the observed values.

Exp. Cv. Density Sowing Date N.trt axis phyllochron Ny gl g2 g3 1 T T3 o B RMSE
E3 Caphorn D2 S2 NO MS 88 11 40 26 45 389 653 1006 -3.2E-09 -2.7E-03 0.26
T, 88 9 34 26 45 520 660 1006 -3.2E-09 -2.7E-03 0.42
T, 88 8 29 26 45 590 687 1046 -3.2E-09 -2.7E-03 0.33
E3 Caphorn D2 S2 N+ MS 84 12 52 36 52 437 672 1008 -2.9E-09 -2.7E-03 0.34
T, 84 9 41 36 47 570 651 1008 -2.6E-09 -2.4E-03 0.33
T, 84 8 40 36 47 590 651 1030 -2.6E-09 -2.4E-03 0.46
T, 84 9 48 36 47 665 681 1009 -2.6E-09 -2.4E-03 0.36
Ts 84 7 36 36 47 701 701 1034 -2.6E-09 -2.4E-03 0.52
E3 Soisson D2 S2 NO MS 87 11 45 28 41 392 609 957 -3.3E-09 -2.7E-03 0.45
T, 89 9 35 28 41 525 659 1017 -3.3E-09 -2.7E-03 0.22
T, 103 8 30 28 41 525 625 1038 -3.3E-09 -2.7E-03 0.59
T, 86 8 33 28 41 560 623 966 -3.3E-09 -2.7E-03 0.38
T, 74 9 38 28 41 560 649 944 -3.3E-09 -2.7E-03 0.42
E3 Soisson D2 S2 N+ MS 88 11 50 33 44 440 616 968 -3.0E-09 -2.7E-03 0.25
T, 87 9 38 33 43 550 651 999 -3.0E-09 -2.7E-03 0.33
T, 101 8 33 33 43 550 618 1021  -3.0E-09 -2.7E-03 0.36
T, 85 8 36 33 43 590 626 968 -3.0E-09 -2.7E-03 0.32
Ts 92 7 33 33 43 676 676 1017  -3.0E-09 -2.7E-03 0.46
E6 Maxwell D2 S2 N1 MS 99 11 47 33 58 470 693 1089 -8.8E-09 -2.7E-03 0.12
T, 120 8 36 33 48 670 722 1203 -7.3E-09 -2.2E-03 0.21
T, 104 9 41 33 48 670 762 1178 -7.3E-09 -2.2E-03 0.18
T, 126 7 33 33 48 738 738 1203 -7.3E-09 -2.2E-03 0.18
T, 107 8 39 33 48 738 749 1178 -7.3E-09 -2.2E-03 0.10
T; 137 6 33 33 48 872 872 1239 -7.3E-09 -2.2E-03 0.22
Ts 114 7 33 33 48 79 795 1214 -7.3E-09 -2.2E-03 0.17
E8 Caphorn D1 S2 N+ MS 97 12 54 34 57 529 680 1166 -8.0E-09 -1.0E-03 0.27
Caphorn D2 S2 N+ MS 108 11 48 31 57 510 747 1177 -5.2E-09 -2.7E-03 0.29
Apache D1 S2 N+ MS 106 11 49 32 55 519 746 1171 -5.2E-09 -2.7E-03 0.29
Renan D1 S2 N+ MS 96 12 51 42 6.6 517 698 1175 -9.0E-09 -1.0E-03 0.23
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Table S2: fitted parameters of the phytomer dimensions sub-models for the 17 treatments with: (i) the experiment number, (ii) cultivars, (iii) sowing date (S2: normal, S3:
late) , (iv) density: (D;:low, D,:normal), (V) nitrogen treatments (N..: optimal, No: no N given); (vi-x) the coefficients b, to b, of the polynomial function of final blade length;
(xi-xv) the coefficients s, to s, of the polynomial function of final sheath length; (xvi-ixx) the coefficients iy to i of the polynomial function of final internode length; (xx)
the rank of the last non elongated internode, (xxi) the final leaf number of the main stem N,“°; (xxii-xxiii) the mean diameter of the three upper sheaths (d,) and internodes

(dip) and (xxiv-xxx)the RMSE values for each sub-models.

Exp. Cv. Sowing Density N.trt bo by b, bs bs So Sy Sy S3 Sy io iy in i3 r-1 N.Mg ds» do. RMSE RMS RMSE RMSE RMSE RMSE
Date Ly L L W, Ds Di
E1  Soissons S2 D1 N+ -422.8 220 -41.8 35 -011 220 134 -069 012 -001 443 -180 22 01 6 12 - 0.49 7.16 6.69 1.02 0.08 - 0.03
E1  Soissons S2 D2 N+ -2620 157 -338 32 -011 293 049 -043 011 -001 689 -291 38 -01 5 11 - 042 573 554 121 0.08 - 0.03
E2  CapHorn S2 D2 N+ -94.4 65 -154 16 -006 401 050 -045 010 -001 -291 86 -09 00 5 11 - - 162 069 176 - - -
E2  Florence S2 D2 N+ 25855 -1311 2470 -203 062 487 -220 093 -011 001 8.3 -376 50 -02 6 10 - - 293 120 358 - - -
E2 Isengrai S2 D2 N+ -570.8 293 -55.5 47 -015 204 168 -078 015 -001 747 -371 55 02 6 11 - - 1.73 0.88 2.17 - - -
E2 Ora?orio S2 D2 N+ -66.8 63 -170 1.9 -007 130 298 -1.37 023 -001 95 63 09 00 6 11 - - 204 186 185 - - -
E2 Recital S2 D2 N+ -6292 326 -616 51 -0.16 290 -0.27 -0.02 004 000 -3379 1160 -133 05 6 11 - - 140 160 191 - - -
E2  Soissons S2 D2 N+ -3531 202 -41.7 38 -013 222 150 -063 011 0.00 -3065 1058 -122 05 6 11 - - 136 135 110 - - -
E2  Theese S2 D2 N+  -1175 88 -209 21 -008 463 -227 068 -005 000 -4926 1619 -178 07 7 11 - - 164 115 134 - - -
E3  Caphorn S2 D2 N+ -769.9 361 -62.4 48 -014 281 -0.09 -0.22 007 000 -1654 477 -47 0.2 7 12 040 0.23 291 3.45 0.00 0.17 0.06 0.08
E3  Soissons S2 D2 N+ -2919.9 1360 -236.1 182 -052 299 -0.51 -0.01 0.04 0.00 -4982 159.3 -17.0 0.6 7 11 045 o021 1.84 3.11 0.00 0.08 0.10 0.07
E3  Caphorn S2 D2 NO -16109 750 -130.2 10.1 -0.29 3.00 -0.57 0.05 0.03 0.00 -313.0 987 -105 04 7 11 037 024 1.62 4.01 0.00 0.15 0.07 0.07
E3  Soissons S2 D2 NO -2367.3 1109 -1932 149 -043 185 106 -0.63 0.12 -0.01 -90.7 27.6 29 01 7 11 036 0.22 1.50 2.72 0.00 0.15 0.06 0.08
E5  Soissons S3 D1 N+ -1171.7 644 -1311 118 -039 135 264 -121 021 -0.01 -4119 1528 -189 0.8 6 10 0.64 049 3.81 1.66 2.10 0.09 0.06 0.04
E5  Soissons S3 D2 N+ -362.3 228 -52.0 52 -019 315 039 -050 014 -0.01 -1433 56.3 -74 03 5 10 054 0.39 2.52 1.26 1.90 0.10 0.08 0.04
E5  Soissons S3 D3 N+ -1024.6 647 -150.1 153 -0.58 309 043 -048 015 -0.01 -1305 58.6 -87 04 5 9 054 0.39 3.98 6.81 4.63 0.16 0.06 0.08
E6  Maxwell S2 D2 N+ 282.7 -132 23.2 -1.7 0.04 578 -361 122 -013 0.01 7.1 -3.7 0.4 0.0 6 11 045 0.38 2.69 0.82 1.08 0.14 0.04 0.04
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Chapter 3: Responses of winter wheat plants to increased row spacing: developmental, morphological and geometrical changes

RESUME

Contexte et objectifs. Le choix de la densité de semis et de I'écartement entre les
rangs sont deux techniques de gestion de culture qui influencent fortement
I'architecture des plantes. Il est bien connu que les plantes sont capables de détecter la
présence de leurs voisines et d'adapter leurs architectures afin de mieux explorer les
ressources. Les réactions d'adaptation les plus étudiés concernent les réponses a la
densité. Un effet moins connu est lié a la sensibilité des plantes a I'emplacement exact
de leurs voisines. Il y a encore un manque d'études qui analysent les réponses,
morphologiques et géométriques des plantes de blé, sous un changement d’espace
entre les rangs. Ce travail vise a étudier comment les plantes adaptent leurs
développements, morphologies et géométries lorsque I'espacement entre rangs double
tout en maintenant une méme densité au m2.

Méthodes. Nous avons mesuré des variables a 1’échelle de la plante et a 1’échelle du
couvert pendant toute la phase végeétative. Les variables analysées sont: la dynamique
de tallage, le rendement, la dynamique de couverture du sol en visée verticale GC,
I'indice foliaire PAIg, le rythme d'apparition des feuilles, le nombre et la dimension
finale des organes, les angles d'azimut des feuilles et des tiges et leur espacement a
partir de la base de la plante.

Résultats. Les principales différences de [D’architecture des plantes sous un
espacement large entre les rangs WI comparée a un espacement étroit NI, sont les
suivantes: (i) une réduction du nombre de talles, (ii) une Iégere augmentation du
rendement en grain, (iii) un développement avancé, (iv) une couverture du sol a la
verticale similaire & NI, (v) augmentation de la surface des limbes de dernieres
feuilles, (vi) augmentation de la distance horizontale entre les axes et la base des
plantes a la floraison avec une légere tendance d’une orientation vers l'espace libre
entre les rangs et (vii) mise en évidence des différences entre les cultivars.

Conclusion. Cette étude est particulierement intéressante du fait qu’elle a permis
d’identifier les stratégies que les plantes mettent en jeu pour s’adapter au changement
de son environnent local en soulevant les degrés de libertés de leurs traits
architecturaux.
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ABSTRACT

Background and Aims. The adjustment of the density and the row spacing are among
the crop management techniques that most influence plant architecture. Plants are able
to detect the presence of their neighbours and adapt their architecture to better explore
resources. In crops, the most studied adaptation reactions concerns the responses to
plant density. A less known aspect is how plants adapt to the exact location of their
neighbours. This work aimed to study how wheat plants adapt their development,
morphology and geometry under increasing the row spacing, at constant population
density.

Methods. Measurements of up-ground variables at plant and at crop scale were
carried out during the vegetative phase. The variables investigated were: dynamic of
tillering, yield, dynamic of vertical ground cover, plant area index PAIlg, rate of leaf
appearance, number and final dimension of organs, azimuth angles of leaves and
stems and their spacing from the plant base.

Results. The major differences in plant architecture under wide row spacing WI
compared to narrow row spacing NI, were the following: (i) a reduction of the number
of tillers, (ii) a slight increase of grain yield, (iii) an advanced development with
higher final leaf number, (iv) a similar vertical ground cover, (v) increase of blade
area of upper leaves, (vi) increase of the horizontal distance between axes and the
base of plants at flowering with a slight trend to an orientation towards the free space
between the rows and (vii) results pointed to differences among cultivars.

Conclusion. Plant responses in the first stages of growth, suggest that in wide inter-
rows, plants reacted mainly to a higher perception of competition, due to the lower
distance with their closest neighbours. However, they show no trend to avoid
specifically their closest neighbours and prospect the inter-row space. In the later
stages of growth, plants in the wide inter row showed traits characteristic of a lower
level of competition, than in normal inter row; indeed they compensated the reduced
number of ears by a higher yield per ear. At this stage, some cultivars, but not all,
show a trend to prospect more specifically the inter-row space.
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1. INTRODUCTION

It is well know that plants are able to detect the presence of their neighbours and adapt
their architecture to avoid shading and to better explore the resources. The most
studied responses of plant adaptation concerns the change in density. Density effect
was often related to resources (Alzueta et al., 2012; Kirby and Faris, 1972) and to
phytochrome signalling. It was shown that red:far-red ratio acted as an early signal for
plant to avoid competition (Ballaré and Casal, 2000; Evers et al., 2006; ). A less
known aspect is the sensitivity of plants to the exact location of their neighbours. For
crops, the choice of row spacing is generally a compromise between the search for
homogeneity of crop, to reduce interplant competition, and practical constraints, as
the mechanical weed control in organic farming or the conservation of soil moisture
in mulch-till and no-till farming. Therefore, the question of managing the row spacing
at constant density is of major interest. In conventionally grown wheat crops, the row
spacing varies from 12 to 18 cm, whereas it varies from 35 and 50 cm, in organic
farming conditions. Several studies investigated the impact of changing the row
spacing on grain yield and weed control. For wheat, several researches have recorded
higher grain yields (from +8 to +13%) with reduction of row spacing from 23 to 8 cm.
This yield increase was associated with a higher number of ears per square meter and
was interpreted as narrow row spacing allowing a more efficient capture of resources
(Joseph et al., 1985; Epplin et al., 1992, Johnson et al., 1988). However, other works
shown no yield advantages with reduced row spacing (Marshall and Ohm, 1987;
Teich et al., 1992; Freeze and Bacon, 1990) interpreted by an increase of resource-use
efficiency. Studies aiming at design organic or no tillage farming investigated the
effect of increasing rows spacing, from 17 to 24-40 cm. Most authors reported that
wide row spacing resulted in yields similar to those in conventional spacing (Crabtree
and Rupp, 1980; Teich et al., 1993; Lafond 1994; Lafond and Gan, 1999; Hiltbrunner
et al., 2005). In general wide row spacing produced a lower density of ears, but this
was compensated as the number of kernels per ear and the thousand kernel weight
were higher (Lafond, 1994; Hiltbrunner et al., 2005, Johnson, 1988). Some works
even reported an increase on grain protein content (~ +12%) under wide row spacing
(Hiltbrunner et al., 2005).

The work cited above focused on the effect of row spacing on yield without
investigating the adaptations in plant architecture. Many studies on maize showed
that the azimuthal positioning of the leaves react significantly to the presence of
neighbours and plants tended to align their leaves perpendicularly to the row direction
under rectangular plantings patterns (Maddonni et al., 2001; Drouet and Moulia,
1997) which increase light capture. To our knowledge, there is a lack of studies that
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analysed the morphological and geometrical responses of wheat plants under change
of row spacing. Addressing these questions may help to identify or even design
cultivar trait the more adapted to new management techniques.

The aim of this work is to study how plants adapt their development, architecture and
geometry under increasing the row spacing, at constant population density. We
addressed two principal questions: (i) Are there differences in plant development,
tillering and organ dimension? (ii) Are there adaptations in the spatial disposition of
organs?

2. MATERIALS AND METHODS

Measurements of above ground variables at plant and at crop scale were carried out
during the vegetative phase in treatments with contrasted row spacing. Measurements
aimed to characterize the development, architecture and geometry of winter wheat
plants. The variables investigated here are: density of axes (maximum and final), the
yield, the vertical ground cover, the plant area index, the light extinction coefficient,
the rate of leaf appearance (phyllochron), the number and dimension of organs, angles
of leaves and stems (zenith, azimuth) and their spacing from the row. Measurements
were carried out on five commercial winter wheat cultivars that had been selected
regarding to their difference in leaf curvature (planophyll to erectophyll).

1.1. Experimental design and treatments

The experiment was conducted in 2012/2013 in field conditions, at the INRA campus
of Thiverval-Grignon (48°51 N, 1°58 E), with a maritime influenced climate and a
deep loamy soil. Five cultivars of winter wheat Triticum aestivum (Maxwell, Apache,
Caphorn, Renan, and Soissons) were sown at a density of 200 seeds m? on 02
October 2012. The distance between rows was either the conventional distance in the
region, 17.5 cm (narrow row spacing, NI), or 35 cm (wide row spacing, WI). The
mean interplant distances on the row were 2.9 cm in NI treatments and 1.4 cm in WI
treatments. Field plots consisted of two blocs (15 m x1.75 m) per treatment. Nitrogen
fertilization followed the standard scheme with one dose at tillering stage and one
dose brought shortly before stem elongation. Weeds were controlled by herbicide
application at sowing and during the crop cycle. Air temperature at 2 m was recorded
from a nearby meteorological station and soil temperature at 3 cm depth was
measured in the experimental plots. Thermal time was computed from plant
emergence on an hourly basis, assuming a linear response to temperature with a base
temperature of 0°C.
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1.2.Measurements at crop level

The density of axes (axes.m™?) was measured five times during the crop cycle at 590,
795, 934, 1333, 1630 °Cd after plant emergence. Measurements were conducted on
10 to 50 plants per treatment. Plants were collected in the field and brought to the
laboratory. Axes having at least one green leaf were recorded. At the end of the
cycle, the grain yield (t.ha™) was measured on an area of 10 mz.

Vertical ground cover GC(0°) was monitored weekly from ligulation of the 4™ leaf to
flag leaf ligulation (from 08/02/2013 to 24/05/2013). Six down-looking photographs
were taken at constant locations in each treatment. We used a NIKON camera D90,
with a sensor size =23.6x15.8 mm and a focal length of 50 mm which defines a field
of view of +13.5° around the optical axis. Photographs were taken from a 2.215 m
height and covered an area of 1.05m x 0.70m. Synchronously with vertical
photographs, oblical photographs with a direction of view at 57.5° from the vertical
were acquired to monitor oblical ground cover GC(57.5°). GC(57.5) was used to
estimate the green plant area index PAIg (m? leaf per m? soil), following (Baret et al.,

- cos(57.5%)*log(1-6C(57.5°))

2010): PAlg = y

Photographs (0° and 57°) were processed using the SATVA software
(https://www6.paca.inra.fr/emmah/Production-Documentation/Outils-et-modeles/) to
determine the proportion of vegetation pixels, which corresponds to ground cover.
Beside, PAIlg was directly measured at flowering by dissecting 45 plants per treatment
and scanning all phytoelements.

1.3.Measurements at plant level

The number and length of individual leaves of the main stems were measured six
times during the crop cycle on 10 tagged plants per treatment to characterise the Haun
stage as described in Abichou et al. (2016). The phyllochron was defined by adjusting
a linear model between the Haun stage and the thermal time.

The length of the pseudostem lsem and the apex lapex Of the main stems were measured
by ruler on 30 tagged plants from destructive measurement, at 960 °Cd after
emergence (i.e. Haun stage~8.7).

The dimensions of the individual mature organs of the main stems were measured on
30 tagged plants to determine: (i) the blade length l,4, (ii) the blade area a4 and
(iii) the collar height I, (e.i. distance from the plant base to the collar position) of
individual leaf rank. Plants were dissected and blade images were obtained with a flat-
bed scanner and were processed using the program Lamina2Shape (Dornbusch and
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Andrieu, 2010).

The leaf curvature and the angle of insertion of leaves i, at each position on the main
stem were collected weekly from the start of stem elongation (960°Cd; Haun
stage~8.7) to full senescence (2009°Cd) on 20 main stems per treatment. Stems with
their attached leaves were photographed following the silhouette method then
photographs were analysed with the POPCORN software (Weiss and de Solan,
https://wwwé6.paca.inra.fr/emmah/Production-Documentation/Outils-et-modeles/), to
register the coordinates of point along the stem and the leaf midribs.

Three D digitization was conducted to ensure a comprehensive characterization of 3D
geometry of plants at 795°Cd (Haun stage~7), and at 1333°Cd (1.8 phyllochron after
flag leaf ligulation). Two segments of rows per treatment (40 cm length), were
collected and measured in each treatment. A segment was collected as an intact bloc,
including the soil and root to a depth of ~ 15 cm. There were ~15 plants in NI
treatments and ~30 plants in WI treatments. Row segments were transplanted in pots,
photographed and leaves and stems of all plants of the rows segment were digitized in
the lab (see Fig.1). We used a Polhemus digitizer to register in 3D all plant
components (i.e. stems and midrib of leaves for main stem and all tillers). From
digitalization, the following variables were calculated (for more details see Fig.2):

- Pstem: inclination angle of the stem or the pseudostem of the main stem (angle
relative to the vertical direction)

- dstem: horizontal distance between the plant base and the upper collar on each axis,

- diear: horizontal distance between the plant base and the tip of leaf on each axis,

- Oiear: azimuth angle of the midrib relative to the row direction

- Osem: azimuth angle of the pseudostem of an axis relative to the row direction (e.i.
the pseudostem direction was defined as the line between the base of the plant
and the upper collar of that axis).
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Row direction view

Perpendicular row direction view

Figure 1: Photographs of segments of rows (wheat cv. Maxwell, NI treatment), collected
from field and transplanted in pots. Samplings were conducted at 795°Cd (left) and at
1333°Cd (right) after plant emergence.
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Figure 2: Scheme illustrating the architectural plant variables analyzed:
a) on main stems:

Iiageqiy: The final blade length of leaf rank ‘i” of the main stem.

eat (i): The final area of leaf rank ‘i’ of the main stem.

lcoig): The length between the base of the plant and the collar of leaf i of the main
stem.

heoir: The height (vertical distance) between the base of the plant and the upper collar of
the main stem

Jieati) - The angle of insertion of leaf rank ‘i’ of the main stem, the angle is relative to the
direction of the bearing axis.

Psem@) - The inclination angle of the pseudostem of the main stem relative to the vertical
direction. The pseudostem was defined as the line between the base of the plant and the
upper collar of that axis.

b) on both main stems and tillers:

98

dsemy © The horizontal distance between the base of plant and the upper collar on the
axis j’.

dieargij) : The horizontal distance between the tip of leaf rank ‘i’ of an axis ‘j” and the base
of plant

Oleatiijy - The azimuth angle of the midrib of leaf rank ‘i’ of an axis ‘j° and the row
direction.

Ostem() : The azimuth angle of the pseudostem of the axis ‘j’ relative to the row direction.
The pseudostem was defined as the line between the base of the plant and the upper
collar of that axis.



Chapter 3: Responses of winter wheat plants to increased row spacing: developmental, morphological and geometrical changes

3. RESULTS

3.1.Tillering and yield

Increasing row spacing impacted tillering. The dynamic of the number of axes from
590°Cd after emergence (Haun stage~4.8) to 451°Cd after flag ligulation is shown in
figure3. For all the cultivars, the number of axes in WI treatments was lower than that
in NI treatments and this was true along the cycle; It is noticeable that this occurred
despite the rate of leaf appearance and the final leaf number were either unchanged or
higher in WI treatments (see next section 3.3.). At the maximum of tillering, the tiller
number in WI treatment ranged between -13% and -20% below that in NI treatment.
The difference decreased during the mortality phase, and the density of ear in WI
treatments ranged from -3% to -10% below that in NI treatments. Despite the lower
ear density, the grain yield was slightly higher in WI in (+2% to +4%) excepted for
Apache (-6%) (Tablel).

3.2.Ground cover and PAlg

A comparison of the vertical ground cover GC(0°) between WI and NI treatments,
during the full crop cycle, is shown in figure4. For Caphorn and Renan, the points are
very close to the bisect line, meaning that increasing row spacing did not impact
ground cover during the full crop cycle. For other cultivars, the ground cover was
slightly reduced in WI treatments and the difference varied along the cycle to reach a
maximum around start stem elongation (HS~7.8). The vertical ground cover GC(0°)
depends on the plant area index PAIlg and the plant geometry.

A comparison of the Plant area index PAlg, between WI and NI treatments, during the
crop cycle, is shown in the figure5. During the early phases of crop cycle, and despite
the higher rate of leaf appearance in WI (see section 3.3.), the PAlg estimated for WI
treatments was lower compared to NI treatments with a mean difference of ~30%.
This is consistent with the lower tillering observed in WI treatments. However, the
accuracy of this estimate is uncertain because the method of estimation is in principle
valid for homogeneous crop, and the marked row disposition in the WI treatments
may present a limit especially at early stages of crop. At flowering, the PAlg was
measure directly; PAlg in WI treatments was similar to that in NI treatments, despite a
lower ear density in WI treatments. This is consistent with the larger size of upper
leaves blades (see next section 3.4.).
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Table 1 : Grain yield of five wheat cultivars sown with row spacing of 17.5cm (NI) or 35 cm
(Wn)

Cultivar Yield (t ha-1) of NI Yield (t ha-1) in WI
Apache 54 51
Maxwell 5.4 55
Caphorn 4.5 4.7
Soissons 4.3 4.4
Renan 3.8 3.8
Maxwell Caphorn
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Figure 3: The density of axes per square meter vs. the thermal time from emergence for the
five cultivars. Symbols represent the mean values measured on 10 to 50 plants per treatment.
Squares and solid lines represent the W1 treatment and triangles and dotted lines represent the
NI treatment. Each Error bars marks the 95% confidence intervals of mean estimates.
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Figure 4: The vertical ground cover GC(0°) of the wide row spacing treatment W1 vs. the
narrow row spacing treatment NI. The ground cover was measured 12 times from
08/02/2013 to 24/05/2013. Each color represent a cultivar as shown in the legend of figures
and each symbol shows the mean values from the analyze of six photographs taken at
constant locations (each photograph covered an area of 0.73 m2). Error bars marks the 95%
confidence intervals of mean estimates. The dotted line represents the line 1:1.
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Figure 5: The green plant area index PAIg of the wide row spacing treatments WI vs. that in
narrow row spacing treatments NI. Triangles shows the PAIg measured at flowering from
scans of leaves and stems. Circles shows the PAIg estimated from photographs with an angle
of viewing of 57°, monitored seven times from 18/02/2013 to 17/06/2013. Each color
represents a cultivar as follow: red for Soissons, blue for Apache, green for Maxwell, purple
for Caphorn, pink for Renan. Each circles shows the mean values from the analyze of three
photographs taken at constant locations (each photograph covered an area of 2.03 m?). Error
bars mark the 95% confidence intervals of mean estimates. The dotted line represents the line
1:1.
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3.3.Plant development
A comparison of the phyllochron of the main stem between WI and NI treatments is
shown in the figure 6a. The phyllochron was lower (i.e. leaf appearance rate was
higher) under wide row spacing for Apache and Soissons cultivars with a reduction of
11% to 14% respectively. For other cultivars, the phyllochron was almost equal in WI
and NI treatments. In the other hand, increasing row spacing resulted on a slight
increase of the final leaf number of about 0.5 leaves for all the cultivars, except
Caphorn which showed a decrease of 0.5 leaves under wide row spacing (see Fig.6b).

A comparison of the length of the pseudostem lsem and the length of apex lapex Of the
main stem at 960°Cd after emergence, between WI and NI treatments is shown in the
figure7. Both Isem and lapex Was higher under WI treatments compared to NI
treatments. Given that the final lengths of collars were similar in W1 and NI treatments
(see Fig.8), the higher length of lsem and lapex at 960°Cd indicates an advanced stage of
development of plants grown under WI treatments.

3.4.Dimension of mature organs of plants

The patterns of final blade length, final blade area and final collar height on the main
stem are shown in figure 8. For all cultivars, blades of lower leaves had almost equal
length in WI and NI treatments but blade of upper leaves (ranks 8-11) were longer in
WI. Upper leaves blades were also wider in WI treatments (not shown) so that upper
blade areas were larger (Fig.8b). Considering all cultivars together, the cumulated
area of the 4 upper blades was 10% higher in WI than in NI. On the other hand, collar
height was not impacted by the inter row distance (Fig.8c), meaning that the vertical
distribution of leaf insertions was unaffected.

3.5.Geometry of plants

The change over time of the angle of insertion ijesr Of main stem leaves from 960°Cd
to 2008°Cd (i.e. from Haun stage ~8.7 to the full senescence of leaves) is presented in
figure 9. For Maxwell, Apache and Soissons cultivars, this angle i, Was larger in WI
treatments compared to NI treatments and difference increased over time. The ijeqr OF
the Caphorn cultivar was similar in WI and NI treatments (Renan data are not
presented here, analysis is ongoing). The distances and orientation of leaves and stems
are presented in figurelO for the two key stages: at start stem elongation (795°Cd)
and close to flowering (1333°Cd).
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Figure 6: The phyllochron (a) and the final leaf number (b) of the main stem in wide row
spacing treatment WI vs. those in narrow row spacing treatments NI. Each color represents a
cultivar as follow: red for Soissons, blue for Apache, green for Maxwell, purple for Caphorn,
pink for Renan. Each symbol shows the mean of values measured on 10 to 15 tagged plants.
Error bars marks the 95% confidence intervals of mean estimates. The dotted line represents
the line 1:1.
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Figure 7: (a) Collar height of the last ligulated leaf I, and (b) apex length I, Of WI
treatment vs. NI treatment. Each symbol represents the mean of values measured on 30 tagged
main stems at 960°Cd after emergence. Each color represents a cultivar as follow: red for
Soissons, blue for Apache, green for Maxwell, purple for Caphorn, pink for Renan. Error bars
mark the 95% confidence intervals of mean estimates. The dotted line represents the line 1:1.
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Figure 8: The final dimensions of main stem leaves vs. the inversed leaf rank for the five
cultivars. We counted phytomer rank from the top (e.i. basipetally) where n =1 represents the
rank of the flag leaf. Figures represent in: (a) the blade length of all leaves, (b) the blade area
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values measured on 10 to 30 tagged plants per treatment. Squares and solid lines represent the
W1 treatments and triangles and dotted lines represent the NI treatments. Error bars mark the
95% confidence intervals of mean estimates.
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The notable features observed at the start stem elongation (at 795°Cd) are:

- The mean horizontal distance dsem between the top of the pseudostem and the base
of a plant was 15% - 21% lower in WI treatments compared to NI treatments for
Maxwell, Renan and Soissons (Fig.10al), meaning that pseudo stems in WI
treatments were more erect. Apache and Caphorn cultivars did not show this
behaviour and had similar dsem on WI and NI treatments.

- The mean horizontal distance of leaf tips, d.,r, differed markedly between interrow
spacing treatments only for in cultivars Soissons and Renan (Fig.10a2). In Soissons
diear Was 8% lower in WI treatment suggesting that plants limited their horizontal
prospection. Renan showed an opposite behaviour with an increase of + 7% in djeqr.
-The mean azimuth angle of pseudo stems relative to the row direction 6s.n was about
45° in all cultivars (Fig.10a3), meaning that there was not a general trend to orientate
axes relatively to row direction. In the WI treatment however, Osen in Renan was
lower (35°), meaning that this cultivar orientated more axes along the row direction.
To a lesser extend, Caphorn in WI tended to orientate more axes toward the interrow.
The mean azimuth angle of leaves relative to the row direction ;s Was close to 45°,
meaning that there was not a general trend to orientate leaves relatively to the row
direction. Our data do not show any clear difference between NI and WI treatments
(Fig.10a4).
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Figure 9: The mean angle of insertion of main stem leaves (i) VS. thermal time from
emergence. Each symbol represents the mean values of the upper 4 to 5 leaves of the main
stem measured on 30 tagged plants per treatment. Squares and solid lines represent the WI
treatment and triangles and dotted lines represent the NI treatment. Each Error bars marks the
95% confidence intervals of mean estimates. The data of Renan cultivar is not available.
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The notable features observed at the start stem elongation (at 1333°Cd) are:

- The mean horizontal distance ds.m differed markedly between cultivars, in the range
of 3cm for Maxwell to 8-9 cm for Soissons (Fig.10b1). In WI treatments dsem Was in
general higher than in NI treatment, but cultivars differed in their response, ranging
from no difference for Renan to an increase of 51 % in Soissons. Since plant height
was no affected by row spacing (see previous section), this higher values of dsem in
WI treatment indicates that plant axes were more inclined compared to that in NI
treatment.

- The mean azimuth angle Os.m Was close to 45° in NI treatment, meaning that there
was no dominant axe orientation in this treatment (Fig.10b3). In all cultivars but
Apache, 6sem Was higher in WI treatments meaning that plants orientated theirs axes
towards the inter-row. The orientation was specially marked for Caphorn (seem = 52°).
- The mean horizontal distance of leaf tips diesr Showed a general trend to increase
under WI treatments compared to NI treatments, for all cultivars excepted Maxwell.
The result indicates more distant leaves from the plant base (Fig.10b2).

- The azimuth angle of leaves 65 was similar in WI and NI treatments (Fig.10b4),
indicating that plants did not orient preferentially their leaves towards the space
between the rows.

4. DISCUSSION

A common result among the five cultivars was the reduction of tillering under
increasing the row spacing. Our data shows that plants reduced their tillering at early
stage (HS~4.8) when resources were not yet limiting. The maximum density of tillers
was reduced by -20% for Apache, Maxwell and Soissons and by -13% for Renan and
Caphorn. These findings are in line with Hiltbrunner et al. (2005) who reported a
decrease of about 28% of the maximum density of tillers emerged with increasing row
space from 0.1875 to 0.3750 m. Later, fewer tillers per square meter had degenerated
in WI treatments by the time wheat reached maturity; the ear density was reduced in
the range of -3% to -10%, and the yield remains unchanged. Hiltbrunner et al. (2005)
did not found differences on the ear density and Johnson et al. (1988) reported a mean
decrease of ear density of about -21%. So, during the mortality phase of tillers, plants
under wide row spacing, having produced fewer tillers compared to NI treatment, find
themselves in a more comfortable condition with less competition between their axes.
Later, they produced similar yield with a slightly reduced number of ears. Yield
compensation probably occurred by increasing the number of kernels per ear and the
thousand kernel weight as reported by some authors (Lafond, 1994; Hiltbrunner et al.,
2005, Johnson, 1988). In the other hand, under non limiting condition, the reduced
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intra-plant competition may explain the increase of protein quality noted by
Hiltbrunner et al. (2005).

The vertical ground cover under WI treatments showed different pattern among
cultivars. Increasing row spacing did not impact the ground cover of Caphorn and
Renan. Besides, it was slightly reduced for the other cultivars. In the other hand, the
plant area index was reduced under WI treatments during the early phases of crop
cycle which is consistent with the reduction of tillering. At flowering, the plant area
index was not reduced, as the lower ear density was compensated by the larger size of
upper leaves. Besides, no effect on collars height was observed. Plants under wide
row spacing were slightly advanced in their development (lower phyllochron for two
cultivars, earlier stems extension for the five cultivars) and produced a slightly higher
number of leaves.

The geometry of plants showed a slight change under wide row spacing with
differences among cultivars. Plants under WI treatment showed a change of their
geometrical response during the crop cycle. At early stages, their pseudo-stems were
mostly more erected and closer to the plant base may be because plants under wide
row spacing had fewer tillers at this stage compared to narrow row spacing (it was
reported that the inclination of axes decreased with increasing the number of shoot in
the plant Gibson et al., 1992). No trend was observed on the azimuth angle of plant
organs, meaning that plants did not orient their stems and/or leaves towards the free
space between rows. At the end of cycle, stems were mostly further from the plant
base, with a high variability of response among cultivars ranging from no difference
for Renan to an increase of +51 % in Soissons: the range of variation of dsem Was
larger than the inter-plant distances. When stems were further from the plant base, a
slight trend to an orientation towards the free space between rows was observed. The
azimuth angle of leaves 6.sr Was not changed but leaves presented a higher insertion
angle ijear (More planophyll).

The reduction of the number of tillers emerged and the advanced development of
plants under wide row spacing are similar to plant responses under high densities,
suggesting a shade avoidance reaction. Plants in WI showed sensitivity to the presence
of their neighbours in the row rather than to the free space between the rows, they
reacted as if plant density was higher. Plants stopped to produce new tiller at early
stage (HS~4.6) for which resources were likely not limiting. Such behaviour may
have been triggered by phytochrome signalling (Ballaré et al., 1993). However, plants
didn’t show any tendency at prospecting the interrow distance at this early stage.
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After the start elongation of stems, plants showed a change of behaviour by producing
bigger blades, which compensated the reduction of tillering. This response was
common for all our cultivars; besides, most cultivars adapted the disposition of their
organs in order to prospect more the space. Around flowering, the adaptations differed
according to cultivars: (i) stems grew more obliquely in Soissons and Apache (ii)
stems oriented toward the free space between rows in Caphorn and (iii) leaves had a
higher insertion angle in Soissons, Apache and Maxwell (may be more planophile).
Interestingly, the azimuth angle of leaves was not affected, contrary to what is widely
reported for maize (eg Drouet et al.,1997).

Our findings concerning yield and tillering responses are on line with what was
reported in the literature. Our study provides new information on the degrees of
freedom that plants involve to adapt their architecture in response to the location of
their neighbours. Representing these behaviours in 3D models would allow to
investigate their adaptative value for light capture.
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This chapter is the base of a journal paper by:

Mariem Abichou, Benoit de Solan, Bruno Andrieu
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RESUME

Contexte et objectifs. L’architecture 3D des plantes joue un role déterminant dans
I’interaction avec I’environnement et joue un role important dans 1’acquisition des
ressources, I’exposition des stress et dans les transferts physiques a 1’échelle de la
plante et du peuplement. Pour ces raisons, la description de la géométrie des plantes
est un aspect important dans les modéeles « structure-fonction » de plante. Dans ce
travail, on s’est intéressé a la caractérisation de I'évolution au cours du temps de :
l'angle d’inclinaison des feuilles de chaque rang foliaire et de la pseudo-tige (cylindre
incluant les gaines et entrenceuds) de brin maitre et des talles.

Matériels & Méthodes. Deux expérimentations ont été menées en 2012/2013 (E1) et
en 2013/2014 (E2) avec une sélection de génotypes de blé d’hiver a port contrasté
(erectophile et planophile). L’expérimentation (E1) a été conduite au champ avec une
densité de semis de 200p/m2. Des mesures destructives ont été ont été réalisées une
fois par semaine afin de caractériser 1’évolution de I’angle d'insertion de chaque
feuille du brin maitre. Dans I'expérience (E2), les plantes ont été conduites dans des
boxes installés en plein air avec deux densités de population (70p/m2 et 200p/m2). Des
suivis ont été réalisés de facon hebdomadaire afin de suivre 1’évolution au cours du
temps de la géométrie des plantes. La méthode de digitalisation 3D avec Polhemus a
été appliquée. Les variables suivies sont I'angle d'inclinaison de la tige (ou pseudo-
tige) de tous les axes des plantes, I'angle d'inclinaison et 1’angle d'insertion des
feuilles du brin maitre. Le nombre et les longueurs de feuilles du brin maitre ont été
aussi mesuré afin d’estimer I'4ge des plantes et des organes.

Résultats. Le résultat marquant de cette étude concerne 1’identification d’un pattern
de mouvement stable pour les tiges et pour les feuilles. Pour les axes, mes données
montrent que I’inclinaison de la pseudo-tige suit une dynamique claire, répetitive et
facile a interpréter : les tiges présentent d’abord une inclinaison croissante qui se
stabilise a I’arrét de tallage, ensuite elles se redressent pour atteindre une position
verticale tardive autour de la ligulation de la feuille drapeau. Cette progression a été
observée a la fois sur le brin maitre et sur les talles. La synchronisation observée entre
le début de redressement des axes et 1’arrét de tallage suggére que le redressement
résulte aussi d’une réaction d’évitement de l'ombre. D’autre part, nos données
montrent que l’inclinaison par rapport a la verticale des feuilles a leur point
d’insertion varie en fonction de 1’dge de la feuille. La progression est claire pour les
feuilles inférieures et pour les feuilles supérieures, qui s’inclinent progressivement
avec le temps. Les feuilles intermédiaires montrent un mouvement plus complexe,
difficile a caractériser. Toutefois lorsqu’on considére 1’angle que fait la feuille par
rapport a son axe porteur, un schéma unique de progression se trace : on observe une
inclinaison progressive jusqu’a une position quasi-stable pour laquelle 1’angle avec
I’axe differe généralement fortement entre les feuilles juvéniles et les feuilles adultes.
Conclusion. Les dynamique du port des feuilles et encore plus des axes ont été tres
peu étudiée. L’originalit¢ de cette étude consiste a identifier des patterns
d’inclinaison des tiges et des feuilles qui sont clairs et repétitifs; ce qui permettra une
meilleur représentation de la géométrie dans les modeles FSPM et SPM.
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ABSTRACT

Context and aims. The 3D structure of plants is an important aspect of plant-interface
with the environment, involved in the capture of resources, the exposition to stresses
and physical transfers both within the plant and at canopy level. For these reasons
describing plants in 3D is an important aspect of functional structural plant modelling.
Despite of this, the representation of plants in FSPM pays little attention to the
dynamic aspects of geometry. This work analyses the evolution of the inclination
angle of leaves and stems or pseudo-stems (cylinder including sheaths and internodes)
during the full crop cycle.

Methods. Two experiments were conducted on 2012/2013 (E1) and on 2013/2014
(E2) exploring five commercial winter wheat cultivars of contrasted stature
(erectophile and planophile). Experiment (E1) was conducted in field with a plant
density of 200p/m2. Destructive measurements were performed at seven dates to
characterize leaf curvature and the angle of insertion of individual leaf dJiear (angle
relative to the stem) on the main stems. In experiment (E2), plants were grown in
compartments installed outdoor at population densities of 70p/m2 and 200p/m2. Plant
axes and main stem leaves were digitized weekly with a Polhemus digitizer allowing
to characterize the evolution over time of: (i) the inclination angle (angle relative to
the vertical) of the stem of all plant axes and (ii) the insertion (angle with respect to
the vertical) and inclination angle (angle relative to the stem of their bearing axis) of
individual leaf rank of the main stem. Measurements on both E1 and E2 were
conducted on tagged plants to ensure leaf and tiller rank. In addition to geometrical
measurements, we recorded the number and the length (green and senescent) of
emerged leaves on the main stem used to compute the age of the plant and the age and
the state (green or senescent) of the individual leaf rank.

Results. For the commercial cultivars investigated here, both main stems and tillers
stems showed double movement: they started by increasing progressively their stems
to attend a maximal inclination close to the time of tillering cessation; then, they
straightening to reach a vertical position only close to the time of flag leaf ligulation.
This result suggests that the inclination of plant stems is trigged by ontogenic factors.
In the other hand, the dynamic of the leaf inclination angle 6, with leaf age
depended on leaf position: lower and higher leaves showed a progressive droop down
with rates and range gradually changing with leaf position and varying between
genotypes, intermediate leaves (L6, L7 and L8) showed a complex pattern with a
transient straightening due to the movement of the bearing stem during their
elongation. Moreover, the dynamic of the leaf insertion angle Ji.as With leaf age
showed similarity of pattern among leaf rank. All leaves showed a progressive droop
down with rates depending to: (i) the leaf nature (juvenile or adult), (ii) plant density
(more erected leaf under high density), and (iii) cultivars.

Conclusion. Our works brings a comprehensive view of leaf and stem movements
and highlights the gradual stem inclination and straightening that is of high
importance to understand leaf position and orientation. We expect from that work to
improve the simulations of plant-environment interactions.
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1. INTRODUCTION

The 3D structure of plants is an important aspect of plant-interface with the environment,
involved in the capture of resources, the exposition to stresses and physical transfers both
within the plant and at canopy level (Saint-Jean et al., 2008; Robert et al., 2008). For these
reasons describing plants in 3D is an important aspect of functional structural plant modelling.
Functional-structural plant models (FSPM), or virtual plant models, describe explicitly the
development over time of the 3D architecture of plants as governed by physiological
processes which, in turn, depend on environmental factors (Vos et al., 2010). The explicit
representation of the architecture allows describing in details plant-environment interactions
and the individual based character makes this approach promising for simulating plant to plant
interactions in complex canopies (Barillot, 2014). These models are also used to simulate the
signals perceived by sensors and thus improve phenotyping methods (Liu et al., 2016). While
visually impressive, the representation of the geometrical aspects of plants in existing models
is based on mostly statistical techniques that use collections of measured shapes or measured
distributions of parameters (e.g. ADELwheat model of Fournier et al., 2003). Real plants
modulate non-randomly the orientation and inclination of their leaves and stems, with
implication on light capture, shadowing of competitors and stresses avoidance. For grass,
many studies focused on the mature curvature of leaves and their implication in the capture of
light (Ledent et al., 1978a,b; Wang et al., 2007; Abreu et al., 2008 ; Prévot et al., 1991).
However, no studies, in our knowledge, analysed in detail the dynamic aspects of the
geometry of stems and leaves of plants.

In this work, we characterized the evolution during plant lifespan of: (i) stem or pseudo-stem
angle with respect to the vertical of both main stem and tillers, (ii) leaf angle with respect to
the vertical of individual leaf rank (i.e. leaf inclination angle), and (iii) the leaf insertion angle
relative to the direction of the stem of the bearing axis. We characterized these dynamics in
plants form five commercial cultivars of winter wheat crop sown under different densities.

2. MATERIALS AND METHODS
2.1. Experimental design and treatments

Experiments was conducted in 2012/2013 and in 2013/2014, at the INRA campus of
Thiverval-Grignon (48°51 N, 1°58 E), with a maritime influenced climate and a deep loamy
soil. In 2012/2013 (E1), an experiment was conducted in field conditions with five cultivars
of winter wheat Triticum aestivum (Maxwell, Apache, Caphorn, Renan, and Soissons) sown
at a density of 200 seeds m™ on 02 October 2012. In 2013/2014, an experiment (E2) was
conducted in containers placed outdoors with three cultivars (Apache, Renan and Caphorn)
sown by hand on 3 November 2013 at a density of 70 seeds m™ for the three cultivars and a
density of 200 seeds/m? for Caphorn. Each treatment was sown in two outdoors containers
(length 1.20m; width 1.00m; depth 1.2m) each including five rows with an inter-row distance
of 0.175m. Eight measured plants per container (16 plants per treatment) are selected from the
third or the fourth row to minimise the edge effects.

Nitrogen fertilization followed the standard scheme with one dose at tillering stage and one
dose brought shortly before stem elongation. Weeds were controlled by herbicide application
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at sowing and during the crop cycle. Air temperature at 2 m was recorded from a nearby
meteorological station. Thermal time was computed from plant emergence on an hourly basis,
assuming a linear response to temperature with a base temperature of 0°C.

Figure 1: The outdoor containers of experiment E2. Three cultivars (Apache, Renan and Caphorn)
were sown by hand on 3 November 2013 at a density of 70 seeds/m? for the three cultivars and at a
density of 200 seeds/m? for Caphorn.

2.2.Measurements

In both experiments the number of visible and ligulated main stem leaves and their lengths
were measured during the full crop cycle on 10-16 tagged plants per treatment to characterise
the Haun stage dynamics (e.g. dynamic of leaf appearance). The percentage of senescence of
individual leaf rank was also measured. To compute plant and leaf age during the full crop
cycle, we estimated the phyllochron (the inverse of the rate of ligulation). It was defined by
adjusting a linear model between the Haun stage and the thermal time. In experiment E2, the
number and the order of tillers was followed. The upper tiller to appear was Ts in low density
treatments D70 (Caphorn, Apache and Renan) and T3 in D200 (Caphorn). Given the
coordination of tiller emergence with Haun stage (Abichou et al., 2016a), the Haun stage at
cessation of tillering was estimated as HS =6.9 for D70 and HS = 5.5 for D200.

In experiments E1, destructive measurements were conducted to follow the evolution of the
leaf curvature of upper leaves: leaf 7 to flag leaf. About 30 main stems per treatment were
collected and photographed weekly from start stem elongation (960°Cd; Haun stage~8.7) to
full senescence (2009°Cd). Stems and leaf midrib were digitized manually from photographs
using the POPCORN software (https://www6.paca.inra.fr/emmah/Production-
Documentation/Outils-et-modeles/). From digitalized data, we calculated the angle of
insertion djesr OF each leaf relative to the bearing stem (see Fig.1).

Experiments E2 aimed at analysing the evolution of the plant geometry during the full crop
cycle. For this, 16 tagged plants per treatments were followed weekly from the emergence of
the 4™ leaf of the main stem (counted acropetally) to the full plant senescence. Polhemus
digitizer was used to digitalize the pseudo-stems (cylinder including sheaths and internodes)
of all tillers and the midrib of all main stem leaves. From digitalized data, a set of variables
was calculated as shown in Fig.2. These variables are: (i) the inclination angle of the pseudo-
stem Osem (i.€. the angle with respect to the vertical) of all plant axes (main stem and tillers),
(ii) the inclination angle 64 OF the individual leaf rank of the main stem, (iii) the insertion
angle dieqr OF individual leaf rank with respect of the direction of the bearing stem.
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3. RESULTS AND DISCUSSION

3.1.Dynamic of the inclination angle of stems: similarity of patterns between axes
trigged by ontogenic factors

The inclination angle of the pseudo-stem (6sem) Vs the phyllochronic plant age is shown in
figure3 and figure4.

For the main stems, the figure3 shows a clear pattern with three phases: first, the axes
emerged vertical and inclined progressively and reached a maximal inclination that depends
to plant density; second, the axes straightened to reach a stable position only close to the time
of flag leaf ligulation; then the axes position remained stable. For Caphorn cultivar sown
under two densities (D70 and D200), the progress of the inclination angle before the tillering
cessation of D200 treatment showed similar patterns, but later, the stem inclination stops for
D200 and continued for D70 (e.i. the maximum O, Was 57° for D70 and 40° for D200). In
the other hand, the treatments Caphorn/D70 and Renan/D70 sowing under low density
showed similar patterns, but different to Apache/D70 pattern which underline an important
cultivar effect. For the treatment sowing under higher density (D200), the maximum
inclination was reached at Haun stage of 5.3. Besides, the maximal inclination was reached
around a Haun stage of 7 to 7.8 for the cultivars sowing under low density (D70). When axes
reached their maximal inclination, the plant stage was very close to the time of tillering
cessation for all treatments (D70 and D200).

Concerning tillers, the figure4 shows that tillers follow a similar pattern to that of the main
stem: the maximal inclination angle was reached synchronously for all axes and tillers stems
reached also a stable angle close to the flag ligulation. The patterns of tiller stems showed
hierarchy with tiller rank: T; and T, had the highest inclination and T4 and Ts had the lowest
one.

At the end of cycle, we checked by dissection the shape of the stems and we noted that nodes
presented a deformed side which underlines their role in correcting stems posture. Clore
(2013) reported that the correction of stem position was insured by pulvini which are regions
of tissue that are apical to each node and collectively return a reoriented stem to a more
vertical position. However, for the early phases we don’t know which regions are implicated
to drop down of axes.

The correlation between the straightening of plant stems and tillering cessation suggests that
the two processes are responses of the same signal. It has been largely proposed that cessation
of tillering is a shade avoidance response related to the early detection of neighbours which is
mainly sensed by plants through the R:FR ratio ( Casal, 2013; Franklin, 2005; Evers et al.,
2007). It seems possible that the straightening is another plant strategy to avoid shade of
surrounding plants trigged by light quality signal.
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cultivar Caphorn sown at 70plt/m2 and 200plt/m2 (D200). Each symbol represents the mean value of
stem inclination angle calculated over 16 tagged plants. Error bars mark the 95% confidence intervals
of mean estimates. Dashed lines show the stage when the plants stopped tillering and the time when
flag leaves were ligulated.
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Figure 4: The inclination angle of the plant stems vs. the phyllochronic plant age from emergence for
the four treatments form experiment E2 (Y2013/2014). Treatments covered the two cultivars (Apache,
Renan) sowing under low density (D70plt/m2) and one cultivar (Caphorn) sowing under two densities
(D70plt/m2 and D200plt/m?). Figures show data relative to both main stem (black) and all primary
tillers emerged. Black symbols represent data relative to the main stem and colored symbols represent
the different tiller rank as shown in the legend of the first figure in the left. Each symbol represents the
mean value calculated over 16 tagged plants per treatments followed weekly. Error bars mark the 95%
confidence intervals of mean estimates. Dashed lines represent the stage when the plants stop tillering
and the time when their flag leaf of the main stem is ligulated.
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3.2.Dynamic of the inclination angle of leaves: similarity of patterns among leaf
ranks

Leaves showed a progressive downward movement for all leaf ranks. The figure 4 shows the
evolution of the leaf inclination angle 6,5 Of main stem leaves with the progress of leaf age
measured on the four treatments (Apache D70, Renan D70, Caphorn D70 and Caphorn D200)
from experiment E2. The dynamic of the leaf inclination angle 6.5 With leaf age depended on
leaf position: lower and higher leaves showed a progressive droop down, with rates and
ranges gradually changing with leaf position and varying between genotypes; intermediate
leaves (L6, L7 and L8) showed a complex pattern with a transient straightening due to the
movement of their bearing stems after tillering cessation.

To study the movement of leaves separately from the movement of stems, we analysed Jiear,
the angle of insertion of leaves relative to their bearing axis. This dynamics is presented in
figure 6 and 7. The progress of diear With leaf age showed a pattern which was similar in all
treatments and among all leaf ranks. The djear dynamics consisted in a first phase of increase,
then a phase of relative stability. The rates of change of diar depended on the rank of leaves.
Juveniles leaves (L2 to L6) showed a rapid increase of djesr With almost the same rate for all
leaf ranks. Adults leaves (L7 to flag leaf) showed a slower increase of diesr, With similar rates
for all adult leaves in Apache, but a noticeable decrease of rate with higher leaf rank in
Caphorn. The angle of insertion was impacted by plant density: in Caphorn, the leaves in the
D200 treatment stayed much more erect compared to those in the low density treatment.
Taken together these results show a strong Genotype * Environment interactions in the
behaviour of leaf inclination. It would be interesting to study the factors responsible for more
erectophile leaves and stems under high density (e.g. light quantity or quality).

4. CONCLUSION

Our work brings a comprehensive view of leaf and stems movements and highlights the
gradual stems inclination and straightening that is of high importance to understand leaf
position and orientation. We expect from that work to improve the simulations of plant-
environment interactions.
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Figure 5: The inclination angle of individual leaf rank of the main stem vs. phyllochronic leaf age from their appearance (i.e. the appearance of a leaf is the
moment when their tip emerge above the collar of the previous leaf). Data shows data from experiment E2 as presented in the figure 2. Figures show data of
different leaf grouped per leaf ranks: in (A) leaf 2 to leaf 6 (juveniles leaves) and in (B) leaf 7 to flag leaf (adult leaves). Colored symbols represent the
different leaf rank as shown in the legend of the left figures. Each symbol represents the mean value calculated over 16 tagged plants per treatments followed
weekly. Error bars mark the 95% confidence intervals of mean estimates. *Some bugs were identified in the digit file for the Renan treatment that could
explain the large error bars observed; verification is ongoing.

125



Figure 6: The angle of insertion of individual leaf rank of the main stem vs. phyllochronic leaf age from their appearance (i.e. the appearance of a leaf is the
moment when their tip emerge above the collar of the previous leaf). . Data shows data from experiment E2 as presented in the figure 2. Leaf ranks are
grouped into two groups: figures (A) represent juveniles leaves (L2 to L6) and figures (B) shows adult leaves (L7 to flag leaf). Colored symbols represent the
different leaf rank as shown in the legend of the up-left figures. Each symbol represents the mean value calculated over 16 tagged plants per treatments
followed weekly. Error bars mark the 95% confidence intervals of mean estimates. *Some bugs were identified in the estimation of the inclination angle of
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Figure 7: The angle of insertion of individual leaf rank of the main stem vs. phyllochronic leaf age from their appearance (i.e. the appearance of a leaf is the
moment when their tip emerge above the collar of the previous leaf). Data are from experiments E1 (Y2012/2013) including five cultivars sowing under
standard density D200plt/m2. In each figure, each colored symbol represents one leaf rank from leaf 7 to leaf 11 (adult leaves) (see legend of the up-left
figure). Seven destructive measurements were carried out to measure the leaf curvature. Each symbol represents the mean value calculated over 20 to 30
plants per treatments. Error bars mark the 95% confidence intervals of mean estimates.
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Chapitre 4

6. Appendix

Supplementary illustration: photographs of plants at tillering cessation which corresponded to
stage of maximum stem inclination in all axes.

08/03/2015 Tillering cessation D200

o CaphorDT0

3 a-CaphomD200

Caphorn
D200

129



130



Discussion générale

DISCUSSION GENERALE

131



132



Discussion générale

1. Rappel du contexte et objectifs

Les modeles architecturaux (SPM) sont fondés sur une description botanique et géométrique
réaliste de la plante. lls s’appuient sur des descripteurs morphologiques, qui sont définis par
des fonctions paramétriques, empiriques ou statistiques calées sur des mesures
expérimentales. Ces modeles peuvent étre couplés a des modeles d’interaction avec
I’environnement et permettent alors d’analyser comment 1’architecture des plantes
représentee, a I’échelle fine de 1’organe, affectent ces interactions. Dans le cadre d’Arvalis et
de I’Unité ECOSYS, les principaux domaines d’intérét qui ont motivé mon travail sont les
suivants :

- En épidémiologie, la simulation d’interactions plante-particule, et particulierement le
role de la structure du couvert dans I’interception de spores de pathogénes ou de
pesticides.

- Pour le fonctionnement des plantes, la simulation du phylloclimat, et notamment la
distribution du rayonnement lumineux au sein des couverts, pour 1’étude de
conséquences liées a la quantité et la qualité spectrale du rayonnement.

- En phénotypage, la simulation des signaux pergus par des capteurs, qui s’appuie sur
le couplage de modéle de plante, de modele de transfert radiatifs et de modeles de
capteurs.

L’objectif appliqué que je me suis fixé était de développer un modele opérationnel permettant
de simuler I’architecture 3D de peuplements de blé pour les applications citées plus haut. Les
qualités recherchées pour ce modele étaient les suivantes:

- Genérer des reconstructions dynamiques, couvrant 1’ensemble du cycle de la culture, de
I’émergence jusqu’a la récolte.

- Pouvoir reproduire 1’architecture de peuplements spécifiques, de facon fidele aux
observations dont on dispose. Si 1’on considére un peuplement réel, le modéle doit étre
capable de simuler d’une fagon réaliste les caractéristiques spécifiques de ce
peuplement.

- Utiliser un nombre réduit de parametres qui soient faciles a interpréter et a acquérir sur
le terrain.

- Pouvoir représenter des peuplements issus d’une gamme importante de conditions de
culture et de génotypes. Le «domaine » que 1’on souhaite pouvoir représenter
correspond a une gamme large de densité de semis, de date de semis et de fertilisation
azotée. Les peuplements different également en fonction des conditions
météorologiques rencontrées au cours de la croissance. Pouvoir représenter la plasticité
de I’architecture était donc une composante majeure de notre travail. En matiére de
génotypes, je me suis toutefois focalisée sur des varietés commerciales de type « élite ».
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2. Axes de travail

Au stade actuel des connaissances, des approches mécanistes ne permettraient pas de simuler
avec une grande précision des expérimentations particuliéres. J’ai choisi une approche
paramétrique qui s’appuie sur des observations. Un effort particulier a été consacré a la
définition de ’ensemble des fonctions paramétriques nécessaires pour décrire la morphologie
des plantes de blé, sa plasticité et son évolution au cours du temps. Les principaux axes de
travail ont été les suivants :

- Jai analysé une grande base de données avec une gamme large de conditions de
croissance et de cultivars. Ces données proviennent d’expérimentions menées
personnellement au cours de cette these (15 traitements), mais également de la compilation
de données préexistantes dans 1’équipe (36 traitements). Les données décrivent la structure
botanique des plantes individuelles avec une description des propriétés de chaque
phytomere (nombre, dimensions, état) sur un nombre important de plantes (entre 15 a 60
par traitement). Ces données sont acquises a plusieurs dates, de facon a décrire la
dynamique du développement des plantes au cours du temps. Cette base de données est
inédite a la fois par la gamme des conditions de culture qu’elle couvre et par le niveau de
détails qu’elle caractérise.

- J’ai meneé des expérimentations dédiées au suivi de la dynamique de la géométrie
des organes au cours du temps. Les données acquises caractérisent chaque rang foliaire et
chaque tige sur un nombre important de plantes, afin d’assurer une bonne représentativité
des mesures et d’analyser les gradients en fonction de la position des feuilles sur les axes.
Ceci a été possible en combinant une grande diversité de méthodes d’acquisition et de
traitements de données, cela inclut I’expérimentation des nouvelles méthodes
(photogrammeétrie 3D). Ces données sont inédites a la fois par le nombre de traitements
qu’elles couvrent, par leur niveau de finesse et de complétude et par leur aspect
dynamique.

- Un effort important a été mené dans la définition des fonctions permettant de décrire
la dynamique compléte de la structure des plantes et dans 1’ajustement des paramétres.
Compte tenu du couplage avec le modéle ADELwheat, les points auxquels je me suis
attachés concernent cing aspects qui sont nécessaires et suffisants pour représenter les
plantes de la levée a la récolte :

1) Dynamique d’apparition des feuilles

2) Dynamique de tallage : apparition et mortalité

3) Dynamique de nombre de feuilles vertes et sénescentes le long d’'un axe
4) Nombre final de phytoméres sur un axe

5) Dimensions des organes matures (limbes, gaines, entrenceuds, épis)
6) Géométrie des plantes au cours du temps

Sur ce dernier point, je n’ai pas pu aller jusqu’a définir une paramétrisation des aspects
géométriques. Toutefois nos résultats ont permis d’obtenir une vue synthétique de
I’évolution de cette géométrie au cours du développement de la plante.

- Jai intégré I’ensemble de ces fonctions dans une routine, appelé « Plantgen ». Cette
routine est couplée au modele ADELwheat qui effectue la représentation 3D. J’ai

134



Discussion générale

développé également des routines de « post-processing » des reconstructions 3D pour
calculer des variables caractéristiques a 1’échelle du peuplement, elles ont été utilisées
notamment pour évaluer la qualité des peuplements simulés. Toutes ces routines sont mises
a la disposition de la communauté scientifique sous l’interface OpenAlea et elles sont
utilisées dans plusieurs applications.

- Jai defini un protocole de mesures assurant 1’obtention de I’ensemble des variables
nécessaires pour estimer les parametres de Plantgen avec un effort expérimental
raisonnable.

3. Synthese des principaux résultats

3.1. Eléments de connaissances et points d’originalité

Ce travail a produit des connaissances concernant la dynamique de I’architecture aérienne
chez le blé. Dans cette section, je récapitule les résultats qui me paraissent les plus marquants.
J’aborderai quatre points : (i) mortalité des talles, (ii) sénescence des feuille (iii) notion du
numéro relatif de phytomere, et (iv) géométrie des tiges et des feuilles.

a) Mortalité des talles. Le tallage est un critere de plasticité important chez les céréales.
Il permet aux plantes d’adapter leur croissance en fonction des ressources disponibles. La
mortalité des talles est généralement comprise comme une conséquence des compétitions
entre les axes d’une méme plante pour les ressources, compétition dont 1’intensité est
maximale pendant la montaison et qui s’arréte autour de la floraison, lorsque le
développement végétatif des axes est acheveé (Borras-Gelonch et al., 2012; Sparkes et al.,
2006; Davidson et Chevalier, 1990). Toutefois, les auteurs (Alzueta et al., 2012) qui ont
caractérise précisément le moment du début de mortalité, observent que celui-ci peut
correspondre a des stades de développement similaires pour des peuplements disposant de
niveau de ressources contrastés, contrairement a ce qui serait attendu pour un comportement
simplement régulé par les relations offre-demande. Une des difficultés pour évaluer la portée
de ces observations est que les criteres retenus pour définir la mortalité d’un axe et le début de
la mortalité a I’échelle du peuplement étaient peu précisément décrits.

Dans mon travail, j’ai caractérisé la mort d’un axe comme I’arrét de I’extension des jeunes
feuilles ; j’ai suivi la dynamique du nombre d’axes actifs tout le long du cycle de culture et
ainsi analysé la mortalité des talles pour des traitements, couvrant une gamme variée de
conditions de ressources (état azoté, état hydrique, lumiére). En comparant des traitements
pour lesquels les plantes avaient produit un nombre de feuilles final trés proche, le stade de
développement au moment de début de la mortalité était stable, alors que I’indice foliaire
variait beaucoup entre les traitements (de 0.8 a 2.9). Sur ’ensemble de nos traitements, le
stade de développement des plantes au moment du début de mortalité des talles était corrélé
au nombre final des feuilles de I’axe principal (FLN™®), lequel variait entre 8 & 14 feuilles
(R?=0.62, chapitrel Fig.9) selon les traitements. Ces résultats suggérent qu’il existe bien un
moment qui caractérise le début d’une phase de mortalité et que FLN™® semble étre un bon
indicateur pour prédire ce moment. D’autre part, nos résultats montrent que la mortalité des
talles se termine aussi a un stade stable de développement qui est proche de la ligulation de la
feuille drapeau du brin maitre, malgré des conditions de ressources contrastées (R2=0.78,
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chapitrel Fig.10). Malgré la stabilité du stade de développement a I’arrét de mortalité, le
nombre d’€piS variait beaucoup (1.4 a 5 épis par plante). Ces résultats suggerent qu’il existe
bien un moment qui caractérise I’arrét de mortalité et qu’il peut étre prédit par FLNM, Les
conditions de ressources semblent avoir peu d’effet sur ce timing, mais sirement un effet
important sur la proportion des talles qui meurent.

L’ hypotheése que nous formulons sur la base de ces résultats est qu’ « 1l existe une phase de
mortalité des talles ; son debut et sa fin sont pilotés par [’ontogénie de la plante et sont
étroitement associes au nombre de feuilles final produit par le brin maitre. Les relations
ressources-puits détermineraient la vitesse de mortalité au sein de cette phase, mais pas le
moment du début et de la fin ». Cette hypothése permet de concilier les avis controversés
présentés au début, et si elle se confirme, elle sera simple & implémenter dans les modeéles.

b) Sénescence des feuilles. La sénescence est définie ici comme étant le passage des
tissus d’un état de turgescence a un état nécrotique et desséché. Ce processus impacte
fortement 1’évolution de I’indice foliaire au cours du temps et une description réaliste de la
progression de la sénescence a 1’échelle de la feuille, d’un axe et de la plante enti¢re est
nécessaire pour les applications des modeles FSPM ou SPM évoquées en introduction. Les
mécanismes responsables de la sénescence et de la mort des tissus sont complexes et mal
compris. Certains auteurs ont proposé des modeles dans lesquels la vitesse de sénescence des
feuilles est égale la vitesse d’apparition de nouvelles feuilles, supposant ainsi une stabilité de
nombre de feuilles vertes (McMaster et al., 1991). Toutefois, les auteurs (Hillier et al. ,2007;
Baccar et al., (2011), qui ont caractérisé plus finement 1’évolution de la sénescence des
feuilles tout le long du cycle du brin maitre, observent un comportement plus complexe dans
lequel le rythme de sénescence n’est pas constant au cours du temps.

Dans mon travail, j’ai analysé la cinétique de sénescence pour une gamme large de
conditions de croissance, incluant des données que j’avais collectées au cours de cette thése
mais également les données préexistantes dans 1’équipe, incluant celles de J. Hillier et R.
Baccar, cités plus haut. Sur cette base, j’ai défini une paramétrisation décrivant la progression
de la sénescence le long d’un axe et qui tient compte des différents axes de la plante (brin
maitre et talles). Pour décrire la progression de la sénescence, j’ai choisi de paramétrer
I’évolution du nombre décimal de feuilles vertes (G;) dont le pattern temporel était plus
clair que celui du nombre de feuilles sénescentes. Contrairement a ce qui été proposé par
McMaster (1991), nos données montrent que le nombre de feuilles vertes varie au cours de la
période préfloraison. Sur I’ensemble des traitements analysés, 1’évolution suit un méme
pattern stable avec des moments de ruptures qui correspondent aussi a des stades du
développement de la plante tels que : un début de sénescence de feuille 1 a la ligulation de la
feuille 4 ou 5; un minimum de G, au début de montaison (ligulation de la 4°™ feuille depuis le
haut) et une troisieme rupture a la ligulation de feuille drapeau. Cette paramétrisation est
originale et présente une formulation simple et assez robuste. Elle permet de décrire la
progression de la sénescence pour tous les axes de la plante et sur I’ensemble du cycle de
culture. Pour la calibrer, il suffit de mesurer le nombre de feuilles vertes G; a un nombre limité
de dates. L’expression de la progression de sénescence en termes de nombre de feuilles vertes
est d’un usage simple comparé a d’autres approches qui utilisent des surfaces foliaires et elle
peut étre facilement intégrée dans les modéles SPM.
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L’intégration de cette paramétrisation dans les modeles SPM permet de simuler de fagon
réaliste la progression de la senescence au cours du temps Ceci est bien sir nécessaire pour
les calculs d’interaction plante-environnement, mais fournit aussi un outil potentiellement
intéressant pour la validation des modeles fondés sur des hypothéses fonctionnelles. Ces
approches fonctionnelles sont par exemples :(1) [’approche de '« optimisation » qui suppose
que la plante ajuste son nombre de feuilles vertes de maniere a maximiser la photosynthese
lumiére (Franklin and Agren, 2002; Hikosaka, 2005) ; (2) [’approche de I’« equilibrium » qui
suppose que la sénescence est induite dans le cas d’'un déséquilibre des teneurs en carbone et
azote dans la feuille(Lee and Chen, 2002; Thomas et al., 2003; Weaver et Amasino, 2001) ;
(3) ’approche de « seuil » qui suppose que la mort des tissus d’un limbe se produit quand
leur masse d’azote surfacique, dépendante de lumiére interceptée, devient inférieure a un
certain seuil empirique qui varie en fonction de la nutrition azotée (Gabrielle et al., 1998;
Bertheloot et al., 2009). Il serait par exemple intéressant de vérifier si le pattern observé de
G, est une propriété émergente prédite par ces modéles. Des modéles 3D réalistes couplés a
des modeéles de rayonnement permettent également de simuler de fagon précise le
rayonnement lumineux incident sur chaque feuille, ce qui est ['un des composants des calculs
d’optimisation.

C) Numéro relatif de phytomere. Chez les graminées la morphologie des talles présente
de fortes similarités avec celle du brin-maitre. Ceci peut se comprendre par la similarité des
processus qui les construisent et la similarité des conditions dans lesquelles ces processus se
déroulent. Chez le blé, le riz et 1’orge, plusieurs auteurs ont observé que les dimensions des
phytoméres supérieurs des talles présentent le méme pattern d’évolution en fonction de la
position sur I’axe que ceux du brin maitre, a condition qu’un décalage ou un « shift » propre a
chaque talle soit pris en compte pour la numérotation des phytomeres (Fournier et al., 2003;
Evers et al., 2005; Tivet et al., 2001; Buck-Sorlin, 2002). Dans mon travail, j’ai utilisé ce
concept de « numéro relatif de phytomere » pour déduire les longueurs des organes sur les
talles a partir de celles sur le brin maitre, en considérant un « shift décimal » dont la valeur
dépend de la position botanique de la talle. L’ originalité de notre travail a ét¢ d’approfondir
les conditions de validité de cette approche : j’ai estimé séparément les valeurs des shifts pour
chacun des composants des phytoméres (limbes, gaines et entrenceuds) et montré que les
valeurs obtenues étaient trés proches. J’ai évalué 1’approche sur une large gamme de
conditions de croissance (17 traitements qui couvrent 10 génotypes, 3 dates de semis, 3
densités et 2 niveaux de fertilisation N) et montré que la valeur de shift a prendre en compte
ne dépendait pas du traitement. Un autre résultat marquant est que les valeurs estimées de ces
shifts étaient tres proches du Haun stage du brin maitre au moment de I’émergence de la talle
(ces valeurs du Haun stage ont été mesurées indépendamment). Ceci supporte 1’idée que les
organes qui poussent simultanément atteignent les mémes longueurs. J’ai montré que
’utilisation de ce shift ne permettait toutefois pas de bien estimer les longueurs des feuilles
sur les phytomeéres inférieurs, ¢’est-a-dire ceux portés par des entrenceuds courts. Pour ceux-
ci, une formulation alternative a été proposée. Enfin, j’ai montré que les largeurs des limbes et
les diameétres des gaines et des entre-nceuds des talles présentaient des dimensions souvent
inférieures comparés au brin maitre. Une explication possible est peut-étre liee a la taille
réduite des méristemes pour les talles. Pour ces derniéres, en plus de 1’utilisation du shift, j’ai

137



applique des facteurs de réduction par ordre de talle. Au final, le travail realisé fourni un
ensemble de relations qui permet de formaliser les similarités entre brin maitre et talles, en
démontrant leur stabilité sur une large gamme de traitements et de génotypes, mais en cernant
également de facon plus compléte les caractéristiques morphométriques pour lesquelles elles
sont valides. Dans ce travail, je me suis focalisée sur les similarités entre brin-maitre et talle.
Je n’ai pas cherché a formaliser les patterns de dimensions le long du brin-maitre, considérant
que leur dépendance aux conditions de croissance impliquait de mesurer directement ces
valeurs si ’on souhaitait simuler des peuplements correspondant a des conditions de
croissance spécifiques. Nos mesures montrent toutefois des fortes corrélations entre les
dimensions des différents composants du phytomeres (exemple : relation entre longueur gaine
et longueur limbe) ou entre les dimensions d’organes successives (exemple : relation entre
longueur feuille n et longueur feuille n+1). Ceci n’a pas été intégré dans la paramétrisation
actuelle. L’intégration de ces types de relations représente une voie intéressante
d’amélioration qui permettra de réduire le nombre de mesures nécessaires pour calibrer le
modeéle.

d) La géométrie des tiges et des feuilles. Les plantes s’adaptent a leur environnement par
une plasticité de leur structure et également de leur géométrie. L’adaptation des plantes en
termes d’orientation et de port foliaire, et de disposition spatiale des axes n’est pas bien
comprise, et la variabilité génotypique dans ces comportements est mal connue, alors que les
conséquences sur les interactions entre les plantes et leur environnement sont potentiellement
importantes.

Concernant I’orientation des feuilles dans le plan horizontal par exemple, le petit nombre de
travaux disponibles montre que le positionnement dans I’espace implique des processus actifs
(e.g. comportement d’évitement des plantes voisines (Madonni et al., 2002 ;Mullen et al.,
2006), avec une variabilité génotypique de comportement importante. Le port foliaire et
I’inclinaison foliaire ont fait 1’objet de plus d’études. On distingue classiquement 3
distributions types pour [I’inclinaison foliaire (Wit, 1965): distributions planophile,
plagiophile et érectophile, dont I’importance fonctionnelle est bien reconnue (Wang et al.,
2007 ; Abreu et al., 2008 ; Prévot et al., 1991). Toutefois chez des especes comme le blé, il
existe une évolution du port foliaire au cours du développement de la plante (différence de
port entre les feuilles émergeant avant et apres transition florale) mais aussi tout au long de la
vie de la feuille (Ledent et al., 1978a,b). L’évolution - trés importante sur certains géenotypes -
du port aprées la ligulation n’est pas prise en compte dans les modeles alors que les ordres de
grandeur mesureés indiquent qu’elle impacte 1’accés au rayonnement, mais aussi 1’exposition a
la pluie et aux fongicides dans les strates basses du couvert. Concernant la géométrie des axes,
il est connu que I’angle d’inclinaison des axes constitue une variable clés qui définit la
prospection de I’espace, avec une variabilité génotypique de comportement importante
(Fig.1). L’angle des talles a fait I’objet de trés peu de travaux chez le blé alors que c’est un
trait reconnu d’importance majeure chez le riz (Yu et al., 2007 ; Yang et al., 2008 ; Jin et al.,
2008). Pour le blé, I’'image usuelle - et qu’on retrouve souvent dans les modeles actuels de
plante virtuelle - est que «les tiges des talles s’écartent plus au moins fortement d’une tige
principale orientée verticalement ». Finalement, pour le blé, la vue sur ce processus est
fragmentaire. Je n’ai trouvé aucun travail qui quantifie cette variable et sa dynamique au cours
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du temps, alors que leur implications sont probablement importantes dans I’efficacité
d’interception du rayonnement et la compétitivité vis-a-vis d’adventices (Drews et al., 2004)
ou d’espéces cultivées en association.

Mon travail apporte des résultats originaux qui clarifient I’image que 1’0on a de la géométrie
des axes et des feuilles. J’ai caractérisé I’angle d’inclinaison des tiges et des feuilles et son
évolution au cours du temps pour une sélection de génotypes a port contrasté sous deux
densités de population.

Pour les feuilles, mes données montrent que I’inclinaison par rapport a la verticale des feuilles
a leur point d’insertion varie en fonction de 1’dge de la feuille. La progression est claire pour
les feuilles inférieures et pour les feuilles supérieures, qui s’inclinent progressivement avec le
temps. Les feuilles intermédiaires montrent un mouvement plus complexe et difficile a
caractériser. Toutefois lorsqu’on considére 1’angle que fait la feuille par rapport a son axe
porteur, un schéma unique de progression se trace : on observe une inclinaison progressive
jusqu’a une position quasi-stable pour laquelle 1’angle avec 1’axe différe généralement
fortement entre les feuilles juvéniles et les feuilles adultes (Chapitre 4, Fig.5 et Fig.6). La
complexité du comportement observé pour les feuilles intermédiaires disparait, car elle
résultait du mouvement de I’axe porteur.

Pour les axes, mes données montrent que I’inclinaison de la pseudo-tige (cylindre incluant les
gaines et entrenceuds) suit une dynamique claire, répétitive et facile a interpréter : les tiges
présentent d’abord une inclinaison croissante qui se stabilise a 1’arrét de tallage, ensuite elles
se redressent pour atteindre une position verticale stable autour de la ligulation de la feuille
drapeau. Cette progression a été observée a la fois sur le brin maitre et sur les talles (Chapitre
4, Fig.4). La synchronisation observée entre le début de redressement des axes et I’arrét de
tallage suggere que le redressement résulte aussi d’une réaction d’évitement de I'ombre
« shade avoidance » lié a une sensibilité a la qualité de lumiere (ratio rouge clair : rouge
sombre) (Evers et al., 2006).

Ces résultats sont originaux car la dynamique du port des feuilles et encore plus des axes a
été trés peu étudice. J'ai montré que les patterns d’inclinaison des axes et des feuilles sont
clairs et répétitifs, ce qui devrait permettre de les représenter de facon précise dans des
modeles. L’ampleur des mouvements observés souléve la question de [l'impact de ces
mouvements en termes d’adaptation fonctionnelle des plantes et de transferts au sein des
peuplements. Il serait intéressant également d’identifier quels facteurs environnementaux
(exemple: lumiére ; état hydrique) modulent ces dynamiques et les différences génotypiques
qui existent. Ce travail a permis de ‘décortiquer’ certaines composantes importantes de la
géométrie, toutefois d’autres composantes (courbure des feuilles, azimut des feuilles et des
axes) restent a analyser, en vue d’une représentation fidele de la géométrie dans les modéles
de plantes virtuelles.

139



Figure 1: Port des axes des plantes isolées. Chaque pot comporte une seule plante : a gauche la variété
Skerzzo, au milieu la variété Trémie et a droite la variété Soissons. La figure illustre la variabilité
génotypique du port des tiges et de leurs angles d’inclinaison (données personnelles).

3.2. Méthode de reconstruction de ’architecture : routine opérationnelle et
protocole de mesure a effort réduit

Une routine opérationnelle qui intégre I’ensemble des fonctions paramétriques, présentées
dans le premier et le deuxieme chapitre, a été développée. Cette routine appelée « Plantgen »,
permet de décrire 1’évolution de 1’architecture pour tout le cycle de culture. Cette application
permet de geénérer une collection de plantes avec les caractéristiques morphologiques et
dynamiques fondées sur les observations, et incluant une variabilité inter-plantes sur quelques
traits majeurs de la structure. Le passage de cet ensemble de fonctions a une application qui
les integre pour générer une description détaillée de chaque plante, des son émergence jusqu’a
sa maturité, a représenté un effort important et colteux en temps. L’ implémentation, le test et
la documentation de « Plantgen » ont mobilisé plusieurs personnes (moi-méme, Camille
Chambon, Tiphaine Vidal et Bruno Andrieu). Cette application n’inclut pas de description de
la géométrie. Pour représenter en 3D les plantes, Plantgen est couplé a ADELwheat pour
utiliser ses modules géométriques.

En parallele, un protocole de mesure a été défini. Le suivi de celui-ci assure 1’obtention de
I’ensemble des paramétres nécessaires a la calibration du modele « Plantgen-ADELwheat ».
Une description de ce protocole expérimental, ainsi que du modéle couplé « Plantgen-
ADELwheat » avec un guide d’utilisation qui présente I’ensemble de paramétres et la
procédure a suivre pour la reconstruction 4D d’un couvert, sont présentés dans les annexes 1
et 2. Avec I’aide de Camille Chambon, j’ai développé une interface graphique conviviale de
la routine « Plantgen » afin de faciliter son utilisation ; elle est disponible en libre accés sur la
plateforme OpenAlea. L’intégration dans cette plateforme permet de I’utiliser de fagon
conjointe avec d’autres outils disponibles sur la plateforme, comme le modele de radiosité
Caribu ou le modéle de maladie Septo3d. La qualité des reconstructions du « Plantgen-
ADELwheat » a été évaluée en utilisant des mesures indépendantes représentant des variables
intégratives a 1’échelle du peuplement: il s’agit principalement de la dynamique d’indice
foliaire (LAI et GAI) vert et total et de la dynamique de taux de couverture en visée verticale
et inclinée (0° et 57.5°). Par manque de temps, les résultats de cette évaluation n’ont pas été
présentés dans ce rapport, toutefois, nous avons les éléments nécessaires pour un article. La
synthése de 1’évaluation du modéle « Plantgen-ADELwheat » est la suivante: (1) il existe
une bonne adequation entre les mesures et les simulations de la dynamique d’indice foliaire
vert et total ; (2) les simulations de la dynamique du taux de couverture du sol en visée
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inclinée sont tres proches des mesures, toutefois, en visée verticale des ecarts importants
existent (pour plus de détails lire ’annexe 1.5). Ce résultat signifie que la représentation de la
morphologie et de sa dynamique, présentée dans « Plantgen » est satisfaisante. Les défauts
des simulations du taux de couverture en visée verticale s’expliquent principalement par des
défauts dans la représentation de la géométrie des plantes. Les résultats présentés dans les
chapitres 3 et 4 concernant le port foliaire et I’inclinaison des axes ne sont pas intégrés dans
la version actuelle d’« ADELwheat; de ce fait certains aspects de géométrie ne sont pas pris
en compte (modification de l'inclinaison des feuilles avec 1’age) ou mal caractérisés
(inclinaison des axes). Les conséquences observées pour la simulation du taux de couverture
du sol suggérent fortement que les limites actuelles dans la représentation de la géométrie
impactent aussi la qualité de simulation des autres transferts qui suivent une direction proche
de la verticale, comme 1’interception des pesticides et de la pluie. Deux pistes d’améliorations
sont possibles : (i) une meilleure représentation de la dynamique d’inclinaison de chaque axe
(a la fois pour le brin maitre et les talles) et (ii) une meilleure représentation de la dynamique
d’inclinaison des feuilles (prise en compte de la position et de l’dge de la feuille). NOS
résultats du chapitre 4 présentent une caractérisation de ces deux patterns qui peuvent étre
intégrés dans le modeéle.

Par ailleurs, le travail de thése a permis de générer un ensemble de peuplements virtuels,
représentant 1’architecture 4D de 23 traitements expérimentaux issus d’une gamme large de
génotypes, de dates et de densités de semis. Ces traitements sont répertoriés dans I’annexe
1.6. Ces peuplements virtuels pourraient étre utilisés pour analyser, par simulation, 1’impact
des traitements contrastés sur 1’interception du rayonnement ou des pesticides ou sur le
développement des maladies. Ils peuvent étre utilises aussi comme base pour le calcul des
signaux pergus par les capteurs, et ils fournissent ainsi un support d’information intéressant
pour I’approche d’inversion en phénotypage haut débit. Plus généralement, la réalisation de
cette base de peuplements virtuels démontre par I’exemple notre capacité a simuler d’une
facon réaliste des peuplements de blé sur une large gamme de conditions.

3.3.Exemples d’applications mises en ceuvre

J’ai contribué a deux projets qui se sont déroulés en paralléle a ma these et dans lesquels
notre méthode de reconstruction a été mise en ceuvre: (i) le projet ECHAP (Robert et al.,
2009-2014) qui ¢tudiait D’effet d’architecture sur le développement des maladies et sur
I’efficacité d’interception des fongicide et (ii) le projet de these de Shouyong Liu qui étudie le
role de I’architecture dans la formation des signaux en proxidétection. Ci-dessous je décris
rapidement ces deux projets et I’intérét spécifique qu’apportent les reconstructions 4D pour
ces deux applications.

L’objectif du projet ECHAP est de réduire 1’utilisation des pesticides (fréquence et dose) en
optimisant les mécanismes naturels d'échappement aux maladies liés a l'architecture du
couvert et a l'interception des pesticides par les couverts végétaux. L’ architecture des couverts
est fortement impliquée dans ces processus et le projet ECHAP abordait différentes questions
(Robert et al., 2015 ; Robert et al., 2012): (i) quels sont les traits architecturaux des couverts
qui impactent la dispersion des spores par éclaboussure? Y a-t-il des traits a rechercher ou a

141



¢éviter pour la progression d’une épidémie ? (ii) Comment se répartissent les particules de
pesticides sur les différent étages foliaires et est-ce dépendant de la géométrie et des stades de
développement des plantes? Quel est le devenir des pesticides (photodégradation ; lessivages ;
co-localisation avec maladie, etc.). Le travail s’appuie sur des travaux de modélisation et
d’expérimentations. Des expérimentations au champ avec des architectures variées ont été
réalisées et notre protocole de mesure, ainsi que le modéle Plantgen (Abichou et al., 2013) ont
été mis en pratique pour reconstruire les peuplements issus de ces expérimentations. Ces
simulations ont été intégrées dans des mod¢les de simulation d’épidémie (These Guillaume
Garin 2015, Fournier et al., 2013) et de devenir de pesticides. L’étude a confirmé ’effet de
I’architecture sur le développement épidémique (Fig.2) ainsi que son effet sur ’interception
des fongicides, qui s’exprime clairement entre les variétés. Le couplage du notre modéle
« architecture » avec les modeles d’épidémie et de devenir des fongicides permettra
ultérieurement de raisonner des stratégies de traitements.

Les résultats sur 1’évolution du port des plantes au cours du temps obtenus durant mon travail
ne sont pas pour l’instant pris en compte dans les simulations ; ils pourront améliorer la
qualité des simulations et permettront d’explorer si des différences génotypiques dans le
positionnement des axes ou la dynamique du port foliaire impactent le comportement du
systeme « architecture—épidémie-fongicide ».
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Figure 2 : Evolution de la sévérité d’une épidémie de septoriose pour deux couverts & architecture
contrastée (These Guillaume Garin, 2015). Dans ces simulations, la dynamique d’apparition et de
sénescence foliaire, la dynamique de tallage et les dimensions finales des organes sont issues de ma
paramétrisation « Plantgen ». J’ai aussi participé a 1’acquisition des mesures en appliquant le protocole
simplifi¢ de mesure que j’avais défini. Des améliorations futures de la représentation géométrique,
basées sur mes résultats du chapitre 4, sont désormais possibles.

Le projet de thése de Shouyang Liu a comme objectif d’estimer certaines caractéristiques
structurelles et fonctionnelles des couverts végétaux a partir des signaux issus des capteurs
LiDAR « laser detection and ranging ». Dans ce projet, le modéle « Plantgen-ADELwheat »
est couplé a un modele de simulation du signal LIDAR, ce qui permet de simuler les signaux
mesurés pour une gamme d’architectures parfaitement définies. On peut ainsi mettre au point
et évaluer «in silico» les méthodes d’estimation des caractéristiques structurales du
peuplement a partir de ces mesures (Fig.3). Une large gamme de maquettes 3D de blé est
simulée. Certaines maquettes sont des reconstructions réalistes de blé obtenues en appliquant
notre méthode de reconstruction avec le modéle « Plantgen-ADELwheat » et le protocole de
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mesure réduit sur des peuplement réels. Cette base est complétée par des maquettes simulées
en faisant varier les paramétres de facon a explorer une large gamme de structures. Sur
chaque magquette, on calcule le GAI par les routines de post-traitement et on simule le nuage
3D de points qui serait acquis par un LIDAR. Des algorithmes « Machine Learning » ont été
développés pour déterminer des indicateurs permettant d’estimer le GAI a partir des nuages
de points de LIiDAR. Dans un deuxieme temps, la métrique est utilisée sur les nuages de
points acquis par un instrument LiIDAR au-dessus de peuplements réels, afin d’estimer le GAI
des peuplements.

Machine
learning

I

! Self-Learning 1
; Input Other prior Observation 1
i parameters information configuration :

1

' Expected * |+| '
I variation W"/ !
1 LiDAR // LiDAR-derived | |
: Simulator ,— ; 9 ond metrics i
I : : !
! ‘ :
: GAI !

i 1 1
I A ' I
1 1
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LiDAR-d.crivcd ¢ 3D point
metrics cloud

Figure 3: Schéma du principe de la méthode d’auto-apprentissage pour estimer I’indice foliaire global
(GAI) avec la technologie LiDAR (Liu et al., 2016)

4. Conclusion

Méme si des progres restent a faire sur le plan de la représentation de la géométrie, et si une
marge de progrées existe pour réduire encore I’effort expérimental en simplifiant davantage les
paramétrisations, nous pensons que la méthode de reconstruction a acquis un degré de
maturité suffisant qui a justifié sa mise en ceuvre dans plusieurs applications, comme le
couplage avec des modeles d’épidémiologie, 1’étude d’interception des pesticides et dans
I’é¢tude des caractéristiques spectrales des couverts. Elle peut étre utilisée pour tester par
simulations la compétition plante-plante et plante-adventice. Elle peut étre aussi utilisée pour
I’évaluation des hypothéses mécanistes, par la reconstruction d’une expérimentation
spécifique permettant de recalculer I’historique d’une variable donnée. L’outil développé peut
étre utilis¢é comme un outil de travail pour étudier I’effet des traits architecturaux favorisant
I’interception de rayonnement ou [’échappement aux maladies, ce qui guidera les
sélectionneurs dans les créations des nouveaux idéotypes. Par ailleurs, les paramétrisations
gue nous avons définies sur une gamme large de données révelent des patterns stables et
robustes. Ces patterns représentent une bonne base, sur laquelle on peut s’appuyer pour
définir des hypothéses mécanistes pour les modeles FSPM. Notre démarche de modélisation
est transposable a d’autres céréales : elle fournit un cadre pour comparer les patterns de
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morphologie et de développement entre especes et un outil pour étudier par simulation
I’impact des traits architecturaux caractéristiques de chaque espéce.

Finalement, notre modele est a la fois utile pour la communauté scientifique permettant
d’avancer nos connaissances sur la plante et sur d’autres disciplines connexes (pathogéne,
pesticide, etc). Il peut étre aussi un outil d’interfacage entre la recherche scientifique et la
profession pour orienter la sélection de nouveaux idéotypes, ou pour développer des méthodes
et outils d’aide a la décision pour une meilleure gestion des cultures.
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A\nnexes

1. Plantgen-ADELwheat : Application permettant la reconstruction a partir d’un
protocole de mesure a effort expérimental réduit

La routine « Plantgen » est une application qui intégre les fonctions paramétriques présentées
dans cette thése (Chapitres 1 et 2). Elle permet de reconstruction la dynamique de
I’architecture d’un couvert de blé pour tout le cycle de culture de I’émergence jusqu’a la
maturité. Elle permet de reconstruire une expérimentation bien spécifique a condition que
certaines mesures soient réalisées afin d’estimer les parameétres nécessaires pour la
calibration. Un protocole expérimental de mesure, considéré aujourd’hui comme minimum,
est défini et permet d’assurer I’obtention de 1’ensemble des paramétres nécessaires (Une
marge de progreés existe pour réduire encore I’effort expérimental).

Cette routine a éte développée sous OpenAlea et elle était concue pour faciliter son
interfacage avec ADELwheat. Ainsi, elle génére une description détaillée des caractéristiques
d’une collection de plantes (nombre d’axes, d’organes, leurs dimensions et dynamiques) qui
sont organisée dans des trois tables compatibles avec le format d’inputs d’ADELwheat. Ce
couplage permet principalement d’utiliser les modules géométriques d’ADEL (disposition des
plantes, géométrie des feuilles, géométrie des axes) et de reconstruire en 3D les couverts de
blé avec les caractéristiques de la structure définies dans « Plantgen ». Nous avons organisé
une session de formation de deux jours a Arvalis pour présenter comment utiliser Plantgen-
ADELwheat pour générer des maquettes 3D.

Nous décrivons ici les variables et parametres nécessaires a la reconstruction 3D et montrons
comment se présente l’interface utilisateur de I’application. Les principaux éléments du
protocole expérimental mis en ceuvre pour acquérir ces données sont ensuite présentés. Ce

protocole a été mis en ceuvre dans le cadre du projet ECHAP et projet de thése de Shouyang
Liu.

1.1.Données d’entrées nécessaires a la reconstruction 3D

Les données nécessaires a la calibration du « Plantgen-ADELwheat » comprennent : (i) le
nombre final de feuilles et les dimensions des organes matures du brin maitre, (ii) des
variables relatives a la phénologie, (iii) des variables relatives au tallage et (iv) une collection
de forme de courbure de feuilles. Une description détaillée de ces données est présentée ci-
dessous :

* Le nombre final de feuilles et les dimensions des organes matures du brin maitre. 1l faut
d’abord renseigner le nombre final de feuilles du brin maitre, ou méme la fréquence de
chaque nombre final de feuille si 'on veut distinguer plusieurs cas (les dynamiques
dépendront de cette variable). Ensuite, pour chaque phytomére du brin maitre, il faut
renseigner: longueur et largeur du limbe, longueur et diamétre de la gaine, longueur et
diamétre de ’entrenceud. Ces données peuvent étre fournies pour différentes catégories de
plantes selon le nombre final de feuilles du brin maitre. Il est possible aussi de décrire une
valeur « moyenne » qui sera alors affectée a toutes les plantes.

* Des variables relatives a la phénologie. Il est nécessaire de fournir les variables suivantes
concernant le brin maitre:
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(1) La date d’émergence de la culture (HS = 0) et le Phyllochrone. Si le phyllochrone
change au cours du cycle: il faut renseigner les deux valeurs de phyllochrone et le
moment de la rupture de pente.

(i) La date de montaison, de ligulation feuille drapeau et de floraison du brin maitre.
Par défaut le modéle simule le développement des talles en faisant une estimation
standard du délai entre floraison du brin maitre et des talles. Ce délai standard est
court. Toutefois nous avons observé dans une expérimentation que la floraison des
talles était significativement décalée par rapport au brin maitre. Dans ce cas il est
possible a I’utilisateur de donner explicitement le délai en degrés-jours entre floraison
du brin maitre et celles des talles.

(iit) Le nombre de feuilles vertes a 5 moments du cycle: au début de la sénescence de la
feuille 1, au début montaison, ligulation feuille drapeau, et au moins deux dates apres
floraison et une date avant la fin de sénescence de la feuille drapeau.

(iv) Les données de tempeérature. Les variables de développement (réponses a la
température) sont exprimés en temps thermique. Pour calculer le temps thermique, il
est possible de fournir les données journaliere ou horaire. Il est aussi possible de
choisir le type de réponse : soit la réponse linéaire usuelle (Tbase = 0°C) ou une
réponse non linéaire que nous avons definie (une forme modifiée du modeéle de
Johnson et Lewin (1946)). La prise en compte de la non-linéarité est importante
lorsque les températures se rapprochent de la température optimale.

*Variables permettant de décrire la dynamique de population de talles. Les variables
nécessaires pour décrire la dynamique de tallage (apparition et mortalité) sont: (i) Les
probabilités d’apparition de chacun des talles primaires (i.e. leur fréquence au maximum de
tallage) et (i1) leur nombre moyen d’épis par plante.

*Un tableau de constantes. Il contient un petit nombre de valeurs décrivant des allométries
(e.g. entre brin maitre et talles) ou relations temporelles (coordinations de développement) au
sein de la plante qui sont apparues comme constantes pour I’ensemble des expérimentations
disponibles. A priori ces valeurs ne devront pas étre changées, sauf éventuellement sur du
matériel génétique particulier.

*Une collection de formes de courbure de feuilles. La collection doit comprendre, pour
chaque rang de feuille, un ensemble d’exemple de courbures possibles a différents dates. Si
les données n’ont pas été recueillies pour un cultivar donné, il est possible d’utiliser une
collection existante pour un cultivar de port similaire. Pour I’instant nous disposons de
collections de formes pour cing cultivars ayant différents ports (planophyle et érectophyle)
issues des experimentations aux champs a densité standard (D200plt/m?) ou faible
(D70plt/m?) : Soissons, Caphorn, Maxwell, Renan, Apache. A défaut de paramétrisation qui
décrit I’évolution de la courbure au cours du temps, un travail sera nécessaire pour déterminer
des criteres simples a mesurer pour affecter un nouveau cultivar a un élément de la collection.

* Variables permettant de décrire la géométrie des axes. La représentation géométrique des
axes dans la version actuelle d’ADELwheat répond a une paramétrisation empirique et
simplicite non validée avec comme parametre clé¢ I’écartement final des axes (variable a
mesurer a floraison). Toutefois, mes resultats montrent que cette description ne permet pas de
décrire d’une fagon réaliste la dynamique d’inclinaison des axes. A défaut de paramétrisation
validée, nous proposons de mesurer ’angle d’inclinaison du brin maitre a quatre dates: a
Haun stage 4, a la fin de tallage, stade 2 neeuds et floraison. Ceci permettra de calibrer le
pattern présenté en chapitre 4.
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Mesures réalisées en vue de
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paramétres a calculer

Logiciels
d’analyse de données
e.g. macros Excel
Routines R, Satva,
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simulateur Adel
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perspectives ouvertes
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Figure 1: Etapes de I’acquisition des mesures a la reconstruction et a son utilisation, en lien avec les

informations requises et outils mis en ceuvre.
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1.2.Protocole expérimental pour I’acquisition des données nécessaires au calcul
des variables d’entrée

Un protocole de mesure complet a ¢été défini afin d’assurer 1’acquisition des mesures
nécessaires au calcul des parametres de « Plantgen » décrites dans le précédent paragraphe.

La description détaillée de ce protocole fera 1I’objet d’une publication. Ici nous présentant les
éléments clés de la méthode :

*Nous proposons de taguer 3 répétitions de 15 plantes (Figure3) et de réaliser sur les mesures
suivantes :

- Le suivi du phyllochrone et du nombre de feuilles vertes du brin maitre. Avec au moins 4
points de mesures de Haun stage. Dans le cadre de ce suivi on caractérise les longueurs
matures de I’ensemble des limbes.

- Le suivi du nombre de feuilles vertes du brin maitre. Avec au moins 6 points de mesures :
au début de sénescence de la feuillel, au début montaison, a la ligulation feuille drapeau, a
floraison et deux dates avant fin remplissage des grains.

- Le dénombrement des talles primaires pour calculer la probabilité d’émergence pour
chaque axe. Pour faciliter les notations il est préférable de faire ces mesures a chaque
point de suivi du Haun stage et pas uniquement au moment du maximum de tallage.

- Les mesures des dimensions finales des phytomeres supérieurs par scan (Figure6) des
plantes tagguées a floraison. On accede ainsi aux dimensions de tous les entrenceuds et
des 4 a 5 gaines et limbes supérieurs (longueur /largeur/surface).

- Les mesures des dimensions finales des limbes et gaines inférieurs (longueur et largeur ou
diamétre) par un prélevement au stade deux neeuds. Ce prélévement permet de calculer
des allométries entre limbes et gaines (et entre longueur et largeur limbes). Ainsi les
longueurs de limbes mesurées pour les plantes tagguées seront utilisées pour calculer
I’ensemble des dimensions nécessaires pour compléter la description des plantes taguées.

*Par ailleurs, des mesures de formes de feuilles du brin maitre par la méthode des silhouettes
sont a prévoir lors des prélevements : stade 2 nceuds et floraison (Figure4).

*En plus, une caractérisation de I’angle d’inclinaison de la tige principale a 4 moments est a
prévoir (Haun stage 4, a la fin de tallage stade 2 nceuds et floraison). La mesure peut se faire
avec un rapporteur en considérant une ligne droite imaginaire, reliant deux points: la base de
la tige le col de la derniére feuille ligulée.

*1l est important de caractériser précisément les dates des stades clefs: levée, début
montaison, ligulation de la feuille drapeau (brin maitre et talles) ainsi que la densité de plantes
(levée, sortie d’hivers, floraison) et le nombre d’axes portant un épi.

*Des mesures supplémentaires peuvent étre envisagées pour 1’évaluation globale de la qualité
des reconstructions 3D. On propose les mesures suivantes: (i) mesures du taux de
couverture : photographies en visée verticale et oblique a 57°(Figure5), ainsi que (ii) des
mesures de LAI (a réaliser au stade 2 nceuds et floraison sur les prélévements déja prévues
pour I’acquisition des mesures dimensions présenté ci-dessus ; Figure6)

Pour caractériser un traitement, I’acquisition des données sur le terrain représente 5 a 6
périodes d’une journée de travail pour une équipe de 2 personnes, suivi chaque fois d’une
journée de mesures complémentaires en laboratoire. L’analyse des données en vue de la
reconstruction représente environ un mois de travail d’ingénieur. L’effort en termes de temps
de travail reste donc important toutefois une part significative correspond aux mesures de taux
de couverture et d’indice foliaire nécessaires pour évaluer la qualité des reconstructions.
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Le protocole expérimental pourra étre allégé. Quelques voies de simplification sont a tester:

Tester les idées visant a utiliser des relations d’allométries pour estimer les valeurs
individuelles de dimensions (gaines/limbes /entrenceuds) a partir de mesures plus simples.
Pour une description complete du cycle, il restera toutefois probablement nécessaire
d’acquérir des mesures de dimension relatives aux phytomeres qui se développent en
conditions hivernales puis des phytomeéres présents a floraison.

Nous pensons possible de faire 1’économie des acquisitions de forme de feuilles et de
définir plutdt une paramétrisation qui décrit 1’évolution du port foliaire en tenant compte
de la position et I’age issue de mes résultats présentés dans chapitre 4. Dans ce cas, il sera
nécessaire de définir des paramétres simples a mesurer pour la calibration de 1’angle
d’inclinaison. Ensuite, pour définir la forme des feuilles (courbure), on pourra tirer dans
les collections existantes une variété de port similaire.

La photographie en visée oblique (57°) fourni de bonnes estimations des indices foliaires
compris entre 0 et 3 (testé et évaluer a plusieurs occasions). Nous pensons possible
d’utiliser de facon systématique ce type d’estimation pour le calage de paramétres du
modéle.

Pop-Corn, V2.0

Figu_re_ 3 : Photo d’une plante_baguée pour Figure 4: Résultat de digitalisation des courbures
identifier les numéros des feuilles et des talles des feuilles par le méthode de silhouette (Logiciel
PopCorn)

Figure 5 : Schéma illustrant le dispositif utilisé pour acquérir les photos de couverture sur deux angles
de vue : visée verticale (0°) en haut et visée oblique (57.5°) en bas.
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Figure 6: Scan des organes pour mesurer les dimensions et les surfaces.

1.3.Interface utilisateur

La figure7 présente le dataflow de 1’application « Plantgen » qui génére les tables d’entrées
d’ADELwheat. Les boites jaunes renferment les informations nécessaires pour reconstruire
d’une fagcon dynamique un couvert de blé. Ces trois boites sont :

- Leaf dynamic_params. Elle recoit les variables relatives a la phénologie. Ces données
peuvent étre contenues dans le fichier « dynT_user.csv » ou étre saisies au clavier via des
fenétres interactives (partie en haut a gauche du dataflow).

- Organ_dimension_params. Elle recoit les dimensions des organes du brin maitre (lien
vers un fichier dimT_user.csv),

- Others_params. Elle regoit les variables décrivant la densité de plante, la densité d’épi,
les probabilités d’apparition des talles primaire, les probabilités de fréquence de nombre
de feuilles sur le brin maitre, et les mesures de nombre de feuilles vertes sur le brin maitre
apres ligulation feuille drapeau.

Les boites bleues sont I’interface vers les tables d’entrées d’Adel qui ont été remplies par
I’application Plantgen (table des axes, table de phénologie, table de dimensions).
L’application génére aussi d’autres tables d’enregistrement de valeurs de parametres, qui
permettent une tracabilité des simulations.

Le data flow ne montre pas le module contenant les collections de formes de feuille ou
valeurs de parameétres de géométrie des axes, ceux-ci sont directement connecté en entrée
d’ADELwheat. Une description de D'interfacage plantgen et Adel est présent¢ dans la
documentation (paragraphe 5).
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Figure 7: Dataflow de de I’application « Plantgen » disponible sur openAlea
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1.4.Routines «Post-processing » : calcul sur les représentations 3D

Le portage du modele « Plantgen-ADELwheat » sous Open Alea permet 1’exploitation des
simulations par de nombreux modules informatiques disponibles — ou en cours de
développement par la communauté scientifique utilisant cette plateforme. Toutefois leur
utilisation est plus ou moins complexe et leur interface utilisateur n’est pas toujours
conviviale.

Dans le cadre du projet nous avons agencé les eléments pour :

*La visualisation 3D (modules utilisés pour les images présentés dans ce manuscrit). La
visualisation d’un peuplement peut se faire en simulant la géométrie de vue d’un appareil
photographique ; ceci permet d’analyser le pouvoir couvrant qui représente une variable
importante utilis¢ dans 1’évaluation des reconstructions. Ces modules sont utilisés pour
génerer la figure7.

*Affecter un identifiant aux différents modules botaniques (Fig.8). 11 est possible d’affecter
des couleurs spécifiques aux différents modules (gain/limbe/entrenceud), ou aux différents
numeéros de talles, etc.). Combiné aux modules de visualisation ceci permet d’analyser la part
de pouvoir couvrant dues aux différents types d’organes (e.g. limbes, gaines, entrenceuds,
etc.).

*Le calcul de variables telles que LAI ou GAI. Ceci était un des objectifs explicites du projet
vue leurs importante dans 1’évaluation global du modéle « Plantgen ». En outre il est possible
de filtrer les surfaces par types ou état d’organe pour calculer les contributions des gaines,
limbes et entrenceuds, ou les contributions des différents types d’axes au GAI global. Ces
modules sont utilisés pour générer la figure9.

*La présentation automatisée de graphique d’analyse (e.g. comparaison de variables
simulées et observées, Fig.10)

500 °J 1000 °) 1500 °J

Figure 7 : Simulation d’un peuplement issue de la reconstruction de I’expérimentation (ici c’est
I’expérimentation de Bertheloot 2005/2006 ;CapHorn sans fertilisation azoté). La visualisation simule
la prise de vue d’un appareil photographique en visée verticale, avec un objectif au format APN de
distance focale 50 mm. On a affecté un code couleur par type d’organe : vert : tissus foliaires vert ;
marron : tissus foliaires sénescents ; rouge : gaines et tiges; bleu: épis. La proportion de pixels
colorés sur I’image représente donc le taux de couverture du sol. Ainsi le comptage des pixels de
chaque couleur donne la contribution de chaque type d’organe au pouvoir couvrant.
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Figure 8 : Ce dataflow illustre I’interface de deux modules d'exploitation des reconstructions : (1) le
module permettant d’affecter des couleurs spécifiques aux différents organes. Ici on distingue limbe,
gaine entrenceuds, pédoncule et épis et pour chaque organes on distingue selon son I’état (vert ou
sénescent). Une plante ainsi est visualisée a droite ;(2) I’interface du module Povray qui permet la
simulation d’une photographie d’un peuplement. On spécifie dans I’interface la hauteur de ’appareil
photo, et la direction visée (zénith, azimut), I’ouverture angulaire de I’objectif, et les dimensions du
capteur .Ainsi il est possible de reproduire précisément les conditions de prise de vue lors d’une
I’expérimentation.
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Figure 9: Figures issues des modules de calcul sur les représentations 3D. La figure a gauche
représente les simulations de fréquence de trou sur deux angles de visé calculé sur un peuplement
virtuel. La figure a droite représente les simulations de I’indice foliaire vert et total considérant la
plante entiére GAI (limbe et tiges) ou que les limbes LAI.
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Figure 10 : Data flow de création d’un graphique sous Open Alea. Ici le graphique compare les taux
de couverture du sol observés & ceux simulés avec les reconstructions 3D.
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1.5.Evaluation qualité de reconstruction

Les reconstructions 4D issues du modele « Plantgen-ADELwheat » ont été évaluées d’une
facon globale en utilisant des jeux de données indépendants. Les critéres d’évaluation sont la
dynamique d’indice foliaire vert et total (LAI et GAI) et la dynamique de taux de couverture
en visé verticale et inclinée. Défaut de temps, le résultat de I’évaluation n’a pas été présenté
dans ce rapport. La synthése de ce travail d’évaluation est la suivante :

- Bonne adéquation entre les mesures et les simulations de la dynamique d’indice foliaire vert
(Figure 11).

- Certains aspects de géométrie non pris en compte dans le modéle (modification de
I'inclinaison des feuilles avec 1’age) ou mal caractérisés (inclinaison des axes) influencent de
facon tres significative le taux de couverture du sol pour un méme indice foliaire.
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Figure 11: Dynamique d’indice foliaire vert (GAI : global area index ; LAI : leaf area index) et la
dynamique de couverture du sol vs. Temps thermique depuis la levée de 3 traitements différents :
Soissons Y2012/2013 a gauche, Caphorn Y2012/2013 au milieu et Maxwell Y2010/2011 a droite
(informations détaillées sur les traitements est présenté dans le Tableaul). Les symboles représentent
les mesures et les lignes représentent les simulations issues du « Plantgen-ADELwheat ».

1.6. Jeu de données simulant différent architecture spécifique.

Un résultat direct de mon travail est de générer des données simulant de facon effective
I’architecture 4D d’un ensemble de traitements spécifique. Ces traitements sont présentés
dans le Tableaul. La reconstruction 4D de 10 traitements est déja disponible et la
reconstruction est en cours de finalisation pour les 12 autres traitements. Les fichiers de
données d’entrées nécessaires a la simulation de ces traitements ont été générés et organisés
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dans Open Alea de facon a assurer un archivage pérenne et une utilisation facile (Fig.12,
Fig.13).

D’autre part, nos données de courbures de feuilles issues de 15 traitements et couvre 5
génotypes seront utilisé pour enrichir la base de données courbe présente dans 1’interface du
modele « Plantgen-ADELwheat » ce qui permettra d’améliorer la qualité des simulations.
Pour I’instant ce jeu de donnée n’est que partiellement intégré a cette I’interface.

Tableau 1: la liste des traitements qui ont été reconstruit (ou reconstruction en cours) issus des
expérimentations sur le campus INRA a Thiverval-Grignon. La liste comporte 23 traitements incluant 5
saisons de culture, 5 cultivars, 2 dates de semis, trois densités, deux distances inter-rangs (Is:17.5cm;
ID:35cm) et deux traitements azotés ( N+: fertilisation standard ; NO: sans fertilisation).

N°  Year Cultivar ~ Sowing date  Sowing Nitrogen  Inter-row Referent Reconstruction
trt. (jj mm) Density distance person 4D
(pl.m-?)
1 Y05/06  Soissons  S2 (27 Oct.) D2 (250) N+ IS J. Bertheloot disponible
2 - Caphorn  S2 (27 Oct.) D2 (250) N+ IS J. Bertheloot  disponible
3 - Soissons  S2 (27 Oct.) D2 (250) NO IS J. Bertheloot  disponible
4 - Caphorn  S2 (27 Oct.) D2 (250) NO IS J. Bertheloot  disponible
5 Y08/09  Soissons  S3 (17 Nov.) D1(77) N+ IS R. Baccar disponible
6 - Soissons  S3 (17 Nov.) D2(228) N+ IS R. Baccar disponible
7 - Soissons  S3 (17 Nov.) D3(514) N+ IS R. Baccar disponible
8 Y10/11  Maxwell ~ S2 (26 Oct.) D2(220) N+ IS M. Abichou disponible
9 Y12/13  Soissons  S2 (02 Oct.) D2 (220) N+ IS M. Abichou disponible
10 - Caphorn  S2 (02 Oct.) D2 (220) N+ IS M. Abichou disponible
11 - Maxwell ~ S2 (02 Oct.) D2 (220) N+ IS M. Abichou en cours
12 - Apache S2 (02 Oct.) D2 (220) N+ IS M. Abichou en cours
13 - Renan S2 (02 Oct.) D2 (220) N+ IS M. Abichou en cours
14 - Maxwell ~ S2 (02 Oct) D2 (220) N+ ID M. Abichou en cours
15 - Soissons  S2 (02 Oct.) D2 (220) N+ ID M. Abichou en cours
16 - Caphorn  S2 (02 Oct.) D2 (220) N+ ID M. Abichou en cours
17 - Maxwell ~ S2 (02 Oct.) D2 (220) N+ ID M. Abichou en cours
18 - Apache S2 (02 Oct.) D2 (220) N+ ID M. Abichou en cours
19 - Renan S2 (02 Oct.) D2 (220) N+ ID M. Abichou en cours
20 Y13/14 Caphorn  S2(300ct) D1(70) N+ IS M. Abichou  en cours
21 - Apache S2 (30 Oct.) D1(70) N+ IS M. Abichou en cours
22 - Renan S2(30Oct.) D1(70) N+ IS M. Abichou en cours
23 - Caphorn  S2(300Oct.) D2 (200) N+ IS M. Abichou en cours
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Figure 12 : Représentation de I’interface graphique du modéle « Plantgen-ADELwheat » présentant la
possibilité de sélectionner, depuis une liste de traitements disponibles, un traitement spécifique et le
reconstruire. Des couverts hybrides peuvent aussi étre générer en croisant les fichiers (exemple :
structure de Soissons et géométrie de Caphorn).
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Figure 13: Simulation de plantes a 1450°Cd aprés levée pour les traitements numéros 1 a 7 du
Tableaul. Chaque traitement est simulé en prenant en compte une variabilité inter-plantes. Ici on a
représenté une plante représentant la médiane de chaque peuplement en termes de nombre de talles et
de nombre de feuilles par axe. Les figures illustrent le port plus érigé de Caphorn par rapport a
Soissons, et les variations du nombre de talles en fonctions des traitements. Les tissus sénescents sont
représentés ici par la couleur marron.

Figure 14 : Simulation de plantes de blé de la variété Caphorn a différents stades de croissance. Les
tissus sénescents sont représentés par la couleur marron.
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2. Documentation « Plantgen-ADELwheat »

La documentation, qui suit, présente le modele couplé « Plantgen-ADELwheat ». Cette
documentation est en cours de finalisation elle sera prochainement disponible en ligne sur

I’interface OpenAlea a I’adresse suivante:

http://openalea.qgforge.inria.fr/doc/alinea/adel/doc/ build/html/user/manual.html

Alinea.PlangenAdel Documentation
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= General introduction
= Description of Adel's inputs
o Inputs describing development

= axeT : Master table alfowing to organize the

information plant per plant

= dimT : description of the dimensions of leaf

blades, sheath and internodes

= phenT : description of phenology of axes
= earT : description of ear dimension and

phenology
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http://openalea.gforge.inria.fr/doc/alinea/adel/doc/_build/html/user/manual.html

General introduction

ADEL-Wheat (Architectural model of DEvelopment based on L-systems) is designed for simulating the 3D
architectural development of the shoots of wheat plants. The model has been coupled with "Plantgen” model that
generate botanical and development information of a set of plant. ADEL-Wheat has been also coupled with a light
model adapted to field conditions "™Caribu model™, in order to allow calculating the light interception by individual
phytoelements during the crop cycle. Applications of such a tool range from the interpretation of remote-sensing
signals, to the estimation of crop light use efficiency, or to the assistance in the ecophysiological analysis of plant
response fo light conditions. The model is based on an analysis of developmental and geometrical similarities that
exist among phytomers, to allow a concise parameterisation. Parameterising the model requires using experimental
data to document a set of inputs described below.

Beside these user inputs, Adel also make use of constants and of relations (set and ‘readable’ in Adel.R, but not
documented) describing coordination of leaves, dynamics of geometry, computation of visibility and progression of
senescence as a function of ssi. See Robert et al (Functional Plant Biology 2008) for description. The next figure
shows the global dataflow of Adel:

Simulations are visually realistic. And the model was shown to correctly reproduce important agronomic features
such as kinetics of LAl and of plant height. The following table presents simulation of Soissons variety with nitrogen
fertilization:

\/

1 plant, elevation=0, azimut=0 28 plants, elevation=00, 28 plants, elevation=0,
azimut=0 azimut=180
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Description of Adel’s inputs

Adel requires three kinds of inputs to be provided by the user:

« inputs characterizing the development of plants in the canopy (topology, developmental rate and
size of plants)

« inputs characterizing the geometry of axes and of leaves

e inputs characterizing the simulation (time step..) and the plot configuration (number of plants,
position)

Units and conventions - Dimension are expressed in cm - Thermal time is expressed in °CD

Position of a phytomer on an axis: Most often (as described below) phytomer position in Adel are counted
acropetally and are normalized relatively to the total number of phytomers (leaf 1 relative position is 1/nf and flag
leaf relative position is 1). Use of relative positions was chosen to allow sharing data between axes differing by the
total number of phytomers In later versions of Adel the relative phytomer number should be changed by the
absolute one. With the convention that 1 is referring to the first true leaf.

Inputs describing development

Development is parameterized in a Rlist containing 3 tables (axeT, dimT and phenT).
These tables have dependencies (cross references). However some may be compatible with others if cross

references are maintained. This allows for recombination of parameters.

axeT : Master table allowing to organize the information plant per plant

axeT is the master table that organizes how each plant is described. For each plant, the table contains a few
explicit parameters that describe the phenology and the number of modules (eg time of appearance, number of
axes and number of leaves on axes) and identifiers that refer to information given in the other tables (dim T, phenT,

earT).

All plants to be used for the reconstruction must be listed in axeT. If only one plant is given, Adel will clone that
plant. To have a correct simulation of tiller dynamics at the plot level, a minimum of 30 plants is recommended.

There is one line per axis. Columns are :

Column Description

id_plt Number (int) identifying the plant to which the axe belongs

id_cohort Number (int) identifying the cohort to which the axe belongs

id_axis Identifier of the botanical position of the axis on the plant. “MS3" refers to the

main stem, “TO", “T1", “T2",._., refers to the primary tillers, “T0.0", “T0.1",
“T0.2",.., refers to the secondary tillers of the primary tiller “T0", and
“T0.0.0°, “T0.017°, "T0.0.2%, ., refers to the tertiary tillers of the secondary
tiller “T0.0". See Botanical position of the axis on the plant..

N_phytomer_potential The potential total number of vegetative phytomers formed on the axis.
N_phytomer_potential does NOT take account of the regression of some
ares.

N_phytomer The effective total number of vegetative phytomers formed on the axis.
M_phytomer does take account of the regression of some axes.
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HS_final
TT_stop_axis

TT del_axe
id_dim
id_phen

id_ear

TT app_phytomer1
TT_col_phytomer1
TT sen_phytomer1

TT_del_phytomer1

See an example of axeT.

dimT : description of the dimensions of leaf blades, sheath and internodes

The Haun Stage at the end of growth of the axis.

If the axis dyes: thermal time (since crop emergence) of end of growth. If
the axis grows up to flowering: NA

If the axis dyes: thermal time (since crop emergence) of disappearance. If
the axis grows up to flowering: NA

key (int) linking to dimT. id_dim allows referring to the data that describe
the dimensions of the phytomers of the axis

key (int) linking to phenT. id_phen allows referring to the data that describe
the phenology of the axis

Key (int) linking to earT. id_ear allows referring to the data that describe
the ear of the axis. For the regressive axes. id_ear=NA. For the
non-regressive axes, id_ear=1.

Thermal time (relative to canopy appearance) of tip appearance of the first
true leaf (not coleoptile or prophyll)

Thermal time (relative to canopy appearance) of collar appearance of the
first true leaf

Thermal time (relative to canopy appearance) of full senescence of the first
true leaf (this is : thermal time when SSI= 1)

Thermal time (relative to canopy appearance) of disappearance of the first
frue leaf
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Figure 1- Botanical position of the axis on the plant.

dimT allows to describe a number of profiles of dimension, each profile being associated to a value of id_dim.
Dimensions of organs must be given for each of the id_dim mentioned in axeT.

Positions on an axis are expressed as relative position (index_rel_phytomer = phytomer rank/M_phytomer);

Use of relative position makes it possible to use a same profile of dimension for axes differing in the final number of
phytomers (M_phytomer); Use of relative position makes it possible to document a profile with only some the

phytomers on an axis: Missing data will be estimated by linear interpolation according to index_rel_phytomer;
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Actual dimension of the blade, sheath and internode of an axis are hence calculated according to id_dim and
N_phytomer.

There is one line per phytomer documented.

Columns are -
Column Description
id_dim the identifier referred to in axeT. By convention, if the current id_dim ends by

o (e.g. id_dim=1110), then the current line documents the dimensions of a
regressive axis. If the current id_dim ends by 1 (e.g. id_dim=1111), then the
current line documents the dimensions of a non-regressive axis.

index_rel_phytomer The relative phytomer position : index_rel_phytomer = phytomer
rank/M_phytomer

L_blade length of the mature blade (cm)
W_blade Maximum width of the mature leaf blade (cm)

L_sheath Length of a mature sheath (cm)

W_sheath Diameter of the stem or pseudo stem at the level of sheath (cm)
L internode Length of an internode (cm)

W_internode Diameter of an internode (cm)

See an example of dimT.

phenT : description of phenology of axes

phenT controls the dynamics of leaf appearance, ligulation, senescence and disappearance. Internal rules of Adel
coordinate sheaths and internodes to the blades so that phenT controls indirectly the whole dynamics of plant
development.

Positions on an axis are expressed as relative positions.

One timing of development has to be documented for each value taken by id_phen in axeT; axes sharing a same
value of id_phen will share the same timing; Use of relative position makes it possible to use a same developmental
timing for axes differing in the final number of phytomers; Use of relative position makes it possible to document a
developmental timing with a number of value higher than the number of phytomers on an axis: this is required
because the dynamics of SSI shows a complex behavior(see below)

Timing of developmental events on a leaf is given relative to the timing of the event on leaf 1 of the axis; Actual
timing is computed from phenT and the data concerning leaf 1 in axe T

For each id_phen, there is one line per value of index_rel_phytomer documented. For a smooth description of the
dynamics of SSI from crop appearance to maturity, approximately 40 values of index_rel_phytomer should be
documented (for each value of id_phen). More over for each value of id_phen, one line should be documented for
index_rel_phytomer = 0, so as to allow interpolation.

Columns are :
Column Description
id_phen the index referred to in axeT

index_rel_phytomer normalized phytomer position, starting from index_rel_phytomer = 0
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dTT app_phytomer
dTT col_phytomer
dTT_sen_phytomer

dTT del_phytomer

Thermal time of the appearance of the tip of leaf out of the whorl made by the
older blade; expressed as thermal time since TT_app_phytomer1

Thermal time of the appearance of collar; expressed as thermal time since
TT_col_phytomer1

Thermal time for which $SI = n (where n is the phytomer rank); expressed as
thermal time since TT_sen_phytomer1

Thermal time after which the leaf blade is destroyed and is not displayed in
the 3D mock-up anymore; expressed as thermal time since
TT_del_phytomer1

See an example of phenT.

earT : description of ear dimension and phenology

There is one line per ear type (referred by id_ear in axeT)

Column
id_ear
dTT ap_ear

dTT_ap_peduncle
TT 292

L _peduncle
W_peduncle
L_ear

A _ear
L_spike

Description
the identifier referred to in axeT

Thermal time interval between flag leaf ligulation and ear appearance
{appearance of the tip of highest spike, discounting the awn)

Thermal time interval between flag leaf ligulation and peduncle appearance
(appearance of the base of the ear)

Thermal time (relative to canopy emergence) of the end of grain filing
(corresponding on 792 on Zadoks scale)

length of the ear peduncle: from the last node to the base of the ear (cm)
diameter of the ear peduncle (cm)

length of the ear without awns (cm)

projected area of ear without awn (cm2)

Total length of the spike - from base of the ear to the top of the awns (cm)

ssi2sen : description of progression of senescence in upper leaf blades as a function

of SSI

Adel considers two categories of phytomers for describing the progression of senescence in leaf blades.

« for lower leaves, the senescence progresses linearly as function of SSI and blades sequentially: the
senescence of blade at rank n starts when senescence of blade n-1 has finished. This means that the
senesced fraction of leaf n is - 1+8SI -n. It depends only in ssi and there is no need for additional parameters.

« for upper leaves, the progress of senescence is more complex and several leaf blades senesce
simultaneously: $Si2senT contains data to calculate the fraction of senesced area of each upper leaves as

function of ssi.

The upper leaves correspond approximately to the leaves beard by an elongated internode. The number of lower
leaves showing a linear progress of senescence is called Nsenlow; The number of upper leaves showing a complex
progress is called Nsenup
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All upper leaf blades start to senesce at the same time, that is at SSI = Nsenlow; Senescence of each upper
leaf blade progresses first at a slow rate identical for all leaves, then at a fast rate.

The parameter used to describe these kinetics are the value of the slow rate (R_sen1), the value of ssi (dssit1) at
the onset of fast senescence and the value of SSI (dssit2) at full senescence for each upper leaf.

The table defines the parameter values for the upper leaves. There is one line per upper leaf and the number of
lines of the file must be Nsenup The values d_SSIt1 and dssit? are specified in term of difference with the ssi at
onset of upper leaves senecence (Nsenlow)

It should be noted that the present description of progress of senescence is over-parameterized, resulting in a
constraint between parameters value. This comes from the fact that at any time the sum of the rate of progress of
senescence for all leaves should be one. Complying with this constraint is not straightforward. So a user that do
not know precisely the value of parameters in his experiment should probably use the default values to ensure a
consistent behavior.

Column Description

N_senup Mumber of leaves that show two phases during senescence (the value is repeated
for all lines!)

R _sen1 Rate of progress of senescence during phase 1 (the value is repeated for all lines 1)

dssit1 (SSI when the leaf blade starts phase 2) - Nsenlow)

dssit2 (351 when the leaf blade is 100% senesced - Nsenlow)

Inputs describing geometry

Input are reguired to define the geometry of leaves (normalized 2D shape, midrib curvature and azimuth) and the
geometry of stems (inclination, azimuth)

Mormalized 2D shapes are leaf width variations with distance to the base of the leaf, both axes being normalized so
that max values is 1.

Mormalized 2D shapes and midrib curvature are stored as collections and Adel will draw and individual leaf by
scaling a 2D shape plus taking a midrib curvature from these collections.

The inclination of axes is defined by two parameters DredT and Tillerinc. DredT represents the horizontal distance
between the main stem and a tiller at flowering. Tillerinc represents the angle of insertion of a filler at flowering.
When a filler grows, it starts with angle of 3° compared to the vertical. Then, during the period of extension of the
lower internode, insertion angle increases up to the value Tillerine. It will keep this value until the top of the stem
reaches the distance DredT from the main stem. When this is reach, the two upper visible nodes rotate so that the
top of the tillers remains at distance DredT Any internode that elongate later is vertical. Note that when sheath
disappear, new node become visible and will become involved in the process.

genGoeaxe (see below) includes a parameter fo randomly tilt the main stem of a small value around the vertical.
When the main stem is tilted, all the plant follows

How to specify the geometric data

The collections for 2D leaf shape and for leaf curvature should be specified as one list of lists of matrices for 2D
shape and one list of matrices for midrib curvature.
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How to specify the geometric data

The collections for 2D leaf shape and for leaf curvature should be specified as one list of lists of matrices for 2D
shape and one list of matrices for midrib curvature.

« the first level in the list is for collection index
« the second level is for matrix index.

See alea for more information.

Besides these collections, R functions should be provided as inputs. A first list of function is for defining the axis
geometry; A second list of functions is for selecting shapes in the collections mentioned above.

The first list should provide 3 R functions of axis number (0 = main stem) that return:
= azT: the azimuth{deg) of the first leaf of the axis with reference to the azimuth of the parent axes
= incT: the inclination (deg) of the base of the tiller compared with main stem
« dredT: the distance (at maturity) between tiler and main stem

These functions can be generated by the predefined genGeoAxe node or be freely user-defined in a freeGeoAxe
node.

In genGeoAxe The azimuth of a tiller stem is the same as that of the axilling main stem leaf. The azimuth of the first
leaf of a primary tiller is with an angle of 75° relatively to that of the axilling main stem leaf. For secondary fillers,
the azimuth of the first leaf is also with a fixed angle relatively to that of the parent tiller

A sample code of “geoAxe” function is:

geclxe <- list|

azT = fonction{a) {
ifelse{a == 0, 0, 75 + {runif{l)-0.5)*5)
e
inceT = function{a) |
ifelse{a = 0, runif{l) * 5, 82 + {(rumif{l) - _.5) * &)

b,
dredT = function{a) {
ifelse{a == 0, 0, runif{l) * 7}

1

The second list should provide two Rfunctions for drawing in the collections of leaf shape

Inputs have to be axis number, leaf position, leaf position counted from top, and leaf stage, defined as current
length/final length. Returned values have to be -

» azim - the azimuth (deq) of the leaf compared to the previous one
» Lindex - the index of the collection to use for leaf curvature

These functions can be generated by the predefined genGeoleaf node or be freely user-defined in a freeGeol eaf
node:

A sample code for a “geoleaf’ function is be -

geocLeaf <- liat|
Azim = function{a,n,ntop) {0 * runif(l)},
Lindex = function{z,n,ntop,stage) {ntop + 11}
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Inputs describing simulation

Time step is given as a list of values of thermal times for which a mock-up is to be produced. Positions of plants
within the plot are given externally from adel to a planter.

Inner options of ADEL

This section documents the inner options of ADEL.

Coordination in organ extension

The thermal time of leaf tip appearance and leaf collar appearance given in phenT are used to calculate a number
of features; - the leaf extension (blade + sheath) is simulated as starting 0,4 phyllochron between tip appearance,
and having a constant rate (cm.°C-1.J-1) for a duration of 2 phyllochrons - The model calculate the length of the
hidden part of a leaf (whorl length) : at tip emergence, this hidden length is the blade length; at collar emergence
this hidden length is taken as the length of sheath n-1; Between it is approximated by linear interpolation. This is
used to calculate the length of the visible part of the leaf in the post processing treatments. Note that this
calculation is not fully accurate because sheath n-1 stop growing before collar n emerges

The leaf extension is simulated as consisting sequentially of the blade extension, followed by the sheath extension.

The internode extension is simulated as following sequentially the sheath extension, and taking place at a constant
rate, for a duration of 1/(stemleaf) phyllochron It is known that in grass, internode fast extension start at collar
emergence. However there is no such calculation of collar emergence in the model: it expected that the
synchronization with collar emergence will be reasonably well approximated by the synchronization implemented
with the end of leaf extension.

The parameters for these coordinations are defined in AdelRunOption, which remained to be documented

Senescence of sheath and internodes

The senescence of sheath n is simulated as being synchronous with the senescence of blade n+2 The
disappearance of sheath n is simulated as synchronous with disappearance of blade n+1

There is no senescence implemented for internodes - they stay green. For ear and peduncle - to be documented

On regressing tillers, individual leaf senescence is simulated from SSI with the same pattern as on non-regressing
tillers.

Disappearance of dead tillers
A dead ftiller can be programmed to disappear some time after it stops growing. Only the blades and sheaths, not

the internodes, disappear This will be changed in further version, so that internode also disappear When this
happens, it has priority over the process of disappearance following leaf senescence.
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Plantgen model: Construction of the input tables

ADEL requires inputs characterizing the development of plants as described in /nputs describing developrment.

The plareger package allows the user who does not have a complete set of data to estimate the missing inputs. Inside this package,
the module planzgen incectace iS5 the front-end for the generation of the tables axeT, dimT and phenT. plastgen intecface Al50 permits to
generate some other tables for debugging purpose. To construct axeT, dimT, phenT and the debugging tables, the module
plantger_interface USES the Modules plancger core, tocls ANd MOdUIE pazams. The diagram ststic view describes the dependencies
petween the different modules ofthe package placegen.

We have considered three possible levels of completeness of data, denoted as MIN, SHORT, and FULL. In the next subsections, we:

s describe the levels of completeness of the data and of the parameters set by the user,

« describe how to construct the inputs of ADEL from a Python interpreter, using the routing ger_ade1 irpue asea. This routine can be
used whatever the level of completeness of the raw inputs, adapting the processing automatically,

« describe how to construct the inputs of ADEL from the Visualea interface, using the node plansgen.

ger_adel irput daca DEIONQS 10 MOdUle plareger interface. gen sdel inpue dsea produces the following tables:

o axeT

o dimT

e phenT

« phenT_abs: the equivalent of phenT, but with absolute thermal times and absolute positions.

s gimT_abs: the equivalent of dim T, but with absolute positions.

« 0ynT. the dynamic of the leaves for each type of axis.

s phenT_first a subset of phenT_abs, containing only the lines of phenT_abs which correspond to the first phytomer of each axis.
» HS GL_S55/_T. the dynamic of Haun stage, green leaves and senescent leaves when thermal time varies, for each cohort.

« filleringT. the dynamic oftillering.

» cardinalityT. the theoretical and the simulated cardinalities of each cohort and each axis.

ger_adel irput daca Al50 produces a dictionary which stores the values of the arguments of gen_agel irpne_dses. This dictionary is aimed
to log the configuration used for the construction.

The diagram dynamic view describes the data flow when the user calls gen adel irput data.

in plantgen. To help the user understanding the dataflow in plantgen,

The levels of completeness

The information needed to generate Adel input must be provided in two tables: dmT_user ANd dial_pzer. dynT user AN dial_p-er CAN Nave
different levels of completeness: emr, skonr and k. According to their level of completeness, amT user ANd dinT weer take different
shapes andior contents.

The table below listthe specific designation in plactgen fOr dynT_w=er AN dizT_w=er for each level of completeness:

Level of

completeness Description dynT_user dimT_user

FULL the table contains data for at least each aynT_user_FULL dimT_user_FULL
muost frequent non-regressive axis.

SHORT the table contains data for exactly each aynT_user SHORT dimT_user SHORT
maost frequent non-regressive axis.

MIN the table contains data for the most aynT_user MIN adimT_user MIN

freguent main stem only.

See also: the documentation Of DataCempleteress in the Reference guide.

BotanicDataBase - -
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Construction of Adel input tables using the Python interpreter

gen_adel irput data CaN De used from Python interpreter.

First we explain the arguments of gen adel irpne_dsea that the user has to define. Second we present a complete code example to use
gen_adel irput_data TTOM @ Python interpreter.

The arguments to define by the user

The arguments to define are:

dynT_user. the leaf dynamic parameters set by the user,

dimT_user. the dimensions ofthe axes set by the user,

plants_number the number of plants to be generated,

plants_density: the number of plants that are present after loss due to bad emergence, early death.., per square meter,
decide_child_axis_probabilities. the probability of emergence of an axis when the parent axis is present
decide_child_axis_probabilities are set only for axes belonging to primaries tillers.

MS _leaves number_probabilities: the probability distribution of the final number of main stem leaves,

ears_density. the number of ears per square meter,

GL_number. the thermal times of GL measurements and corresponding values of green leaves number,

» delais TT_stop_del_axis: the thermal time between an axis stop growing and its disappearance,

TT_col_breafk: the thermal time when the rate of progress Haun Stage vs thermal time is changing. If phyllochron is constant,
then TT_col_breakis 0.0.

inner_params: the values to overwrite the inner parameters with. See Inner parameters forFlantgen model for more details.

Important:

® ger adel impue_daca Checks automatically the validity of these arguments, EXCEPT for inner_params. Thus, the user should be

sure of what he is doing when setting the inner_params.
» only dynT_user and dimT_uwser are mandatory. For all other arguments, default value is used if no value is passed by the user.

Code example

Mow let's see a complete code example t0 USE gen adel inpue_dses from a Python interpreter:

z . In this sxample, pandas is used to read and

import pandas

# read the dynT user MIN table. "dynT user MIN. osv" must bes in the working dirsctory.
dynT user = pandas.read csv('dynT user MIN. cs=v'}

# read the dimT nser MTN table. "dimT nser MTN. osv" must be in the working dirsotory.
dimT user = pandas._read csv('dimT user HIK c=v'}

# define the other
plants number = 1
plants density = 250

:lEzide_zhild_ui:_Prnbabilir.iE: = {"'"TO":

"I2':

argumsnis

"T4":-
M3 leaves number probabilities = {"10': 0O
"11t- O
"1z2t: oo
"13': 0
"18": 0.
ears density = 50
GL_mumber = {1117.0: 5. - -4,
1368.7:-4._ _8:-2_4,
1880.0:0.
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Code example

MNow let's see a complete code example t0 USE gen adel inpu: daca from a Python interpreter:

# import the [ In this awampls, pandas is usad &to read and

das library.
# write the tables.
import pandas

# read the dpnT user MTN tablae. "dpnT wser MTIN. osv" must be in the working dirsotory.

dynT user = pandas.read cav('dynT_user MIN.c=v'}

# read the dimT user MIN table. "dimT user MIN.osv" must be in the working directozy.

dimT user = pandas.read csv('dimT user MIN. csv'}

# d=finms the sother argumsnts
plants number = 100
plants density = 250

decide child axis probabilities = {"T0": 0.0, "T1": 0.500.
"T2": 0.%83, "T3": 0.817,
"T4": 0.117}

M3 leaves number probabilities = {"10": 0.145,
"1i": 0.818,
"iz2": 0.037,
"13": 0.0,
"14": 0.0}

mars density = 500

GL_mumber = {1117.0: 5.6,
13€8.7:4.9,
1880.0:0.0}

delais TT stop del axis = €00

TI_col break = 0.0

imner params = {'DELAT3 PHYLL COL_TIF 13T"': 1.0,

"DELAT3S PHYLL CCL_TIP WTH': 1.6}

1212.1:5.4.
1€86.8:2.4,

# launoh tha oconstruoction
from alinea_adel plantgen_plantger import gen adel input data
[axeT, - - -
dimT,
phenT,
phenT abs,
dimT abs,
dynT,
phenT first,
H3 GL_33I T,
tilleringT,
cardinalityT,
config} = gen_adel input data (dynT_user,
dimT user,
plants number,
plants density,
:lEzide_zhild_ui:_prnb:bilir.ie:,
1'!S_lea:re:_zmmber_Prnbabilir.iE:,
mars density,
6L numbez,
delais TT stop del axis,
TIL col break,
:L'n;Erjaram:}

# write axaT, dimT and phenT to osv files in the working dirsstory, replasing

£ mizsing walues by "HA' and ignoring the indesxes (the indesxes are the Izbals
# the lines).

u:‘[‘.tn_r:::r[‘axef.c:v‘, zla_re'p=‘lﬂ-.‘, index=Fal=e=}

dimT to csv('dimT.c=v"', na rep="KA", index=Fal==}

ph:mT.t;_::v(‘phen:.c:v‘, ;a_r:p=‘1\'}'-.‘, index=False]}

# "axeT.osv", "dimT.osv" and "phenT.osv" are now ready to be used by Adsl.

af
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Otherwise, the fuNClion cesd planegen irpaes permits to define the arguments by importing a Python module.

USING cead plastgen irpues With the module plarcger inpuzs.py, the preceding example becomes:

from alinea_adel plantgen
g "pl
(dynT_ user,
dimT user,
plants number,
plants density,

.plantgen impo:

rt read plantgen_inputs
t ba ir h L

dezide_zhild_:xis_prnb:bilit.ie:! =
1'!S_leave:_number_prnb:bilit.ies =

mars density,

GL number,
delais TT stop del axis,
TI_col break,

inner params} = read plantgen inputs('plantgen input= MIN.py'}

Iz h the gons otion

from alirea.adel plantgen plantgen import gen adel input_data

[axaT,

dimT,

phenT,

phenT abs,
dimT abs,
dynT.
phen'['_fir:r.,
H3 GL 33I_T,
tilleringT,
cardinalityT,

configl = gen adel input data (dynT us=er.

# the lines).

axeT . to csv('axel. c=v
dimT to_cav [("dimT e
phenT. to_csv ['phenT

"axaT.osv", "dimT.osv" and

cead plantger irputs PEIMItS the userto store the arguments, 5o he can reuse them later.

plarsgen IS l0CAtEd IN alinea.adel plansgen. YOU CAN ACCESS 10 plansgen through the package explorer of VisuAlea, or just typing “plantgen

in the Search tab of VisuAlea.

The associated widget, which appears when you 0pen plansgen, permits to configure the construction.
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dinmT u=er.

plm;s_number,

plant= density,
dezide_r:hild_:.xis_prnb:bilir.ie:,
Hﬂ_leaves_number_prnb=bilir.i=:,
ears density,

EL number,

delais TT stop del axis,
'I'I'_r:nl_brea}.,

imner_par:m: 1]

s ma rep="HA', index=False}
r ma_rep= "HA", index=Fal=e}
v, na_re‘p=‘l\'3_‘ r index=Fal=e}

T.osv" are now ready to be used by Adel.

-



Construction of Adel input tables using Visualea

The node plansgen allows to construct the inputs of ADEL.

plansgen 5 |0CAtRM N alinea. adel plansgen. YOU CAN ACCESS 10 plansgen through the package explorer of VisuAlea, or justtyping “plantgen”

inthe Search tab of VisuAlea.

The associated widget, which appears when you Open plassges, permits to configure the construction.

[ plantgen [0

Figure 2: plantgen nade

decide_child_axis_probabilities

TO:0.0
T1:0.9
T2:0.983

T2 .0 817

[ Add [tem

M5_leaves_number_probabilities

10:0.145
11:0.818
12:0.037

13 - AN

Add Item

GL_number

1117.0: 56
12121:5.4

1368.7 : 4.9
1ERE R DA

Add [tem

delais_TT_stop_del _axis m

inner_params

plants_number [100 ‘%]
plants_density [ 250 l:]

ears-density 500 H

TT_col_break l 0,00 ‘:]

[ Add Item ]

[ fm | &
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The following dataflow demonstrates how 10 USe plansgen through Visualea:

Figure 4: The alinea.adel. Tutorials.plantgen dataflow

The user must select existing data nodes to set the input and ouput tables.

The following data-flow demonstrates another way to USe planeges through Visualea:

Figure 5: The alinea.adel Tutorials plantgen_csv dataflow

In this case the user must give the paths of csvfiles for inputs and outputs.

Warning: the paths setin alinea.adel Tutorials.plantgen_csv will not work on your computer. You have to adapt them to your
needs.
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Finally, the node read plantgen inpue= permits to define the values of the input ports of planegen by importing a Python module.
read plansgen_inpuss |5 3|50 l0CAted IN alinea adel plansgen.

For example, USING zead_plansgen_inmpus= With the module placcgen icpuz=.py, the dataflow becomes:

Figure ¥ The
alinea.adel. Tutorials.plantgen_csv_inputs dataflow

read_plantgen_inpuz= PEIMItS the userto store the values ofthe input ports, 5o he can reuse them later.

Inner parameters forPlantgen model

These parameters are:

* sECOMDREY STEM LERVES wrEeR coepriciEsts the coefficients a_f and a_2 to calculate the final number of leaves on tillers from the
final number of leaves on main stem.

= BF 1 ms stasnern peviariow: the standard deviation in the thermal of emergence of plants in the plot.

* LEar wieEER DELAY M5 comcet. the delays between the emergence of the main stem and the emergence of each cohort.

* w2 ms prv w2 cosoer: ratio between the maximum number of green leaves on the tillers and the maximum green leaves on the
main stem

= DELATS PRYLL_coL Tie 15T delay between tip appearance and collar appearance for the first leaf only.

= DELals prvLL cou TP wTH delay between tip appearance and collar appearance for all leaves except the first one.

® pecars prvil sew pise. the time during which a fully senesced leaf on a non-elongated internode remains on the plant.

* pecars zec rowT. the time between the start of the regression and the bolting.

tr_oeL_rrauT: the thermal time at which leaves on elongated internode disappear.

rirsT_criwn pecsy. the delay between a parent cohort and its first possible child cohort

BEGEESSION OF prrEnsions the regression ofthe dimensions for the 1ast 3 phytomers of each organ.
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These parameters can be set by the user through the input argument inner_parameters of the function ger adel irpne daea, OF 56t
directly in the module pazams. They permit a finer parameterization of the construction.

588 documencarion of params fOr More information.

Description of Adel’s outputs

The function peeas=1 permits to simulate 30 architectural development of the shoots of wheat plants, according to a list of dates
(thermal times) and Adel's inputs (see Description of Adel’s inputs).

muradel Teturns a Python dictionary. Each key of the dictionary represents an output. The following table describes each of these
outputs.

Qutput of

RunAdel Description

refplant_id plantid

axe_id axe id

ms_insertion phytomer insertion position, starting from the base (not normalized)

nff final number of leaves produced by the axe

HS_final final haun stage reached by the axe (determine regression or not)

numphy phytomer position (from bottom)

ntop phytomer position (from top)

L_shape lamina length (cm)

Lw_shape lamina width {cm)

LsenShrink shrink in lamina width due to senescense. Width is the remaining width proptional to the blade
width before senecened

LcType selector for first level in leaf database (ntop). First level is the leaf type indexed by the phytomer
position (ntop).

Lcindex index for selecting the leaf geometry from the replicates of the same phytomer (LcType)

Linc inclination of the base of the lamina relatively to the sheath (deg)

Laz azimuth relative to the previous leaf ( Laz[1] = azT, Laz[2:end] = azim) (azT refers to the the
azimuth(deg) of the first leaf of the axis with reference to the azimuth of the parent axe. azim refers
to the azimuth (deg) of the leaf compared to the previous one. azT and azim are defined in the
user-defined function, geoAxe and geoleaf, respectively)

Lpo proportion of green tissue in the lamina (on a length basis)

Lpos proportion of senescenttissue in the lamina (on a length basis)

Gd apparent diameter of the sheath

Ginc inclination relative to of the previous sheath

Gpo proportion of green tissue in the sheath (on a length basis)

Gpos proportion of senescenttissue in the sheath (on a length basis)

Ed diameter of the internode in cm

Einc inclination relative to of the previous internode

Epo proportion of green tissue in the internode (on a length basis)

Epos proportion of senescenttissue in the internode (on a length basis)

rph normalized phytomer position (= numphy/nff ) 77 to be confirmed

rssi relative senescence index (ssi - numphy)

rhs relative haun stage (haun stage - numphy)

Then, the function azg faccemy permits to construct a MTG from the output of seraze.

Finally, the function meg_ircecprecer permits to add a geometry to the MTG computed DY meg_faceomy.
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The resulting MTG has the following properties:

Scale Lable Properties (up to date 26/09/2014; may change) Comments
1 plant* azimuth, edge_type, label, position, refplant_id *number of plants
MST* HS_final, edge_type, label, nff, timetable MS: main stem; * the
arder of tillers
3 metamer® L_shape, edge_type, label *the position of
metamer (numphy)
4 internode azimuth, diameter, edge_type, inclination, label, length, ntop,
senesced_length, visible_length
4 sheath azimuth, diameter, edge_type, inclination, label, length, ntop,
senesced_length, visible_length
5 StemElement area, azimuth, edge_type, geometry, green_area, green_length,

inclination, is_green, label, length, offset, senesced_area,
senesced_length

5 blade diameter, edge_type, inclination, label, length, n_sect, ntop,
rolled_length, senesced_length, shape_mature_length,
shape_max_width, shape_xysrvisible_length

5 LeafElement1 area, edge_type, geometry, green_area, green_length, is_green, label,
length, position_senescence, senesced_area, senesced_length, srb,
st

Appendices

The appendices describe the data used by Adel for pre and post-processings. The appendices also contains static and dynamic view
ofthe system, to help the user understanding hwo it works.

Plantgen model: construction of the input tables
In this section we first present internal views of the package plarsgen:

» 3 stafic viewto describe the dependencies between the different modules of plareqer,
= 3 dynamic viewto describe the data flow when the user calls gen adel irput data.

Then, we describe the data used in Plantgen for the construction of the input tables of Adel:

dynT_user FLULL: the dynamic of the Haun stage of at least the most frequent non-regressive axes.

r_ SHORT: for each id_axis, the dynamic of the Haun stage of exactly the most frequent non-regressive axes.

dynT_user MM the dynamic of the Haun stage of the most frequent main stem, and, for each primary axis, the thermal time
when Haun Stage is equal to the final number of phytomers.

o dimT_user_FULL: the dimensions of at least the most frequent non-regressive axes.

r_SHORT. the dimensions of exactly the most frequent non-regressive axes.

Mt the dimensions of the most frequent main stem.

; the equivalent of phrenT, but with absolute thermal times and absolute phytomer ranks.

-
g

- -
==
3 3

L]
™
E-l.::

-

dynamic of the Haun stage for each axis.
e phenT_first. a subset of phenT_abs, containing only the lines of phen
cohaort.

HE GL_35[_T:the dynamic of Haun stage, green leaves and senescent leaves when thermal time varies, for each cohor.
- the dynamic of tillering.

cardinality T: the theoretical and the simulated cardinalities of each cohort and each axis.

T_abs which correspond to the first phytomer of each

-

Static view of plantgen

This diagram describes the dependencies between the different modules of plaregen.

lantger]

[ —_— T

plantgen interfsce

params

Leuvas_ruskar{}
Leaews_mmbes (]

]

4l_carding
1ld cohart,

bgat_real_natal)

plantgen_core

at_amesil
P p—
At ruc

di ]
anwn_pranclegyl ]
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Dynamic view of plantgen

This diagram describes the data flow when the user calls gen_adel input_data

my data

180

—_— A transition

- "parameters": input data,
- "debug": output data used for debugging,
- "final": cutput data used by Adel.

output 1, output 2, .. "output 1", "output 2", ...

Start .
A
<<parameters==> | init_axes: | <<debug>=
plantgen_params \Eﬁjlt,id_mhcrt,id_ax\S,N_phytcmer_potential, id_phe_ry cardinalityT
<<parameters==> A
dynT user phenology_functions:
cardinality, a_cchort,TT_col _0,TT_col_break,
TT_col_N_phytomer_potential dTT_MS_cohert.no,
nl,n2,t0.tLhs_tl,a.c.RMSE_gl
<<parameters==>
dimT user
| <<debug==>
dynT
A
plants_structure:
N_phytomer,HS_final TT_stop_axis,TT_del_axis,id_dim,
id_ear,TT_app_phytomerl,TT_col_phytomerl,
TT_sen_phytemerl,7T_del_phytomerl
<<final>>
axeT
o] <<debug==>
| tilleringT
<<debug>=>
phenT first
\
organs_dimensions:
index_phytomer.index_rel_phytomer,L_blade,
W _blade,L_sheath.w_sheath.L_internode,w_internede
| <<debug==
dimT_abs
<<final=>
dimT
axes_phenclogy:
TT_app_phytomer,TT_col_phytomer TT_sen_phytomer,TT_del_phytomer,
dTT_app_phytomer,dTT_col_phytomer,dTT_sen_phytomer,dTT_del_phytomer
| <<debug==>
>
phenT_abs
<<final>>
>
phenT
<<debug>>
HS GL S5 T
\
End .
Data involved in the data flow.
<<type of data>> The type of data can be either: rry_routine: A routine uses to compute variables




dynT_user_FULL

dynT_user_FLULL is a table which describes the dynamic of the Haun stage of at least the most frequent non-regressive axes. The
maost frequent axes are the axes which have the most frequent number of phytomers.

dynT_user FULL contains a line of data for at least each couple (id_axis, most frequent N_phytomer_potential), where id_axis and
M_phytomer_potential are defined in axeT.

Each line contains the following data: id_axis, N_phytomer_potential, a_cohort, TT_col 0, TT_col_MN_phytomer_potential, n0, nf and

n2 See dynT forthe meaning of these parameters.

5E8 ar example of &=T nsez FULL.

dynT_user SHORT

dynT_user_SHORTIis atable which describes the dynamic of the Haun stage of exactly the most frequent non-regressive axes. The
maost frequent axes are the axes which have the most frequent number of phytomers.

dynT_user SHORT contains a line of data for exactly each couple (id_axis, maost frequent M_phytomer_potential), where id_axis and
N_phytormer_potential are defined in axeT. The couples (id_axis, NOT most frequent N_phytomer_potential) are not documented in
dynT_user SHORT.

Each line contains the following data id_axis, a_cohort, TT_col_0, TT_col_N_phytomer_potential, n0, n1 and n2. See dynT for a
description of these parameters.

5E8 ar example of &=T nser SHORT.

dynT_user_MIN

dynT_user_MIN is a table which describes the dynamic ofthe Haun stage ofthe most frequent main stem. The most frequent main
stem is the main stem which has the most frequent number of phytomers. dynT_user M also contains, for each primary axis, the
thermal time when Haun Stage is equal to the final number of phytomers.

The first line contains the following data: id_axis, a_cohort, TT_col 0, TT_col N _phytomer_potential, nG, nf and n2. In the other lines,
only id_axis and TT_col_N_phytomer_potential are documented: a_cohort, TT_col_0, n0, n1 and n2 are MA (i.e. Mot Available).

See dynT for a description of these parameters.

5€8 ar example of &=T oser MIN.

dimT_user FULL

dimT_user_FULL is a table which documents the dimensions of at least the most frequent non-regressive axes. The most frequent
axes are the axes which have the most frequent number of phytomers.

dimT_user_FULL contains aline of data for at least each couple (id_axis, most frequent N_phytomer_potential), where id_axis and
N_phytomer_potential are defined in axeT.

Each line contains the following data: id_axis, N_phytomer_potential, index_phytomer, L_blade, W _blade, L_sheath, W _sheath,
L intermode and W _internode. id axis are the botanical positions (see Botanical position of the axis on the plant).
M_phytomer_potential are the final number of phytomers. The other data are the same as the ones in dimT_abs.

5E8 ar example of il nser FULL.

dimT_user_SHORT

dimT_user_SHORT is a table which documents the dimensions of exactly the most frequent non-regressive axes. The most frequent
axes are the axes which have the most frequent number of phytomers.

dimT_user_ SHORT contains a line of data for exactly each couple (id_axis, most frequent N_phytomer_potential), where id_axis and
M_phytomer_potential are defined in axeT. The couples (id_axis, NOT most frequent N_phytormer_potential) are not documented in
dimT_user SHORT.

Each line contains the following data: id_axis, index_phytomer, L_blade, W _blade, L_sheath, W _sheath, [_internode and

W _internode. id_axis are the botanical positions (see Botanical position of the axis on the plant). N_phytomer_potential are the final
number of phytomers. The other data are the 2ame az the ones in dimT_aba.
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dimT_user_MIN

dimT_user_MIN is a table which documents the dimensions of each phytomer of the most frequent main stem. The most frequent
main stem is the main stem which has the most frequent number of phytomers. Each line contains the following data:
index_phytomer, L_blade, W_blade, L_sheath, W _sheath, L_internode and W _internode. See dimT_abs for a description of these
data.

SE8 ar example of T oser MIN.

phenT_abs

phenT_absis an intermediate table used to construct phenT. This table is not an input of Adel. Thus the user normally needn't it. This
table can be useful for debugging.
T_absisthe same as phenT, except that:

» the positions ofthe phytomers are not normalized,
« the thermal times of developmental events are absolute.

phen

588 ar example of pherT abs.

dimT_abs

dimT_abs is an intermediate table usedto construct dimT. This table is not an input of Adel. Thus the user normally needn'tit. This

table can be useful for debugging.

dimT_absis the same as dimT, except that the positions of the phytomers are not normalized.

588 ar sxample of &imT abs.

dynT

dynTis an intermediate table used to construct the input of Adel. This table is not an input of Adel. Thus the user normally needn't it.
This table can be useful for debugging.

dynT is a table which describes the dynamic of the Haun stage of all non-regressive axes. For each couple (id_axis,
N_phytomer_potential) in axeT, dynT contains a line with the following data:

Column Description

id_axis the botanical position (see Botanical position of the axis on the plant) of the axis

id_cohort the cohort to which belongs the axis

cardinality the cardinality of the couple (id_axis, N_phytomer_potential) in axeT

N_phytomer_potential the final number of phytomers of the axis

a_cohort the rate of Haun Stage vs Thermal time. This is the rate of the first phase in case of
bilinear behavior.

TT_col_0 the thermal time for Haun Stage equalto 0

TT_col_break the thermal time when the rate of phytomers emergence is changing

TT_col_N_phytomer_potential the thermal time when Haun Stage is equal to M_phytomer_potential

no number of green leaves at t0

n1 number of green leaves att1

n2 number of green leaves at TT_col N _phytomer_potential

10 the thermal time atthe start of leaf senescence

11 the thermal time at which the senescence starts

hs_t1 the Haun Stage at i1

a the coefficient of the 3rd order term of the polynomial describing the dynamics ofthe
number of green leaves after flowering

C the coefficient of the 1st order term of the polynomial describing the dynamics of the
number of green leaves after flowering

RMSE_agl the RMSE for the dynamic of the number of green leaves after estimation of

parameter a.
The lines are ordered first by id_axis in ascending order, then by cardinality in descending order.

S8 ar example of &aT.
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phenT_first

phenT_firstis an intermediate table used to construct phenT and axeT. This table is not an input of Adel. Thus the user normally
needn'tit. This table can be useful for debugging.

phenT_first is a subset of phenT_abs, and containg only the lines of phenT_abs which correspond to the first phytomer of each
non-regressive axs, i.e. index_phytomer equal to 1.

S8 ar example of phenT first.
HS GL SSI.T
HE GL_35[_Tis constructed for debugging purpose.

HE GL_S5]_Tdescribes, for each cohort, the dynamic of Haun stage, Green leaves and leaf senescence index when 7T varies.

Far each couple (id_cohort, M_phytomer_potential) in axeT and for each TT, dyn T contains a line with the following data:

Column Description

id_phen the concatenation of id_cohort and N_phytomer_potential. For example, if *id_cohort*==4 and
*M_phytomer_potential*==8, then *id_phen*==408.

T the thermal time.

HS the Haun Stage.

GL the number of green leaves.

551 the number of senescent leaves.

Note: For each axis, TTvaries from 010 alicea.adel plantgen. pacams.TT DEL FHAUT.

588 ar example of HS_GL S5I_T.

tilleringT

illering T is constructed for debugging purpose.

tilleringT describes the dynamic of tillering. It stores the number of axes per square meter at important thermal times: the start of
growth, the thermal time of the bolting, and the thermal time of the flowering.

Column Description
T the thermal time.
axes_density the number of axes per square meter.

S8R ar example of tilleringT.

cardinalityT

cardinality T is constructed for debugging purpose.

cardinality T describes the theoretical and the simulated cardinalities of each cohort and each axis. It permits the user to validate the
simulated cardinalities againstthe theoretical ones. Both cardinalities are calculated from the probabilities of emergence of an axis

when the parent axis is present. These probabilities are given by the user. Theoretical cardinalities are calculated globally without
randomness.

Column Description
id_cohort the index of the cohort
id_axis the index of the axis

theoretical_cohort_cardinality the theoretical cardinality of the cohort
simulated_cohort_cardinality the simulated cardinality of the cohort
theoretical_axis_cardinality the theoretical cardinality of the axis
simulated_axis_cardinality the simulated cardinality of the axis

S8R ar example of cardiralieyT.
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Titre : Modélisation de I’architecture 4D du blé : Identification des patterns dans la morphologie, la
senescence et le positionnement spatial des organes pour une large gamme de situations de croissance.

Mots clés : blé virtuel, modélisation, architecture, morphologie, géométrie, développement.

Résumé: La simulation de [’architecture des
plantes est devenue un front de recherche tres actif,
en raison de son importance pour la compréhension
du fonctionnement des plantes et de leurs
interactions avec I’environnement. Pouvoir simuler
I’architecture d’un peuplement avec une fidélité
suffisante pour représenter les traits spécifiques
issus d’une expérimentation présente un grand
intérét dans I’analyse de cette expérimentation.
Dans ce contexte, 1’objectif de mon projet de thése a
été de développer un modeéle opérationnel
permettant de  reproduire  par  simulation
I’architecture 4D d’un peuplement pour tout le cycle
de culture et de fagon fidéle aux observations. Notre
démarche s’appuie sur la  caractérisation
expérimentale d’une gamme de cultivars
commerciaux cultivés dans la région parisienne. Ces
données représentent une gamme large de séquences
climatiques, dates et densités de semis et de
fertilisation azotée.

L’analyse de ces données a permis d’identifier des
fonctions stables et robustes décrivant les
dynamiques d’apparition et de mortalité, ainsi que

les patterns de dimensions des différentes
composantes de la plante. Nous apportons aussi des
informations originales sur leur géométrie et leur
positionnement spatial au cours du temps. Ces
fonctions ont été regroupées dans une routine
permettant de décrire la dynamique compléte de
I’architecture d’une collection de plantes de
I’émergence jusqu’a la maturité.

Notre méthode de reconstruction a permis de
générer les reconstructions 4D d’une part
importante de nos traitements expérimentaux; elle a
également été mise en ceuvre dans plusieurs projets
menés parallélement & mon travail.

Notre modele peut étre aussi utilisé pour explorer
des architectures potentielles en vue de proposer
des nouveaux ideotypes.

Finalement, notre démarche de modélisation est
transposable a d’autres céréales : elle fournit un
cadre pour comparer les patterns de morphologie et
de développement entre especes et un outil pour
étudier par simulation [D'impact des traits
architecturaux caractéristiques de chaque espéce.

Title: Modelling of the 4D architecture of wheat: identifying patterns describing the morphology, the
senescence and the spatial orientation of organs under a high range of growth conditions.

Keywords: virtual wheat, modelling, architecture, morphology, geometry, development.

Abstract: The simulation of plant architecture has
become a very active front of research because of its
importance for understanding the functioning of
plants and their interactions with the environment.
When analysing observations of experimental
treatments, it is of a great interest to be able to
simulate the architecture of the crop with sufficient
fidelity to represent the specific traits resulting from
the experiment.

In this context, the objective of the thesis project
was to develop an operational model allowing to
simulate the 4D architecture of a collection of
individual plants for the whole crop cycle and in a
way faithful to the observations. Our approach
builds on the experimental characterization of a
range of commercial cultivars cultivated in the Paris
region. These data represent a wide range of
climatic sequences, sowing dates, densities of
seedlings and nitrogen fertilization.

The data analysis allowed us to identify stable and
robust functions that describe the dynamics of
appearance and mortality and the final dimensions

of the different components of the plant. Our work
brings also novel information on the evolution of
their geometry and spatial organisation over time.
These functions were coded into a model that
describes the dynamics of the architecture of a
collection of plants from their emergence to their
full maturity.

Our reconstruction method allowed us to generate
4D reconstructions for a large part of our
experimental treatments; it has also been used in
several projects carried out in parallel with this
work.

Our model can also be used to explore potential
architectures traits in order to propose new
ideotypes.

Finally, our modelling approach can be applied to
other cereals: it provides a framework for
comparing patterns of morphology and development
between species and provides a tool to study, by
simulation, the impact of the architectural traits of
each species.
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