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Résumé en francais







I. Contexte et objectifs de la these :

L'utilisation intensive de produits phytosanitairesirant les derniéres décennies a
engendré I'apparition de problemes liés l'impacviemnemental de ces produits mais
également liés a la baisse d’efficacité de certamelécules chimiques suite a I'apparition de
souches pathogénes résistantes. Ainsi, la luttrectes maladies basée exclusivement sur la
lutte chimique n’est plus possible. Pour palliared problemes, la politique agricole actuelle
est en train d’évoluer vers une utilisation raisgmnles pesticides et la promotion de moyens
de lutte alternatifs et plus écologiqgues commeet®urs a la sélection variétal ou encore la
maitrise des bio-agresseurs par I'optimisationtdesniques culturales.

Des pratiques culturales comme la fertilisationtrévail du sol, la date et densité de
semis peuvent entrainer des modifications de lieecture des plantes et du couvert végétal
ce qui a pour conségquence de moduler le développeates épidémies. Cependant I'effet de
ces pratiques est souvent irrégulier entre anreagssi bien en termes d’intensité que de
direction ; et les mécanismes mis en jeu dansefaution entre I'architecture et la maladie
sont complexes. La modélisation apparait comme wtil Qui peut nous aider a mieux
comprendre ces effets. Les modeles de "Plantedliet’ semblent particulierement convenir
a I'étude des interactions architecture-maladies @edéles, connus encore sous le nom de
modeles "Structure-Fonction"”, permettent la desiompde facon explicite du développement
au cours du temps de l'architecture et des fonstides organes de la plante dans une
représentation tri-dimensionnelle (3D). L'intérét ek type de modele réside dans le fait que:

() d'une part, ils permettent une représentation peéaes processus physiques et
biologiques a une échelle fine de la plante : Eorg,

(ii) d’autre part, ce type de modéle tient compte dét@e I'architecture de la plante et
du couvert dans les simulations du développemeadéspque.

Cette approche de modélisation a commenceé a séogpee dans les années 1990 et est
donc relativement récente. A ce jour, il existe ggaaxemples de modeéles "Plante Virtuelle"
appligués a I'étude des interactions entre architecet épidémies. Par conséquent, il y a un
manque de validation de l'approche et un besoird@montrer son efficacité sur des cas
d'études reels.

La motivation générale de notre étude a été de lmnde manque de validation en
s'appuyant sur I'exemple du pathosysteme blé-sigs@r La septoriose est une maladie
foliaire du blé, causée pdtycosphaerella graminicola.es symptdmes apparaissent d’abord
sous forme de chloroses qui se transforment erosesicontenant des pycnidiospores (forme
asexuéee). Les pycnidiospores sont adaptées a Iséndisation a courte distance,
principalement par les éclaboussures produites grgndin événement pluvieux. Les
pycnidiospores sont ainsi transportées d’une feuaiblade en bas de la plante vers une feuille
jeune du haut de la méme plante ou d’'une plant@nailLa maladie progresse par infections
successives jusqu’a la feuille drapeau. Deux autregens de dispersion peuvent assurer la
transmission de la maladie : la dissémination suodgues distances de la forme sexuée : les
ascospores, ou la transmission par simple contdiet feuilles malades et feuilles saines.



L’objectif général de ce travail a consisté a éudleffet de I'architecture de la plante de
blé sur le développement épidémique de la sepwrérs utilisant un modele couplé blé-
septoriose. Cet objectif a été décliné en sousctifge

» Décrire de facon détaillée la plasticité de l'atebiure du blé pour des conditions
environnementales contrastées.

» Evaluer I'effet de cette plasticité sur le dévelepgnt épidémique de la septoriose.

* Evaluer la capacité d'un modéle couplé blée-sepseria prédire les dynamiques de la
maladie a I'’échelle de la feuille individuelle.

Il. Approche

L'approche choisie a été de combiner la modélisatiet I'expérimentation.
L’expérimentation a permis de créer et de décrag architectures de blé contrastées et de
suivre le développement épidémique sur ces mémeseds. Les différents couverts ont été
obtenus en faisant varier les densités et dateenhs. En effet, plusieurs études rapportent
qgue ces deux techniques culturales modulent lelolgwyement des épidémies a travers, entre
autres, la modification de I'architecture du cowvern modélisation a permis d’apporter des
améliorations au module de reconstruction du cdusglar modéle utilisé (Septo3D) et a
confronter les simulations avec les observations.

1. 1. Expérimentation

La variété de blé d’hiver Soissons a été semeée lmmpg pendant deux années
consécutives : 2007/2008 (Y1) et 2008/2009 (Y2)rayrdn. L'expérimentation a comporté
Six traitements, constitués par le croisement dex diates de semis : un semis précoce (S1) et
un semis tardif (S2) et de trois densités de sefaible (D1), moyenne (D2) et élevée (D3).
Cette expérimentation a été originale par le caractdétaillé du suivi des variables
d’architecture (les deux années) et de septorims@&duxieme année sur le semis tardif).
L’expérimentation a permis de collecter les donmégessaires a :

- L’analyse des effets de la densité et la date oessgur I'architecture,
- Le calage et I'évaluation du modele couplé blé-cepse.

Le suivi durythme de développement du blé consisté a :

- Mesurer les Haun Stage (HS, qui est une mesurendécidu nombre de feuilles
ligulées sur un axe ; Haun, 1973) du maitre bridesttalles primaires des plantes tout le long
du cycle de culture sur toutes les modalités.

- Suivre le rythme d’initiation des feuilles gracedes dissections d’apex sous vidéo
microscope en 2008/20009.

Le suivi de lgplasticité du bléa consisté a :

- Mesurer les variables d’architecturd’échelle de la plantede blé (dimensions des
organes, nombre de talles, surface foliaire). Ueecte de ces données a été réalisée grace a
des prélévements périodiques d’échantillons detgdasuivis par des opérations de scans
d’'organes et d’analyse d’'images.

- Mesurer les variables d’architecturel’achelle du peuplementpar exemple, des
photos aériennes du couvert ont été réaliséedetdnrng du cycle de la culture pour estimer le
taux de couverture.
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Le suivi dudéveloppement de la septoriosa consisteé a :

- Suivre finement par des mesures au champ une afdesugar semaine (en moyenne
tous les 100 °Cd) le développement des Iésiongpkeisose sur les feuilles du maitre brin.

2. 2. Modélisation

Le modéle utilisé a été spécialement développé pudier les interactions entre
I'architecture du blé et la septoriose. Il s’agit thodele Septo3D (Robert et al., 2008).
Septo3D résulte du couplage entre un modeéle deiptse de 'architecture du blé en 3D
(ADEL-Wheat, Fournier et al., 2003) et un modéle diveloppement épidémique de la
septoriose. Initialisé a partir d'un niveau d’infiea des trois premiéres feuilles, le modele
simule le développement de I'épidémie a partir fdedles basales infectées vers les feuilles
saines du haut du couvert. Septo3D procede itératimt en faisant intervenir a chaque pas
de temps (un jour) trois modules : (i) développeimdun blé, (i) cycle infectieux et (iii)
dispersion.

Le modéle rend compte de quatre effets de la sireicku couvert sur les épidémies :
- La quantité de surface foliaire influence le dépplement des Iésions
- La densité de veégeétation influence la pénétratierladpluie et la redistribution des
gouttelettes apres éclaboussement.
- Les distances entre tissus infectés et sains figeglistance a parcourir par une goutte
infectieuse
- La sénescence des feuilles tue les lésions enatioab

Ce modele présente un certain nombre de limites :

- Le couvert reconstruit dans le modele, est corstitella répétition d’'une seule plante
moyenne et donc ne consideére pas la variabilité griéantes ;

- La durée de latence est un parametre du modele eane pas selon les conditions
environnementales ;

- Le seul moyen de propagation considéré dans le lmoslst la propagation par
éclaboussure de pluie ;

- Enfin, a ce jour les simulations n’ont pas été oomiees a des observations réelles.

Le travail de modélisation a consisté a (i) amélide réalisme des couverts reconstruits
par le modele et a (ii) comparer le développempiatanique simulé aux observations.

lll. Résultats
Chapitre 1 : Variations du phyllochron en fonctiode la densité et de la date de semis

Le phyllochrone est un parametre important dansriedeles de culture et qui joue un
réle crucial sur la dynamique de propagation dselatoriose (Lovell et al., 1997, Robert et
al., 2008). Nous avons eétudié les variations dullptiyrone au cours du cycle de
développement du blé et entre traitements de depsitlate de semis. Quatre méthodes de
calcul du temps thermique ont été comparées poftinidééchelle de temps la plus
appropriée pour le calcul du phyllochrone. La ielaentre le phyllochrone du brin-maitre et
des talles primaires a également été étudiée.

L'utilisation du temps thermique compensé (cal@anéutilisant une réponse non linéaire
a la température) pour représenter I'évolution dumStage a permis d’obtenir des résultats
homogenes et consistants entre années et entesrteaits.
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Pour les deux dates de semis, I'évolution du Haagesen fonction du temps thermique
compensée a présenté deux phases linéaires ca@esépar des rythmes différents: le
phyllochrone de la phase 1 était dépendant dettadiasemis, et le phyllochrone de la phase
2 était dépendant a la fois de la date de sends eiombre final de feuilles. Le moment de
changement de pente entre les deux phases étégeindant du nombre final de feuilles: il
était le méme pour une date de semis donné. Laa@ispn de ce moment avec le rythme
d’initiation des primordia a révélé que le changetrde pente a coincidé avec le moment
d’initiation de la feuille drapeau, ce qui sugggue c’est un événement lié a I'ontogénie de la
plante. Nos résultats suggerent qu’'une partie deu@ation du phyllochrone d'un axe de blé
entre densités et dates de semis peut étre explipa€la photopériode a I'émergence des
plantes d’'une part, et d’autre part, la variationne date donnée peut étre expliquée par la
variation du nombre final de feuilles.

Phase | Phase Il
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Figure 1. Evolution du Haun Stage (HS) en fonction du temps thermique compensé pour le brin
maitre des plantes du blé d’hiver Cv. Soissons cultivé a Grignon en 2008/2009 a deux dates de
semis : un semis précoce (S1, début septembre) et un semis tardif (S2, mi novembre). Les symboles
correspondent a la valeur médiane de HS pour un groupe de plantes ayant le méme nombre final de
feuilles.

Aussi bien pour le semis précoce que pour le semis tardif, I'évolution du HS en fonction du temps
thermique compensé présente deux phases linéaires successives avec des pentes différentes. La
pente de la phase | est indépendante du nombre final de feuilles produites alors que la pente de la
phase Il varie en fonction du nombre final de feuilles. Les pentes des deux phases varient en fonction
de la date de semis.

Ce comportement nous a permis de construire un lmo@scriptif du phyllochrone qui a
éte validé pour le brin-maitre et les talles priesi La variation du phyllochrone a été de
I'ordre de 15-30% entre les phases 1 et 2 et d&%4-£n phase 2, entre les groupes de plantes
qui different par le nombre final de feuilles. Liyflochrone était jusqu’a 30% plus court en
semis tardif par rapport au semis précoce. Cesati@ms se trouvent dans une gamme qui est
susceptible d’avoir une influence sur le développeinde la septoriose.

Les parameétres du modeéle de phyllochrone ont gementés dans le modéle Septo3D
pour calculer les dates d’émergence des feuilléstaux d'extension de la tige.
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Les résultats obtenus dans ce premier chapitreadbédse ont été soumis au journal
European Journal of Agronongous forme d’un article scientifique intitulé "Mloghron of
winter wheat Triticum aestivuni.) for a range of densities and sowing datest.aCcle est
actuellement en cours de révision.

Chapitre 2 : Plasticité de I'architecture du blé donction de la densité et la date de
semis

La densité et la date de semis sont des pratiqges@miques connues pour avoir un
effet sur l'architecture des plantes. Notre obje&tiété a la fois de faire une description
détaillée de la variation de l'architecture a Klehde la plante et du couvert et, de produire
une base de données décrivant les variables dlactinie du blé pour les traitements étudiés
dans l'intention de I'utiliser pour la reconstranti3D des peuplements correspondants a nos
expérimentations. Cela a donc nécessité une cesatién détaillée des variables
d’architecture au niveau de chaque phytomere pobrih-maitre et les talles primaires. Les
profils verticaux de dimensions des organes ontcéta@parés entre traitements de date de
semis et de densité et, au sein de chaque traiteprdre les groupes de plantes qui different
par le nombre final de feuilles. Une caractérisaties variables d’architecture a I'échelle du
couvert (comme l'indice de surface foliaire etdawerture du sol) a été également réalisée.

Les profils verticaux des dimensions de limbesngsiet entrenceuds correspondaient a
ceux habituellement décrits pour le blé d'hiverisneas profils variaient entre traitements.

Pour les phytoméres juvéniles (développés avadélrit d’extension de la tige), il n'y
avait pas de différence de dimensions des organies teaitements de densité. Par contre, des
différences existaient pour les phytomeres ad\jttéseloppés apres le début d’extension de
la tige) : la taille des organes était plus impateapour les plantes issues de la faible densitée.
A I'échelle du couvert, bien que le nombre de sgtleoduit par plante était plus grand pour la
faible densité, les taux d’évolution de l'indicdidoe (LAI) et du taux de couverture du sol
étaient plus faibles pour la faible densité querpesi densités moyenne et forte.

Des différences dans le nombre et les dimensiosspiigtoméres juvéniles ont été
observées entre plantes issues de dates de sdf@isrdes. Le semis précoce a conduit a la
production de plantes avec un plus grand nombghgiiomeres juvéniles et des feuilles plus
grandes que celles du semis tardif. Pour les phatesnadultes, le nombre et les dimensions
des organes étaient presque identiques entre pedaisce et semis tardif, probablement parce
gue I'élongation de la tige a été quasi simultapéer les plantes des deux semis et que les
phytomeres adultes ont été soumis aux mémes comsliinvironnementales. Par ailleurs, le
nombre de tiges par métre carré ainsi que les dawolution du LAI et de la couverture du
sol ont été plus élevés dans le semis précoce.

Une variabilité du nombre final de feuilles a ébservée entre traitements et au sein d’'un
méme traitement. Le nombre final de feuilles gthis élevé pour la faible densité et le semis
précoce. Au sein d'un traitement donné, le nomiomal fde feuilles produit par un axe a
varié allant de deux a quatre valeurs différeness différences de dimensions des organes
du brin-maitre, ont également été observées efdregs a nombre final de feuilles différent.
Les plantes ayant produit un plus grand nombreedelds avaient des tailles d’organes plus
petites pour les phytomeéres juvéniles (compté duwieas le haut) et des tailles d’organes plus
grandes pour les phytomers adultes (compté du Vestle bas). Nous supposons que les
variations observées du nombre de feuilles et dasrions d'organes qui I'accompagnent
ont pour origine les variations locales de dersditdonc la quantité et qualité de lumiére.
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Figure 2. Surface foliaire en fonction du rang du phytomeére (a) numéroté depuis la base de la tige
principale pour des plantes ayant le méme nombre final de feuilles (10) cultivées en 2008/2009 a une
date de semis tardif (S2) a trois densités de semis : D1, D2 et D3 (b) numéroté depuis la base de la
tige pour les phytomeéres juvéniles (développés avant I'extension de la tige) et depuis le haut de la tige
pour les phytomeres adultes (développés apres I'extension de la tige) pour les plantes ayant le
nombre final de feuilles le plus fréquent cultivés a deux dates de semis : précoce (S1, 13 feuilles) et
tardif (S2, 9 feuilles) a une densité moyenne (D2). Les données correspondent au blé d’hiver Cv.
Soissons cultivé a Grignon. S1 : fin septembre, S2 : mi novembre. D1 : 77, D2 : 228, D3 : 514 plantes.
m'2

La surface des feuilles des phytomeéres juvéniles était indépendante de la densité alors que
pour les phytoméres adultes, en particulier les trois derniers, la surface foliaire était plus importante
pour les plantes issues de la faible densité.

Le semis précoce a produit des plantes avec un plus grand nombre de phytomeéres juvéniles
mais le méme nombre de phytomeéres adultes. Les feuilles développées sur les phytoméres adultes
des deux dates de semis avaient des surfaces foliaires presque identiques.

La comparaison des profils verticaux des dimens@osyanes et des hauteurs de tiges
entre le maitre brin et les talles primaires conéint que la similarité des profils de
dimensions d’organes entre la tige principale sttéles primaires a été maintenue pour la
gamme de densités étudiée. La correspondance danprdfils verticaux de dimensions
d’organes peut étre simplement exprimée en corssitiéa position des phytomeres compté a
partir du haut de la tige.

Les résultats concernant la plasticité de l'architee du blé issus des expérimentations
réalisées au cours de ce projet (Cv. Soissons, almuses d’étude pour deux dates de semis et
trois densités) ont été complétés par les résuitsiss d’autres études faisant intervenir
d’autres variétés et différents traitements dalifstion. L'ensemble des données a permis de
réaliser une étude plus large sur la plasticit¢atehitecture du blé en réponse a différents
facteurs. Les résultats de cette étude ont étégsubbus forme d’'un article scientifique :
"Dimensions and size of leaf blades, sheaths aedniodes in relation to their position on a
stem.Field Crops Researcii?1, 1, 116-124."

Chapitre 3: Simulation de l'effet des différenced’architecture du blé d’hiver
modulées par la densité sur le développement épidéede la septoriose

Au terme de I'expérimentation réalisée au coursceeprojet, une base de données
compléte de l'architecture du blé et du développengpidémique de la septoriose a été
obtenue pour les trois densités du semis tard#0€8/2009 (Y2S2). Ces données ont permis
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de paramétrer le modele de reconstruction du blés ddepto3D et de confronter les
simulations d’épidémie aux observations. Cependatant donné que les mesures
épidémiques réalisées au champ ne correspondasneéactement aux sorties du modele,
nous avons défini une nouvelle variable épidémigaar permettre la comparaison entre
simulations et observations. Cette variable egrégortion de Iésions de septoriose dans la
partie verte de la feuille. Elle est calculée &ipde la quantité de surface sénescente apicale
et de la proportion de nécroses dues aux lésionsepiriose dans toute la feuille. Cette
nouvelle variable a été utile puisqu’elle a permni®e caractérisation détaillée des premiers
stades de progression de la maladie a I'échellehdgque feuille individuelle. Par ailleurs, le
suivi de Il'architecture des plantes a permis desrdéner la variabilité de développement
entre plantes et la variabilité du nombre finalfdeilles au sein de chaque traitement. Ces
deux sources de variabilité ont été utilisées piéfinir trois scénarii de simulations qui
different par le degré de description du couvert :
- Scanario 1 (§: aucune source de variabilité n’est considélégagit du scénario le plus
simple
- Scénario 2 (8: on tient compte seulement de la variabilité dunbre final de feuilles
dans chaque traitement
- Scénario 3 ou scénario de référengg)(®n tient compte des deux sources de variabilité.

Malgré les structures contrastées du couvert vedétatrois traitements de densités, il y
a eut peu de différences dans le développemena dedtoriose. Seule la faible densité a
connu un développement légerement plus rapide dealadie par rapport aux deux autres
densités qui ont montré le méme niveau d’infectlas prédictions du modéle, réalisées avec
le scénario de référence s étaient conformes aux mesures de terrain (ibtarts entre
simulations et observations). Cependant, des divexs par rapport aux observations ont été
relevées. Parmi ces points, on a note :
- Une sous-estimation de la vitesse de progressida naladie pour les feuilles du bas du
couvert pour toutes les densités (cf. Fig. 3);
- Une sous-estimation de la vitesse de progressiofiégalémie pour tous les rangs
foliaires pour la faible densité (cf. Fig. 3);
- Sur certains étages foliaires, le modele a simaf#phrition précoce de faibles lésions de
septoriose alors que les observations sur terfairt pas montré ce type de lésions.
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Ces observations ont mis en évidence certainesebndu modeles ce qui a remis en
guestion certaines hypothéses du modéle. Parntiyiestheses avancées pour expliquer les
points faibles du modéle :

- L’absence des autres moyens de dispersion de ladmatians Septo3D, a savoir, la
propagation par les ascospores et par contactgieuta I'origine de la sous-estimation
notée sur les feuilles basales. L'introduction de deux types de moyens de propagation
pourrait améliorer les prédictions du modéle.

- La sous-estimation des niveaux d'infection pour fegilles basales a probablement
conduit a la production d’'une quantité d’inoculumitant pour la faible densité. Etant
donné le mode de propagation de la septoriose,edélef en feuille, ce manque
d’'inoculum se serait répercuté sur les simulatabesfeuilles du haut de la tige.

- Le paramétrage d’'une durée de latence fixe danwbligle est probablement a I'origine
de l'apparition précoce de lésions de septorioses das simulations. Changer le
paramétrage de la durée de latence dans le mogdéean a ce qu’elle soit une fonction
qui dépend de la température et de I'hnumidité isedgieut corriger ce probleme.

La comparaison des simulations effectuées aveedimssscénarii a montré que le scénario
dans lequel on tient compte de la variabilité eptemtes (&) a produit les simulations les

16



plus proches des observations. En revanche, ladations réalisées avec le scénaridsans
variabilité) ont produit des courbes en forme didiec ce qui traduit une réponse simultanée
de toutes les plantes a un méme événement pluviées.courbes ont considérablement
divergé des observations. Ces résultats démontiiemportance de tenir compte de la
variabilité entre plantes pour les simulations ejgariose.

Les résultats obtenus dans cette partie du profait d'objet d’'un article scientifique
intitulée "Modelling the effect of wheat canopy laitecture as affected by sowing density on
Septoria triticiepidemics using a coupled epidemic-virtual plaodei" qui est paru en ligne
le 01/07/2011 dans le journahnals of botany(doi:10.1093/aob/mcr126

V. Discussion et conclusion
Ce travail a permis de :

- ldentifier les principales variables d’architectuhe blé modulées par la densité et la date
de semis susceptibles de jouer un réle dans laagatipn de la septoriose.

- En nous aidant de données bibliographiques, étahbr grille d’analyse de I'effet des
variables d’architecture identifiées dans notrelétsur le développement de la septoriose.
Cette grille a été décomposée en trois phasesifflietht par le mode de propagation de
la maladie et le stade de développement du blé.

- Apporter des améliorations au modéle utilisé (S&pjonotamment pour le module
d’initialisation de la maladie et la prise en comple la variabilité entre plantes pour la
reconstruction du couvert.

- Apporter une analyse critique du modéle suite amulgtions réalisées. Cette analyse a
permis d’identifier les limites qu’il faut adressdans le modele et de proposer des
améliorations sur le court et le long terme.

- Proposer des applications pour ce type de modaheme par exemple :

» Faire des études de prospection pour quantifieifetede la densité sur le
développement épidémique pour une large gammerabtons climatiques.
= Analyser le role spécifique de variables d'architee sur la maladie.
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General introduction

I. General context of plant diseases

In the decades after the Second World War, a wadewnitiative, the Green
Revolution aimed at increasing global food productiThe initiative involved increased use
of various technologies such as pesticides, heldscand fertilizers as well as new breeds of
high yield crops. Since this period and up to ndisgase control has been mainly based on
the use of chemicals and on breeding for resistaneties. Breeding by itself results only
occasionally in fully resistant breeds to a givexthpgen, moreover when this is the case,
their short life cycle and high genetic diversityjoa pathogens to select biotypes able to
circumvent plant resistance genes. As a consequémeaise of chemicals is generally the
solution adopted to ensure disease-free crops. taysa this strategy is questioned for many
reasons. In response to the use of chemicals, getBoselect various mechanisms of
resistance. Therefore, products become inefficegy@inst new emerging pathogen biotypes
(Leroux et al., 2006a, Leroux et al., 2006b). Tihiscess, known as "erosion" of pesticide
efficiency results in a race in which we must coudlly find novel molecules to circumvent
the ongoing selection of resistant pathogen ra@ssides, sooner or later after their
application, chemicals or derived molecules migtatearious environmental compartments.
They can be washed by rain, volatilized in the ajph@re or simply degraded before
penetrating the leaves (Willis and McDowell, 198¥he fraction that does penetrate plant
tissues may ultimately be found in harvested prtglar, for most of it, be incorporated in the
soil with crop residues. The environmental impacthese products or derived molecules
raises growing concerns relative to the functiorahgcological systems and to human health.

The agricultural context is currently changing t@rmote sustainable practices that
would avoid raising ecological issues. The new Beem guidelines ("Framework for
Community Action to achieve a sustainable use afipides”, 18' Jan. 2009, Strasbourg;
Grenelle Environment Round Table, 260&cophyto, 2018) encourage developing agro-
ecological means of disease control focusing fetaince on varietal selection for resistant or
tolerant breeds and optimisation of agronomic jcastthat limit disease pressure. Rather
than growing disease-free crops one may accept somoeint of disease development if it is
kept to a level allowing sufficient yield while neiging no or few use of chemicals.

Multiple canopy features do influence disease dgwakent: level of resistance to
pathogens, morphology and physiological statusrgamms and, plant and canopy architecture
(Ando et al., 2007). In this work, we want to cdamite to rationalising the use of canopy
architecture as a tool to limit disease developmiéemg recognized that architectural traits can
facilitate disease escape by limiting pathogen adnwith the host, creating an unfavourable
environment for pathogen growth or hampering thiitalof the pathogen to trigger the
infection process. Modifications of canopy struet@ppear as an interesting means since
architecture can be partially controlled by valietalection and by the use of agronomic
practices. Agronomic practices (e.g., nitrogenilieation, sowing density and date of
sowing) are known to influence disease developmi@ntmany ways including the
modification of canopy architecture (Subedi et 2007, Gladders et al., 2001, Armour et al.,
2004, Leitch and Jenkins, 1995, Tompkins et al93]1®Broscious et al., 1985, Pfleeger and
Mundt, 1998). However, these effects are irregbkeiveen years in terms of intensity and
direction and the mechanisms likely involved armptex and difficult to disentangle. This is
specially the case because genotypes differingant @architecture generally differ also in

! www.legrenelle-environnement. fr
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their intrinsic resistance to pathogens and, dffeicrop architectures result in differences in
microclimate and the physiological status of plangans. This is where the modelling
approach particularly, the coupled virtual plardedise models come in. By changing values
of parameters or input variables, models allownalgse the influence of specific factors on
predicted variables. Virtual plant modelling is adelling approach in which the three-
dimensional (3D) structure of the plants is exglcdescribed, thus providing the means to
better reflect the effect of the plant architectanethe epidemic development. The modelling
approach using this type of coupled models appaara promising tool to investigate
architecture-disease interactions.

II. General models vs. virtual plant models

1. Approaches to modelling crop diseases

The first plant disease simulators were designddten1960s. Later, in 1980s, models
with descriptive mathematical equation were comséd. The approach was to find analytical
functions able to represent the disease progrese,cwhich is a simplified representation of
the epidemic (Teng et al., 1980). Single equati@u@s have been used to describe disease
population dynamics and the main two curves weeeetkponential growth and the logistic
growth. This was a first step in quantitative epiitdogy but the approach was limited
because used equations did not have a sufficieiddical basis. Equation parameters could
be estimatech posteriori by fitting models on observation but could not dsimated in
advance so as to predict the epidemic dynamicsatigaten set of conditions may produce. In
parallel, some mechanistic models, which attempéxplain disease development through
detailed representation of its component procedsage been developed (Zadoks, 1971,
Rapilly, 1979). Determination of the disease depelent requires quantitative knowledge of
the interactions between the host and the pathagewell as the effects of environmental
variables on this interaction. Some disease maatedsnpted to account for the host crop by
including it as a substrate for the pathogen (Tetra)., 1980, Bruhn and Fry, 1981).

In parallel, in agricultural sciences, many studiase been devoted to modelling the
growth of crops and plants in relation to environtaé conditions leading to the development
of crop growth models or "process-based models™MPB his modelling approach simulates
physiological processes and gives an account ¢f growth in terms of mass variables per
unit area of soil; growth is derived from light é@nteption (Marcelis et al., 1998). PBM are
based mainly on two approximations: first, the getima structure of plants is assimilated to a
continuous, homogeneous medium used to compute mra$senergy transfers; second,
organs are represented as a set of non-spati@ioragartments to render biological functions
and internal transfers within plants (Andrieu et 2006). Many models that express crop and
disease growth dynamically have thus been develtygsdd on the PBM approximations.
(Johnson and Teng, 1990, O'Callaghan et al., 1R64si et al., 1997). In many cases, the aim
of these models was to support decision makingimgitide application (O'Callaghan et al.,
1994, Moreau and Maraite, 1999, Audsley et al.,520uch models did not aim to
understand the mechanisms of canopy-disease ihterac but rather at having a good
prediction capacity of potential risks. In mosttbése models, a representation of potential
disease dynamics, independent of the crop charstatsr was integrated to a process-based
model of crop growth: the disease effects that afégct crop growth and yield are simulated
either by a direct effect on functions that calteitdne rate of variables within the crop, or by
an indirect effect through reducing the energy tepat the crop canopy. However, most of
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these models ignore the interactions that takeepb@tween the host plant, the disease and the
environment at the organ scale.

2. Virtual plant modelling

From the 1960s, a formalism for the simulation &np structure and its dynamics
(Lindenmayer, 1968a, 1968b) has been developedwiitto the foundation of “functional-
structural plant modelling” (FSPM) or "virtual ptamodelling” (Room et al., 1996). Virtual
plant modelling is a modelling approach in whick three-dimensional (3D) structure of the
plant is explicitly described (Prusinkiewicz, 20Rhom et al., 1996). All the organs a plant is
composed of (leaves, internodes, flowers, fruits) ean be represented in 3D. In this way,
the geometry (e.g., leaf shape, leaf curvatureydhviag angles) and the topology (sequence
and connections between organs) of the plantseseritted in detail. Since the early 1990s,
virtual plant modelling increasingly aroused intgrd he first reason is related to the fact that
more and more research groups become aware of dventages of using explicit 3D
description of a plant. The second reason is timaesthe 1990s, desktop computers have
become sufficiently powerful to support this kinfl modelling. FSPM were subsequently
extended to many plants (herbaceous and trees}oahdth microscopic and macroscopic
scales of plant processes (Godin and Sinoquet,, 20@5an and Prusinkiewicz, 2008).

In comparison to classical process-based modeBMFtake explicitly into account
the spatial distribution of plant organs which waio dealing with environmental and
biological processes at the organ level. Moreowasr,stated by Vos et al. (2010) in this
approach, "organs of individual plants are the prymobjects" rather than compartments and
thus individual growth of each organ needs to baletied whereas in PBM, mainly leaf
blades are considered (Andrieu et al., 2006).

3. The virtual plant as a tool to simulate disease

Room (1996) was the first to invoke the potentiavicual plant models, as a tool of
comprehension, on plant pathology research. Thhaoaytroposed that "by handling 3D
information on the development and growth of indual plant organs and the activity of the
organisms which live on them, these models shosefgtesent in depth the interactions
between the plant architecture and the pathogen".

* By superimposing disease development on a dynaroiet model for a plant, FSPM
offer a "one-step process" in modelling disease lamst growth which is more interesting
than the deterministic and mathematical modellipgreaches which require integration with
crop growth models (Wilson and Chakraborty, 1998).

» Physical and biological processes computed at tiganoscale are more accurate
expressing thereby the possible variability of matimate within the canopy. This can have
an important consequence on disease developmé, lofked to microclimatic conditions.

* The detailed description of organ morphology anelirtlspatial distribution, should
improve simulations of disease propagation whickrniewn to be influenced by plant and
canopy architecture.

However, few examples exist where virtual plant sledhave been used to investigate
the interactions between plants and diseases. Wdsa Chakraborty (1998) used a virtual
plant model to quantify the impact of anthracnoseh® branching of a pasture legume. More
recently, virtual plant models have been coupleglémt diseases; examples include grape
and powdery mildew (Calonnec et al., 2008), wheat $eptoria tritici (Robert et al., 2008)
and a pasture legume wi@olletotrichum gloeosporioidesnder elevated C{JPangaa et al.,
2011) .
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lll. General objectives of this work

For all the above-mentioned reasons, using Virlanht Modelling appears as an
interesting tool to study pathogen growth in int#ian with its host. However, this approach
has been developed only in the few last years lag tis still little validation. At the moment
we are not yet able to confirm whether it can rentee services expected or not.
Consequently, the general objectives of our workew® advance the approach of using
Virtual Plant models in understanding the intex@ttcanopy-disease and to evaluate it. We
aimed also at checking whether we can model amthite sufficiently well so as to draw
information on its impact on epidemics. To achi¢vese goals, we chose the pathosystem
wheatSeptoria tritici which is the model system to investigate the radigons plant-
pathogen-climate in the INRA research unit "EGChewe this work has been carried out.
Several reasons are behind this choice:

* Wheat {riticum aestivuniL.) is the most widely cultivated Gramineae in therld and
Septoria triticiis a major wheat disease in many parts of the waquldticularly in the
Mediterranean seacoast (Eyal, 1981a, 1981b, BenaMet et al., 2000) and European
countries.S. tritici is one of the most damaging foliar diseases on itreps. In France, it
can lead to yield losses of 50 g/ha in the mostatisituations (Gouache et al., 2009).

* An increase of importance of this disease has besarved in the last decades due to the
rapid replacement over large areas of local cutivay the high-yielding, early-maturing,
short cultivars that are susceptible to the pathagel also to changes in agronomic practices
(Eyal, 1981a, 1981b). In the last yeds tritici has developed resistance to many fungicides
(Leroux et al., 2006a, 2006b) which further empbashe need for alternative solutions for
disease reduction.

« S. tritici is a splash-dispersed disease i.e., the main Wpyopagation is the transport of
spores from leaf to leaf by rain drops. Yield Iesssecur when the top two or three leaves,
which are important contributors to grain fillingecome infected (Shaw and Royle, 1989).
Thus,Septoriais largely influenced by plant and canopy architee (Lovell et al., 1997).

A recent development in the unit has been the cogigif a virtual wheat plant Adel-
wheat (Fournier et al.,, 2003) with a dynamic modélS. Tritici. This model, called
"Septo3D" (Robert et al., 2008) was used in ourdttio investigate wheddeptoria
interactions.

IV. The pathosystem studied: wheat-Septoria tritici

4. Presentation of the wheat plant

1.1. Structure of wheat

A wheat plant consists of a set of axes (tillerkjolv comprise a vegetative part, the
stem bearing leaves, and a reproductive part, dheamd a root system (Fig. 1a). The first
formed axis is called main stem and the other axey be primary tillers, that are
ramifications of the main stem or higher ordeet#l, which are ramifications of ramifications.
An axis presents a modular structure and is fordmgdh set of morphological units: the
phytomers. A phytomer consists of several botarecdities that are, from bottom to top: a
node bearing an axillary bud, an internode, a $haatl a blade (Fig. 1b). The blade and the
sheath, separated by the ligule, form the entiaé i@nly the four or five upper internodes
elongate to form the stem. The lower internodesaranshort and the base of the stem is
formed by a stack of nodes from which nodal ro@getbp. The bud present at each node can
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develop into a tiller that emerges from the shedtbthe lower phytomer. For wheat plants
grown in the field only buds from the lower- nommdated internodes — may develop. Some
of the tillers regress, so that in a crop sowntahdard density, a plant has usually 2 to 3
tillers at flowering.

(a) f =] (b)

Ear

Phytomer 4

""" Leaves
Phytomer 3

Internoda !f

Phytomer 2

----- : Axillary Bud
Phytomer 1

ot
Roots

Figure 1. (a) An example of a wheat tiller with its components from bottom to top: roots, the
successive phytomers, the peduncle and the ear on the top (b) An example of a typical Gramineae
phytomer and its components: internode, node, tiller bud, leaf sheath and leaf blade (Moore and
Moser, 1995).

1.2. Growth and development
The growth cycle of wheat is usually divided in f@hases (Gate, 1995) as illustrated
in figure 2. Following Simmons et al. (2011), thaimfeatures of each phase are:

e Germination and seedling emergend®¥hen a kernel is sown in a moist soil, the
germination process begins. The radicle and semimatls first extend, followed by the
coleoptile. As the coleoptile emerges from the,stsl growth stops and the first true leaf
pushes through the tip.

» Tillering and head differentiatiaWhen the main stem has 3 to 4 leaves, the filest t
emerges from the bud situated at the axil of th& true leaf: it is the first primary tiller.
During tillering, the main stem produces primatiets from its axillary buds; and primary
tillers give rise to secondary tillers, etc. Tillappearance is closely coordinated with the
appearance of leaves on the main stem (Masle-Mdyaad Sebillotte, 1981). A variable
number of tillers may emerge during that phaseeddimg on plant population density and
water and nutriments are availability. During timed that tillering occurs, the initiation of
heads on the main stem and tillers takes plac@oAgh the head at this time is microscopic,
the parts that will become the floral structured kernels are already being formed.
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« Stem elongation, head growth and flowerillghen head formation is complete, the
plant stops producing new tillers and the stemsnbelpngating; tillers that have produced
more than three leaves and have initiated their oyah system are more likely to elongate
(Masle-Meynard, 1981); while less developed tilleidl regress then die. Stem elongation
results from the sequential extension of the lasnéd internodes and the associated leaves
gain height. Stem elongation coincides with rapdd growth in which the individual florets
become prepared to pollinate. When the flag leabgh encloses the growing head, this is
called the "boot" stage. As the stem continueddogate, the head is pushed out of the flag
leaf sheath, a stage referred to as "heading". iWighfew days after heading, flowering
(pollination) begins in the head.

* Kernel growth and maturityGrowth progresses in three distinct phases spgrabout
four weeks under usual conditions. In the firstgghdahe "watery ripe" and "milk" stages, the
number of cells in the endosperm (the major staruh protein storage portion of the kernel)
is established. Not much weight is accumulatednduthis phase. Then 1 to 2 weeks after
pollination, the kernel begins accumulating staactd protein rapidly and its dry weight
increases in a nearly linear manner. This is whastnof the final mass of the kernel is
accumulated: carbon principally comes from the enirleaf photosynthesis, while nitrogen
mainly originates from the remobilisation of thelf&co stored in the leaves. Finally, growth
rate of the kernel declines as kernel mass appesaahmaximum attained at physiological
maturity.

Sowing Emergence Flowering

™ /
External \ ™ ;
development o V\Y, Q )\ \ﬁ\

Emergence to 3 leaves Tillering Grain formation

Ear . - Glume and floret
development Spikelet initiation formation

Double Terminal Meiosis Soft Hard
ridge spikelet dough dough

Figure 2. Principle phases of external development of a wheat plant and of ear development (Slafer
and Rawson, 1994)

5. Presentation ofSeptoria tritici

Septoria leaf blotch of wheat, causedS3sptoria triticiRob. ex Desm. (anamorph of
Mycosphaerella graminicola(Fuckel) Schroeter), develops mainly on wheat, blgo
occasionally on rye, triticale and some grass g3e8i tritici is a hemibiotroph fungus: after
an initial phase where the infection occurs withloos$t tissue damage, there is a necrotrophic
phase where colonized tissues begin to T initial symptoms are small yellow spots on
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the leaves. These lesions often become light tdhegsage, and the fungal fruiting bodies can
be seen embedded in the lesions on the awns. lsearenirregularly shaped and range from
elliptical to long and narrow (Figure 1). Lesiorantain small, round, black speckles that are
the fruiting bodies of the fungus called pycnidiaglre 3).

Figure 3. Symptoms of Septoria tritici include light brown lesions. Lesions are often elongated, and
may merge, resulting in large sections of dead leaf tissue (De Wolf, 2008).

2.1. Life cycle and ways of propagation

Septoria triticisurvives through the summer on residues of a pueweheat crop and
initiates primary infections in automn. Primaryeaanfion can originate from local source from
ascospores (sexual form) or pycnidiospores (asdgual) borne by crop debris in the field. It
can also occur byong distance spread of air-borne ascospores, (SiravRoyle, 1989,
Hunter et al., 1999). Pycnidiospores are transgaomainly by rain-splash from residues or
lower infected leaves to newly emerging leaves.iguthe winter, most of pathogen spread
consists of vertical movement of spore-containimgptets called also "Dispersal Units"
(Rapilly and Jolivet, 1976). Therefore, the disepsmgresses from the bottom to the top of
the plant by successive infection cycleence the qualification of polycyclic disease. letw
conditions, direct contact between leaves could asult in spore dispersal (Lovell et al.,
2004b). A second possible period of ascospore seleaincides with the emergence of the
upper two leaves (Lovell et al., 1997) which le&mishe possibility of some infection of the
upper leaves without rainfall.
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Spread of pynidiospores up
plants by contact and rain
5pi|::|sh
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Figure 4. Representation of the life cycle of Septoria tritici (caused by M. graminicola) on a wheat
plant. Disease progress occurs mainly by ascospores (sexual form) in autumn and pycnidiospores
(asexual form) in winter and springl

2.2. Infection cycle
The infection cycle o8. tritici can be divided in four phases:

Infection spore germination and stomatal penetration i@ leaf occurs when
conditions of high humidity and moderately high feEratures (between 10 and 25°C) are met
during 15 to 20 hours (Magboul et al., 1992).

Latency periodthis phase spreads from the initial infectiontiie formation of the
first visible sporulating structures; no externginptoms can be seen but a slow and non
destructive mycelial growth takes place in thercgular spacesbfotrophic phase); this is
also called incubation. For S. tritici, the latenugriod lasts 270 to 500 °Cd depending on
environmental conditions (Lovell et al., 2004a).

Sporulation the end of the latency period corresponds to likginning of the
necrotrophic phase The pathogen development intensifies and leadbeadestruction of
cell walls (Keon et al., 2007). This leads to tperslation, which consists in the emission of
pycnidiospores (filiform spores of 50-84m length and less than hm diameter).
Pycnidiospores are produced by pycnidia that dgvelithin lesions and are exuded in sticky
masses the "cyrrhus".

Dispersion pycnidiospores represent the main form respoasifdr disease
propagation and are dispersed mainly by rain spgsburing a rain event, drops that hit a
sporulating lesion are splashed away carrying sptweupper leaves of the same or another
plant. Features of the canopy structure e.g., teotleaves, distance between leaves and rate
of leaf emergence can thus influence the diseaggagation by enhancing or reducing the
probabilities of contact and the proximity betweegans (Lovell et al., 2004b).

! http://www.hgca.com
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6. Interactions between plant architecture andS. tritici epidemic

Due to its main way of propagation, i.e., splagdpdrsal Septoriais a disease that is
highly influenced by plant and canopy structureveBal studies have been performed to
identify and quantify architectural features thapactS. tritici development. They revealed
that many variables interact witBeptoria epidemic involving complex and dynamic
processes. These variables are often correlatezhvilnither complicate their comprehension.

* Ground cover and leaf area index imp&t tritici epidemics by influencing rain
penetration and raindrop distribution. On the oaed) crops characterised by a low and late
canopy closure allow more raindrops to penetragecimopy and more splashes to occur in
agreement with Eyal (1981a) who reported that r@pdplashing effect was increased in less
dense crops leading to a sooner and faster pathogegmess. On the other hand, in dense
crops dispersal units that reach the upper leaneebkaly to have more surface area available
which enhance disease progress (Pielaat et al2)2@iher variables that influence LAl
could indirectly contribute to impact the diseasgch as leaf blade area and number of axes
per m2. Increased number of tillers may also prentio¢ proximity and the horizontal contact
between leaves (Broscious et al., 1985).

» Leaf senescence: increased rate of monocarpic cares could limit disease progress
by decreasing the probability for a dispersal unithit green tissue and by hampering
incubating lesions to develop. Conversely, Lovelale (1997) found that for the upper four
leavesS. tritici was responsible for most of the senescence retofsigen the difficulty to
distinguish between monocarpic and induced senesce is thus difficult to assess
senescence effect @eptoriadevelopment.

» Vertical distance between leaves and plant heigletvertical progress of the pathogen,
called the "ladder effect" (Bahat et al., 1980pelals on the distance between the successive
leaves of an axis. Indeed, the close proximityhef eaves (e.g., in dwarf cultivars) allows
upper leaves to be more readily exposed to splaglyedidiospores as distance can be
covered even by low energetic droplets (Lovell let 997). Shaw (1987) calculated that
there is a fivefold reduction in the number of g®otransported vertically by splash with each
increase in height of 10 cm. There may even bdargcdcontact with infected lower leaves
making infection possible in the absence of raiong&quently, many studies reported that tall
plants are less attacked By tritici (Tavella, 1978, Danon et al., 1982, Camacho-Catsak, e
1995, Simon et al., 2005). Leaf posture also imfags the proximity between sources and
receptors of the pathogen. For instance, when $e&a@e an erected posture, the newly
emerging leaves have greater risk to overlap vijth of old infected leaves for longer zone
and period than when leaves have a bent postukel|Let al., 1997).

» Rate of stem extension in relation to phyllochrdaring stem extension, new emerging
leaves gain height in the canopy which increasesdiktance between them and the basal
infected leaves (Lovell et al., 1997). Thus, bynglating, the plant can outgrow the disease.
The top three leaves of winter wheat commonly emettga height below leaves that are fully
developed and that may be diseased. Internode sateins closely coordinated with leaf
extension so that the phyllochron determines the@ogeof overlap of successive leaves.
Otherwise, by varying phyllochron values, Robertabt(2008) reported that simulat&i
tritici epidemics were reduced for reduced phyllochran, (increased rate of stem extension).
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V. Septo3D: presentation, structure and limits

7. Model presentation

The model Septo3D (Robert et al., 2008) was spadiyi designed for studying the
interaction between canopy architecture and epidesevelopment. Septo3D combines a
dynamic architectural model of wheat, ADEL-Wheab{fier et al., 2003) with a dynamic
model ofS. tritici epidemic based on Rapilly and Jolivet (1976). tBtgqrfrom a given initial
state of infection, the model simulates the lesitmvelopment and propagation from the
infected lower leaves to the healthy upper leanes ¢canopy. Epidemics result from repeated
successions of lesion development resulting in esgwoduction and spore dispersal. The
model includes three modules, which deal respdgtiveth canopy development, lesion
development and spore dispersal.

Canopy developme@@anopy simulation is based on a simplified ver@bthe model
ADEL-Wheat, a virtual plant model of winter whed&to(rnier et al., 2003), that was also
adapted to spring wheat (Evers et al., 2005). AD#heat simulates in 3D the dynamics of
appearance and extension of all vegetative orgdna wheat canopy. To have a good
description of green area dynamics, the model waspteted with a parameterisation of the
progress of natural senescence and of tiller dyos(Robert et al., 2008).

Lesion developmenfhis module simulates the development of a lesabter
deposition of a spore-containing droplet on thd. |€aur stages are considered: infection
(spore germination and penetration in the leafgulration, appearance and extension of
chloroses, and maturation of chloroses into sptinglanecrotic tissue. Infection and
incubation are assumed to occur only on greendidsuSepto3D, each leaf blade is divided
into small regions called sectors in which we krapk of disease development. At each time
step, the model computes in each leaf sector e alocated to each stage of the infection
cycle: incubating, chlorotic, and sporulating.

Spore dispersaln the model, spore dispersal occurs during raents. Sporulating
lesions are considered empty after occurrencereéthain events. For the simulation of spore
dispersal the canopy is represented as a horizbatabgenous turbid medium where droplets
transport is simulated between layers of the véigetaas a function of the distance to the
source. The properties of the turbid medium arevddrfrom the 3D representation of the
canopy. The 3D representation allows to calcula¢edensity and orientation of leaves within
each layer for emission and interception of drapéetd to allocate intercepted droplets to the
sectors of leaves located in each layer. The amolintfectious droplets per layer results
from the net balance of production, deposition lasd due to washing.

To summarize, in the model, plant development &edrésulting canopy architecture
influence epidemic development by four effects:

* They determine the distance between the sourcepares (lesions) and the receptors
(green leaf tissues);

« They influence rain penetration and spore distrdvuin the canopy;

 They determine, via the progression and green tieafies, the quantity of leaf area
available for lesion development;

*  The progression of leaf senescence kills incubdésigns.

The model was used in a sensitivity analysis inciwharchitectural variables were
varied artificially (increased or decreased by 30%his analysis revealed that the
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phyllochron and the leaf size are two key variabfeslisease development (Robert et al.,
2008).

8. Limits of the model
Septo3D is a promising tool to assess the influaicgheat architecture o8eptoria

epidemic development, yet the current version h&$ not been validated against detailed
epidemic data and (ii) presents several simplifbcet that may hamper the realism of
simulations:

Choice of the initial conditions: epidemics aretiated by assuming that the first three
leaves are similarly infected. Thus, the variapilif initial infections resulting from
interactions between initial inoculum, climate azahopy development is not taken into
account.

Simplifications in the canopy model lead to someeatfistic features of the canopy. For
instance, the crop is represented by cloning aesipignt which induces an unrealistic
periodicity across the canopy. Besides, leaf blaales modelled as straight “flame-
shaped” surfaces assuming that leaf angle is iantduring leaf growth, whereas, it is
known that leaf angle and posture depends on lgaf eultivar and density of plants.
These simplifications could induce errors in theedise simulations.

In the model, the duration of the latency period isser-defined parameter, whereas, in
reality, the rate of progress of incubation andstthe duration of the latency period may
vary with temperature and humidity (Shaw, 1990, ¢lbgt al., 2004a).

Many empirical rules are used in the modules ofoteslevelopment and of spore
dispersal, e.g., the fraction of splashed dispems#s$ is parameterised following Rapilly
and Jolivet (1976) without particular model anady®&r the current model; parameter
values for splashed droplets were obtained usitay rdg@resenting splash in liquid water
(Pietravalle et al., 2001) but were not validatedhie case of real canopy. An evaluation
of such empirical assumptions is necessary to tigas their importance in disease
simulations.

Disease propagation is based only on spore didpeyssplashes. Two mechanisms of
dispersion are thus missing: ascospore transpowibg (Shaw and Royle, 1989) and
contact between leaves (Lovell et al., 2004b).

While including approximations is part of the essenf modelling, obviously this also

implies that the model should be validated agamsperimental data. Up to now, a
quantitative validation of Septo3D had not beeriqrared.

VI. Objectives and rationale of this thesis

In order to reach our general goal: examining tffece of plant architecture on

disease development using a virtual plant modelipgroach, and given the specificities of
the pathosystem studied and the model Septo3Dspecific objectives during this work
were:

To provide a comprehensive description of variegatharchitectures intended to better
understand wheat plasticity and to accurately patarnze the canopy model ;

To assess the effect of these changes on Sepew@opment ;

To bring improvements to the current version oft868p and validate it by comparing
simulated epidemics to observed epidemics in #id fi
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To investigate the effect of the degree of detaithwwhich canopy architecture
parameterisation influence disease prediction.

In order to create a wide range of wheat architestuwe chose to grow wheat for

contrasted densities and sowing dates. First, #w@enany reports in the literature that these
agronomic practices influence disease epidemictheia effect on canopy architecture (Shaw
and Royle, 1993, Broscious et al.,, 1985). Thus,etstdnding how they can influence
diseases is interesting in the current contextaddition, experiments carried out through
collaboration between INRA and ARVALIS-Institut dcegétal to test the effect of sowing
date and density dBeptoriadisease epidemics on wheat, revealed that thaséqas present

a potential for crops to partly escapeptoriaepidemic. Therefore, we used an approach that
combines experiment and modelling.

The experiment was designed so as:

To provide measurements of architectural variap)est the plant level: the number and

dimensions of phytomers at maturity, topology oftemers and tillers, etc., and (ii) at

the canopy scale: leaf area index, ground covenbau of tillers/mz.

To monitor frequently the progress 8eptoriaepidemic in the field through detailed

measurements on individual leaves of diseased9ldMeasurements were performed on
the true leaf rank i.e., on leaves counted frombihge and not from the top of the plant
as usually done in epidemic studies.

The modelling required the following steps:

The parameterisation of the canopy model consigawalistic plant variability derived
form experimental measurements.

The calculation of a specific epidemic variablectampare accurately simulated kinetics
of the disease at the level of each leaf layer.

Initial outlines
Several steps were defined to achieve our objextive

1) Study of the plasticity of winter wheat in respotgecontrasted densities and sowing
dates with a trial to understand and quantify soegellatory mechanisms involved in
the observed variations; in particular we aimeduatlerstanding regulations of
tillering dynamics and at implementing it in ther@nt version of the model.

2) Parameterisation of the canopy model of Septo3lDgushe obtained architectures
from field experiment.

3) Evaluation of Septo3D for its capacity to simulatetailed epidemic progress at
different leaf layers by comparing simulated epidesmto observed ones and
identification of the important architectural feas influencing the disease.

4) Using the data set of wheat architecture for différsowing date and densities,
performing a risk analysis which allows providingwinsights into the effect of the
studied agronomic practices on the disease progwesarious climatic conditions.
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Adaptation of objectives during the work

Response to temperature and phyllochron study

Measurements of the rate of leaf emergence werorpged during two growing
seasons 2007/2008 and 2008/2009 which experientfededt climatic conditions. Analysis
of these measurements revealed contrasted re$pltyltochron between the two years when
expressed in linear thermal time, which is usuaBgd to account for temperature effect on
plant development. Thus we undertook a deeper sisalyncluding comparing several
alternatives to linear thermal time. This allowadnparing the rate of leaf emergence for the
different treatments investigated and developinghgllochron model. Presentation of the
model and analyses of the effect of sowing date dersity on phyllochron are presented in
Chapter 1.

A comprehensive description of wheat plasticityeiad of analysis of its mechanisms

The objective of studying wheat plasticity initialincluded understanding the
processes involved in the regulation of tillerinbhis was finally abandoned and the
experiment was not designed in this particular psep A detailed and comprehensive
description of the architectural variables at thenpand the canopy level is presented, but
without aiming at a mechanistic modelling of thédéeour.

Lack of time to perform the risk analysis

Several complications led to spend more time th@eeted in the analysis of disease
data and the parameterisation of the canopy maté.left insufficient time at the end of the
thesis to perform the risk analysis under differelnhatic conditions. Only a preliminary
analysis could be made and presented in the gettiscaission of the thesis.

VII. Organisation of the manuscript

Chapter 1

The effect of both sowing date and density on tmdlpchron of winter wheat, grown
under field conditions, is presented in this chapi&e variations of phyllochron during the
crop cycle are discussed in terms of a two phasgehdetermined by photoperiod at seedling
emergence and final leaf number. Here, the advardfg non-linear response of temperature
to compute thermal time is presented. This modeha&ld estimating the phyllochron for each
investigated treatment with accuracy. The estimapaatameters were also used to
parameterise the rate of organ appearance in ttapganodel in Septo3D.

Chapter 2

In this chapter we present a comprehensive desmriff the plasticity of winter
wheat at the plant scale— expressed as the organdions of main stem and axillary tillers
in relation to their position on a stem— and atdheopy scale for the investigated density and
sowing date treatments. The collected architeafata are then discussed for their adequacy
for the model parameterisation. Part of these daee completed were used as inputs to
parameterise canopy model.

Chapter 3

In this chapter, a brief description of the caneopgdel parameterisation is given.
Here, we test the capacity of the model Septo3BirtaulateSeptoria tritici progress on the
different leaf layers for three density treatmeitg comparing simulated to observed
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epidemics. In this study, we draw attention toithportance of taking into account interplant
variability in disease simulations and the limifgtos approach.

Chapter 4

In the general discussion, we give a summary ofrtaa results reported in this work
and a critical assessment of the model with regtrdsir findings. Based on the architecture
differences observed between sowing date and getreidatments, we present a general
overview of their possible effects @eptoriadevelopment and finally we give an outlook on
future applicationsf the model.

Appendixes

Meteorological data such as air and plant tempe¥stichange in daylength and rain
quantity and intensity are presented in Appendix I.

Agronomic interventions as well as dates, dosespanduct names of the different
applied chemicals are summarized in Appendix II.

Appendix Il presents supplementary figures of thertical profiles of organ
dimensions for the investigated treatments.

Architecture data from our work was complementedobyer studies with variable
genotypes and fertilization treatments as part stualy that gives a wider view on wheat
plasticity. This published study Field Crops Researc{Dornbusch et al., 2010) is presented
in Appendix V.
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Abstract

Phyllochron is an important parameter in crop medélor wheat, it is generally
approximated as constant during crop developmemd, ia expressed in thermal time.
However, several studies reported ontogenic chamgesg the growing season. A number of
authors observed that phyllochron varied accordingowing date but other proposed that
these changes may include artefact due to therelifte between the temperature of the air
and that of the growing zones. In this paper, westigate the phyllochron of winter wheat
under field conditions for contrasted sowing dasesl population densities. We seek to
parameterize possible changes in phyllochron throug crop development and for the
different tillers.

Triticum aestivumSoissons' was grown during two years, at thressitles and two
sowing dates. Apex temperature was calculated basedoil temperature before stem
extension and then on air temperature. Haun stagemonitored weekly and linear and non-
linear rate responses to temperature were comparediculate thermal time. A descriptive
model was adjusted and parameter values were ceohpatween treatments.

The use of compensated thermal tinig) (assuming a non-linear response to
temperature allowed a high reproducibility of tim@urse of leaf emergence between years.
The Haun Stage showed two successive linear pleasesghe growth cycle: rate in phase |
differed between sowing dates, rate in phase féktl depending both on sowing date and on
final leaf number. The duration of each phase wasetated to the photoperiod at seedling
emergence and, for a given sowing date, was indkgperof the total leaf number. Thus
plants of different density treatments differecomyllochron only if they differed by the total
number of leaves.

Much of the variation in the phyllochron of a whé&lér with density and sowing date
can be ascribed to the photoperiod at seedlingganee and the total number of leaves on
the tiller.

Key words: winter wheatTriticum aestivumphyllochron, sowing date, density,
photoperiod, final leaf number, phyllochron modesf emergence rate, Haun Stage progress
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Introduction

Phyllochron, that is the time interval between famdevelopmental stages—often
appearance or ligulation—of two successive leaveshe culm (Wilhelm and McMaster,
1995) is an important parameter that regulategithe course of leaf area establishment and
stem extension and thus resource capture as wtikeagbility to suppress weeds and escape
fungal diseases (Robert et al., 2007, 2008). Thediwidies that have examined changes of
phyllochron with sowing density have found littkeiroy and Faris, 1972) or no effect (Masle
et al., 1989). On the other hand it has been walhdished that the phyllochron varies in
function of sowing date (Baker et al., 1980, Kidtyal., 1982, Kirby and Perry, 1987, 1985).
Many studies have been carried out to better ctexiae these effects but they produced
conflicting finding interpretations.

It is widely accepted that temperature is the nfiaitor regulating phyllochron (Baker
et al., 1986, Cao and Moss, 1989b, 1994). Effetttemperature are usually taken into
account by expressing the phyllochron in thernrakti(°Cd). However in winter wheat, the
phyllochron expressed in thermal time has beenddonchange with sowing date: the later
the sowing, the shorter the phyllochron (Kirby ket 8982, 1985). A number of authors agree
upon this change and have accounted for it by imgpkither a preconditioning effect of the
day length (Cao and Moss, 1989a, 1989b, 1991)erdte of change in daylength (Baker et
al., 1980, Kirby and Perry, 1987) around plant egaace. Otherwise, a direct and continuous
effect of daylength during development has beemyessigd (Masle et al., 1989, Miralles and
Richards, 2000), which can be accounted for byube of photothermal time instead of
thermal time. On the other hand, Jamieson et &95)l proposed that correlations with
daylength may at least partly reflect bias in thkewlation of thermal time.

Thermal time is usually computed based on air teatpee measured at 2m high;
assuming that this represents the temperatureldné¢ rgceives. However, at the early stages
of development, the shoot apical meristem (SAM)rider the soil surface so that it is under
the influence of soil temperature. For maize (a m@m annual crop), several authors
(Brooking and McPherson, 1989, Cellier et al., 1998ilioni et al., 2000) have shown that
soil temperature differs substantially from air parature especially when the canopy is
sparse. For winter wheat, the difference betwedraad air temperature was generally found
to be small (Gallagher, 1979, Ljutovac, 2002). Hoere using a data set of eight wheat
cultivars sown in New Zealand at dates ranging fidarch to September, Jamieson et al.
(1995) have shown that near surface soil tempergbuovided a better prediction of leaf
appearance than air temperature.

The use of thermal time implies that a linear reteghip exists between leaf
appearance rate and temperature. Although widelgd,ushis approximation is also
problematic. Non-linear growth responses to tentpeza have been evaluated for a range of
species, including wheat (Kemp and Blacklow, 198Re et al., 2004), maize, rice, and
Arabidopsis(Parent, 2009). According to these studies, dvedld a more accurate prediction
of leaf appearance than the assumption of lineguomses.

It is often assumed that phyllochron in wheat isstant during plant development
(Baker et al., 1980, Kirby et al., 1985, Cao andsk01989a, 1989b). However, several
authors have observed that the first six to eighvés emerged faster than the later ones
(Calderini et al., 1996, Miralles and Richards, @0Wliralles et al., 2001). Boone et al. (1990)
provided evidence that such change in the rateadfdppearance may mark the occurrence of
an early event related to the floral transitiortttd SAM—perhaps the single ridge stage. On
the other hand later changes in the phyllochrdangaplace around the developmental stage
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of double ridge have also been reported (Cao anssMtP91). Likely, some of the changes
reported may have resulted from a change in teryperaegime when the growing zone
emerges above soil surface due to stem extension.

Finally, we are still lacking a clear picture oethonditions under which phyllochron
changes throughout the plant cycle. The phyllochisoa required parameter in crop models
such as CERES-Wheat (Ritchie and NeSmith, 1991REFEMaize (Kiniry, 1991), SIRIUS
(Jamieson et al.,, 1998) and in virtual plant modrish as ADEL-Maize (Fournier and
Andrieu, 1998), ADEL-Wheat (Fournier et al., 200BRAAL (Drouet and Pages, 2003). The
latter approach provides 3D representations of tpenchitecture which allow detailed
simulation of competition for light (Fournier anchévieu, 1999) and disease escape (Robert
et al., 2008). In this study, we focus on wheatllplciiron in the perspective of deriving an
appropriate parameterisation for the virtual poproach. With this in mind we investigated
possible changes in phyllochron throughout crop ettgment and between tillers,
considering a range of density and sowing dates.

Materials and methods

9. Overview

The Haun Stage progress of main stems and firstraitlers was monitored for
different densities and sowing dates for winter ath@riticum aestivumSoissons') grown
under field conditions. Air and soil temperaturegrev monitored. Thermal time was
calculated using soil temperature before stem sxtenand air temperature after. Four
methods to calculate thermal time were comparesjrasg either a linear or a non-linear
response to temperature and including or not plesiog (photothermal time). Descriptive
models of phyllochron were adjusted and the changéise value of their parameters with
sowing date and final number of leaves were ingagtd.

10.Experimental design and treatments

The experiment was conducted on the INRA experialefields at Thiverval-
Grignon, France (48°51N, 1°58E, 70m) on a siltynasoil. T. aestivuniSoissons' was grown
in two seasons, 2007/2008 (Y1) and 2008/2009 (%&).treatments were carried out. There
was an early (S1, late September) and a late ($2,Navember) sowing date and three
sowing densities: 77, 228, 514 planté.nDensity treatments will be referred to as low
density (D1), intermediate density (D2) and higmgity (D3). Actual population densities
were measured when plants had one liguled leafamnd lower than sowing densities (Table
1). In Y1, all treatments were used; in Y2, treatitn&1D2 was excluded to alleviate
measurements.
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Table 1

Dates of sowing and seedling emergence; and plant population densities of winter wheat Cv.
'Soissons' sown in late September (S1) and mid November (S2) at three densities:D1, D2, D3 in
2007/2008 (Y1) and 2008/2009 (Y2) D1 : 77, D2 : 228, D3 : 514 plants m™.

Y1 Y2
S1 S2 S1 S2
Date of sowing 25/092007 12/112007 30/09200¢ 17/11200¢
Date of emergence 01/10/2007 01/12/2007 08/10/2008 18/12/2008
. D1 77 53 55 59

Population
density D2 211 168 180 160

"2
(plants m?) D3 483 394 374 406

Each treatment was carried out in three paralletsplat least 30 m in length and
spaced 0.2 m from each other. Each plot considtedne rows of plants with an inter-row
distance of 0.175 m. Measurements were done ircenéral plot only. The space between
plots was used as an access path, so the two atemms on each side of the plot were
considered as borders and not used for measurements

For both experimental years of experiments theipusvcrop wa¥/icia faba The soil
nitrogen content was measured at the end of Janwanadjust fertilization following
recommendation for high yielding crops. The amafntitrogen in soil was around 70 kg ha
! at the end of January, thus depending on derigtyto 200 kg hAammonium nitrate were
provided overall, divided into two applications. Arrigation system was installed to
complement natural rainfall when needed. Weeds wentrolled by herbicide application at
sowing and during the crop cycle. Recommended tuthgg and insecticides were applied to
prevent diseases and insect damage. In Y2, a gn@stilator (Moddus 0.5 |.H} was used
for the early sowings at high density. No growtgulator was used in Y1.

Data from another field experiment were also u3éis experiment was carried out in
2005/2006 (Y’) at the same location, using Cv.3$Sons'. The sowing date was"23ctober
2005 (referred to ;§). Sowing density was 250 plants$’mand there were two nitrogen
fertilization treatments: without N application (DAhd with optimal fertilisatio(N+).

11.Plant measurement

3.1. Leaf emergence

When plants had two fully expanded leaves, 20 nmeglants were tagged in each
treatment. These plants were used to monitor lgaéarance and ligulation on the main stem
and on the primary tillers. Tags were further ptha: upper leaves to allow accurate
notation of leaf and tiller ranks. Once or twiceekly, depending on temperature, the rank
and the length of the youngest liguled leaf andlémgth of the new growing leaves were
measured. These measurements were used to calihdattaun Stage (HS; Haun, 1973) of
each tiller. Leaves were counted acropetally, nundme being for the first true leaf (the
coleoptile was not taken into account). The maamswill be referred to asgTand the
axillary tillers as & (k= 1, 2...) starting withkk = 1 for the tiller that emerges at the axil of the
first true leaf. The coleoptile tiller rarely emeryand thus was not considered in data
processing.
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3.2. Leaf initiation

Plants were dissected during Y2 to monitor leampridia initiation. Measurements
began at HS = 5.9 for S1 and at HS = 2.0 for SR ech treatment, ten plants were sampled
randomly once or twice weekly, depending on tentpeea The number of main stem
primordia (Nprim) Was counted under a video microscope (Hirox Ki@al.Microelectronique
S.A, France) (maximum magnification 300x), takingpi account only primordia larger than
30um. Dissections were stopped when 32 primordicblen initiated.

12.Meteorological measurements

Air temperature at 2 m was recorded over growiragses at a weather station 500 m
from the field. Soil temperature at 3 cm deep wassared from sowing until the start of fast
internode elongation. These measurements were fakemo treatments in Y1 (S1D2 and
S2D2) and in four treatments in Y2 (S1D1, S1D3, $2Bnd S2D3). Two sets of four
thermocouples were lined up within one row of & fpdo each treatment and were connected
to a data logger. Data was recorded every 30 ssctindompute an average hourly value.
Measurements of soil temperature at various densigatments showed negligible
differences, and were thus averaged regardleskeofiénsity. Malfunctioning of the data
logger meant that a few values of soil temperatgpt missing. In such a case, a relationship
between soil and air temperature was used to estitha missing data. It was fitted using
temperature measurements taken a few days befdraftar the malfunction. Daylength was
calculated as the duration between sunrise andesunsing the classical astronomical
formulas.

13.Data analysis

5.1. Calculation of thermal time

a. Linear thermal time
In most studies, thermal timd)( is computed assuming a linear response to
temperature, which leads to the temperature sumessed in units of degree days (°Cd):

_1 _
r= 242 maxQ, T, - T,) (1)

where i is the number of hours elapsed after seedling gemee, T; is the
hourly-averaged temperature afglis the base temperature. For wh@gat: 0°C was chosen
as it is widely accepted (Baker et al., 1986, Badtal., 1980, Gallagher, 1979).

b. Compensated thermal time
Alternatively, Johnson and Lewin (1946) proposednadel based on a modified
Arrhenius equation to describe a non-linear respafbiological processes to temperature:

kTexp(_RETaj

F(T)= AS AH (2)
l+exg —-—=
R RT)

whereF(T) is the given temperature response rlts,a proportionality constarnk,is
the average activation energy for the consideretqss,R is the gas constanf\H is the
enthalpy, andAS is the entropy of the reactions. Parent (2009)alestrated the applicability
of this equation to the rate of growth and develeptnin rice, maize, andrabidopsis He
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proposed the use of a reference temperater@vhich can be chosen arbitrarily), and defined
a temperature compensated rakgs(Ti), as the ratid=(T;)/F(T.). For a process following
EqQ. (2), a period of tim® at a temperatur€ results in the same progress as a period of time
D-Jre(Ti) at the temperatur€er. Using this concept, Parent (2009) defined theparature-
compensated time in term of "hoursTag". Here we followed this logic but we have chosen
to express the duration in temperature-compenstitednal time [c). To this end, we
determined that a perioD at temperatur@ s representsle+D-Jref(Ti) "degree.daysl e
(°Cdrrer). Following this, the temperature-compensated thetima is calculateds:

T _
|—c — _ref Z F(T.)
24 i=1 F(Tref)

3)

where T is the reference temperature. We chdge= 12°C, which is close to the
average temperature during the wheat growing sedsmause as can be seen from Eq. (3),
when temperature is aroufgs, the compensated thermal time progresses simitariye
usual thermal time.

c. Linear photothermal time

On the other side, Masle et al. (1989) proposedctmunt for both temperature and
photoperiod by computing a photothermal tini& YXexpressed in °Cd. In this basis,
temperatures (abovie) are accumulated during the light period only:

1
r=—->) 3 max(0,T, -T,)
12iZ (4)

whereq is the fraction of houirr situated in the light period.

d. Compensated photothermal time

Using the two concepts: non-linear response to ésatpre and integration of
photoperiod in the calculation of thermal time, e@mputed a compensated photothermal
time () expressed iACdy, as follows:

T .
Prc — _ref Za-l F(T.)
12 F(Tref)

i=1

(®)

5.2. Calculation of phyllochron and plastochron

The stages of wheat development were quantifiedgusi decimal index for the
number of liguled leaves, the Haun Stage (HS; HA49i3), even if our calculation differed
slightly from Haun (1973):

HS =n + L/’ (6)
wheren is the number of liguled leaves at a given tilnés the exposed length of the
laminae of leah+1.

The trends in HS anB,im vS. compensated thermal time were modelled so that the
would reflect the two linear phases observed. Tthenphyllochron and the plastochron (i.e.,
the difference in thermal time between the initiatbf two successive leaf primordia on the
SAM) were calculated for each phase as the invarsiee slopes of the fitted models.

14 Statistical analysis

In order to characterize the behaviour of the mivetjuent individual plant,
representative values for HS aNglin at each sampling date were calculated as the media
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of measurements on individual plants having theeséinal number of leavesNa). Model
parameters were estimated using either the leasiras) fitting methods in Matlab (function
nlinfit) or Excel 2003 (Solver). The significancé differences in the number of final leaves
and in phyllochron between density treatments wested using the non-parametric Kruskall
& Wallis and Mann & Whitney tests (Georgin and Gpu000) and correlations between
phase durations, phyllochron values, and photogeniere established using the Spearman
test (Georgin and Gouet, 2000). As a measure ferdiwviation from a 1:1 line between
measured and predicted values, we used the root suemred error (RMSE).

Results

During winter, time course assuming a non-lineapense to temperature differed from time
course calculated assuming a linear response.

To evaluate the model of Johnson and Lewin (19d46wheat, we used the data of
leaf extension ofT. aestivumCv. '‘Gamenya’' published by Kemp and Blacklow (1982)
Original data are for leaf four and five, which badglifferent maximum growth rates. We
normalized them to a maximum extension rate of lmefere pooling data together. Then we
estimated the parameters in Eq. (2) by fittingfihection to this data set. Figure 1 illustrates
that the model allowed an excellent fit with a lovot mean squared error (RMSE = 0.047).
The calculated parameters (Table 2) were then taseomputd . with Eqg. (3).

1.2
Figure 1. Normalized extension rate of
winter wheat leaves (Cv.'Gamenya’) as a
function of growth temperature. (o)
represent data from Kemp and Blacklow
(1982). The solid line was computed with
Johnson and Lewin’s model (1946).

Normalized leaf extension rate
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Table 2
Parameter values of Johnson and Lewin’s (1946) model fitted to Kemp and Blacklow’s data (1982) for
winter wheat leaf extension (Triticum aestivum Cv. '‘Gamenya')

Parameter Description Units Value

K Proportionality consta dimensionles  3.8088 11°
Ea/R Average activation energy divided by the gas cansta °K 8899.6
AS/R Entropy divided by the gas constant dimensionless 68
AH/R Enthalpy divided by the gas constant °K 20736

The rate of HS progress varied between densityrtreats only when these treatments
differed in the final leaf number

The final number of leaves of tillers varied wittwang date and density. As expected,
S1 typically resulted in 13 to 14 leaves on themsaém, whereas S2 typically resulted in 9 to
11 main stem leaves. The median main digmwas approximately one less at D3 compared
to D1. However, for Y1S2, all density treatmentsuteed in the same median main stsiga:.
The main stemNies also varied among plants of the same treatmenie@#y, the most
frequent value foNess represented 50 to 90% of the plants, and one @iothver less frequent
values could be found (Table 3). However, in Y18Bere variability in the main steMeas
between density treatments was small; there waslittle variability between plants within a
same treatment.

Regardless of time scale considered, the rate optd§ress varied between density
treatments (data not shown) but these differeneaslynvanished when plants with the same
Niear Were compared (see Fig. 2 using. In Y1S2, when the three density treatments tedul
in the same, median value Mgs;, HS progressed at the same rate in all treatn{Eigs?2).

Table 3

Total number of leaves formed on a main stem. Data are for winter wheat Cv. 'Soissons' sown Grignon
in late September (S1) and mid November (S2) at three densities: D1, D2, D3 in 2007/2008 (Y1) and
2008/2009 (Y2). D1: 77, D2 : 228, D3 : 514 plants m™®. Numbers in bold represent the most frequent
value for each density. Numbers between brackets correspond to the total number of used plants.

Main stem final leaf number

Experiment Sowing Density 8 9 10 11 12 13 14 15
D1 (7) 0.14 0.86
S1 D2 (15) 0.80 0.20
v1 D3(11) 0.36 0.64
D1 (17) 0.94 0.06
S2 D2 (19) 079 0.21
D3 (20) 0.95 0.05
D1 (15) 0.20 0.67 0.13
S1 D2 (-)
v2 D3 (16) 0.12 0.88
D1 (13) 054 0.38 0.08
S2 D2 (18) 0.17 0.72 0.11

D3(14) 0.07 079 0.14
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Figure 2. Haun Stage vs. compensated thermal time (') for main stem of winter wheat Cv. 'Soissons'
grown in Grignon in 2007/2008 (Y1) at three densities: D1 (o), D2 (A), and D3 (o). Data are median
values for plants with 13 final leaves (gray symbols) sown in late September (S1) and for plants with
10 final leaves (open symbols) sown in mid November (S2). D1: 77, D2: 228, D3: 514 plants m™,

Compensated thermal time provided consistent resdlHS progress between sowing
treatments and growing seasons

Because, for a given sowing date, the main sourgarability for the progress of HS
was theNea, we analysed the HS progress of main stems sepagatcording to theiNeay,
while pooling together density treatments. Analysese performed in parallel using the four
time scales: linear thermal timE)( compensated thermal timE], linear photothermal time
(’r') and compensated photothermal tirffie)

The plot of HS for the median main stem from eamlvisg (i.e., main stem with 13
Nieas fOr S1 and 1Ny for S2) diverged between the two growing seasohs(pplementary
figure S1, p.52) when expressedfinand T (RMSE respectively 0.64 and 0.58 leaves).
Contrariwise, results from the two years were walified when expressed ifi. and
I (RMSE respectively 0.28 and 0.26 leaves).

To give an overall impression of the consistencyH& data over sowing treatments
and growing seasons, all the data were normaliaedrhaximum of one and plotted against
the different types of time courses (cf. suppleragnfigure S2, p.53). The normalization of
HS data by the final number of leaves allowed tougrdata per sowing date treatment.
However, the dispersion of points varied accordimghe time scale used. The plot with
showed the highest dispersion (RMSE = 3.47) Ifainly because of the lower consistency of
data between the two years for SZ. &lowed to unify data of each sowing to the best
(RMSE = 2.34 18). However, the use of photothermal time did naulein a calculated
phyllochron constant during ontogeny, but rathgragressive decrease in leaf emergence
rate. Moreover, the duration of the cycle for thd@ermediate sowing date was not
intermediate between that for the early and lateirsp date.

Overall, the compensated thermal time resulted go@d reproducibility between Y1
and Y2, with the intermediate sowing behaving imediate between the early and late
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sowing. It showed a pattern consisting of eithez phase (for Sand Sy, as usually reported
for Soissons) or two linear phases (fa) Similar to that described by Boone (1990) for
experiment in constant photoperiod.

Since leaf extension rate in wheat showed a naatimesponse to temperature that
was well represented by Johnson and Lewin’s moti@#§) and given the consistency of
results obtained when using the compensated thetimal, only results expressed as a
function ofl"; are presented in detail thereafter.

Two phases with two different rates describedHBeprogress of a wheat tiller

The plot of normalized HS of all the data agaihst(Fig. 3) displayed two main
groups: the first group consisted of points from #arly sowing S1 (typically plants with 12-
14 leaves) and showed two phases with two distiates; the second group consisted of
points from the late and the intermediate sowirtgpigally plants with 10-12 leaves) that
showed a linear trend along the growing seasontheutate of normalized HS progress in S2
was slightly higher than that in,S However, when HS was plotted agaihgiseparately for
each growing season (Fig. 4), two phases werelgldstinguishable for both S1 and S2, and
a little less for &. Phase | displayed a linear trend with a rate $fgrogress independent of
Nieas fOr plants of a given sowing date; phase Il shodif@rent rates for the progress of HS,
depending oNieas the higher théNeo;, the faster the rate of HS progress. Betweenwioe t
phases, there was a marked difference in the fatéSoprogress for S1 and S2: this rate
decreased in phase Il for S1, whereas, it rath@eased for S2. Conversely, fopSthere
was almost no change in the rate of HS progress.
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Figure 3. Normalized Haun Stage vs. compensated thermal time (I;) for the main stem of winter

wheat Cv. 'Soissons' sown in Grignon in late September (S1,e) and in mid November (S2, O) in
2007/2008 (Y1) and 2008/2009 (Y2) at three densities: D1, D2, D3 and in late October (S, @) in
2005/2006 (Y") at density D2. D1: 77, D2: 22, and D3: 514 plants m™.

A model consisting of two linear phases, with aakreoint at a developmental stage
(HSoreay Was therefore constructed to reflect the obsemat In the case of S1, in which
plants had 13 final leaves or more, the HS progmegshase Il deviated somewhat from a
linear trend, the rate just after klgxbeing lower than that for the last leaves. We stéj a
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linear model to phase | using leaves up untijkgand a linear model for phase Il using only
the last five upper leaves on the main stem inrotdebtain an accurate estimation of the

phyllochron of these leave®[™), which is important if we are to compare the depment
of the plant with the development of fungal dissadéis also allows an accurate estimation

of the time of flag leaf ligulation. The proposeaadel has four parameters (Table 4) and is
given by Eq. (7).
if HS<HS

1
HS(FC)ZFFC' break
'1 (7)
HS(FC)=WFC +h if HS>N
1l
where T is the compensated thermal tinfg, the phyllochron in phase IPf™the

phyllochron in phase I the offset of the linear model of the last fivaves.
When attempting to estimate simultaneously all petar values in Eq. (7) from
experimental data, the procedure converged ondpime of the cases. We therefore estimated

firstly the value of H§eax as explained below; theR, and P*™were estimated. Finally, the
time of flag leaf ligulation, the duration of eaphase, and the mean phyllochron in phase i
(R™*") were calculated.
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Figure 4. Haun Stage vs. compensated thermal time ('), for main stem of winter wheat Cv. 'Soissons'
sown in Grignon in late September (S1, filled symbols) and mid November (S2, open symbols) at three
densities: D1, D2, D3 in (a) 2007/2008 (Y1), and (b) 2008/2009 (Y2) and (c) in late October (S;,) at
density D2 in Y05/06 (Y’). Symbols show the median values calculated for plants with a final leaf
number of 9 (o), 10 (A), 11(c), 12 (e), 13 (A), 14 (m), and 15 (¥).D1: 77, D2: 228, D3: 514 plants m™.
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According to figure 4, the break point is both timee of the shift in the rate of HS
progress and the time when differences in phyllochexist depending oNear. The latter
criterion was the most evident when there was fcgerit variability in Niear. In these cases,
plants from the same sowing that presented at leadifference of two in theiNi4 (a
difference of one was considered fqf: $ecause this was the maximum variability) were
grouped and, a linear model was fitted to the H& gqdotted againsf . from seedling
emergence and following the progression of sampliages, one after the other. We
considered that HgakWas reached when the addition of a new sampling idareased the
RMSE of the model above a given threshold (her&)0HS, .o« Was then calculated as the
mean between the value just before the threshaldtlae value just after. In Y1S2, where
nearly all plants had the saig,s independently of density, HS. could be estimated as a
parameter in the model with two linear phases witienfitting procedure converges. The
obtained values of Hga were 5, 3.5, and 3 respectively for early, intaediate and late
sowings.

The model of HS progress was adjusted separatelgdoh year, sowing date and
group of plants with the sam¥e,:. This procedure provided an accurate adjustmerieo
experimental data (RMSE values below 0.54 lea\Be3ides, the model adjusted on one year
estimated accurately the HS progress of the otkar ywith the exception of one value,
RMSE values were below 0.47 leaves). Detailed tesuik presented in Table 4.

Change in the rate of HS progress coincided withinitiation of the flag leaf
The number of initiated leaf primordiflfim) on the main stem was monitored during
Y2. For all treatmentd\,im as a function of ; was described by a model consisting of two
linear phases (Eq. (8)), consistent with resub®ried in previous works (Kirby, 1990).
Nprim(rc)zérc"'b" If rc <|—cI

Ny (T :%(rc “r)+ (% [+, if > T

(8)

whereNyim is the number of initiated primordi&,' the plastochron during the first
phaseP)' the plastochron during the second phégethe thermal time of transition between
the two phases of plastochron drdhe number of primordia at plant emergence. Adpist
parameter values in the model are given in Table 5.

Table 5

Parameter values and RMSE of the adjusted model to the number of initiated primordia initiation. Data
are for main stem of winter wheat Cv. 'Soissons' sown in Grignon in late September (S1) and mid
November (S2) at three densities: D1, D2, D3 in 2008/2009 (Y2). D1: 77, D2: 228, D3: 514 plants m™.

S1 S2
D1 D3 D1 D2 D3
P 67 76 35 34 38
P 17 15 18 18 24
b' 6.5 6.8 0.8 0.5 1.2
I'. 880 920 400 399 387
RMSE 0.423 0.144 0.545 0.709 0.576
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The parametep’ should be larger than the number of primordichenémbryo, usually
three (Friend et al., 1962). Hel&, was estimated around 1 in S2, which reflects & tHc
measurements for the early stages of primordisation. However the low RMSE (around
0,6 primordia) indicates that the model is appmterito estimate the number of primordia in
the range for which data where collected.

The time of Hgeak Was estimated with Eqg. (7) and then the numbeprohordia
initiated at H$eak Was estimated with Eq. (8). This number was lilyeaorrelated to the
mean final leaf number of the main stem (Fig. 5=R0.97, **P < 0.01): independently of
sowing date and density, klSk occurred around one plastochron after the flad Vess
initiated.

The value of Hfeakincreased linearly with increasimMdkqr (Fig. 5). A linear relation
(R2=0.99; P < 0.05) was fitted to our dataset completed by dl@m Boone et al. (1990).

HS .. = 062[N,; —32 9)
X
S 16 , 16
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Figure 5. Estimated number of primordia at the time of HSyea (©) in 2008/2009 (Y2) and estimated
values of HSyeak (A) as a function of the mean final leaf number of main stem. Data are for winter
wheat Cv. 'Soissons' sown in Grignon in late September (S1) and mid November (S2) at three
densities: D1, D2, D3 in 2007/2008 (Y1), and 2008/2009 (Y2) (A) corresponds to data from Boone et
al. (1991). D1: 77, D2: 228, D3: 514 plants m™. The dashed 1:1 line is shown.

The duration of the period from HSbreak to theegypnce of the flag leaf ligule was
independent of Nleaf

The time of flag leaf ligulation was estimated wih. (7). Plants sown at a same time
but differing inNieas were nearly synchronous in the date of flag leaflation (Table 4) with
a mean increase of only 17 °Gger additional main stem leaf. Consistently, theatlon of
phase ll—estimated as the difference betwé&gnvhen HS = Hfcakandlc when HS Njga—
was also approximately independentNpés (Fig. 6). Yet, this duration varied between sowing
dates, being shorter for later sowings (1000-1106,7°for S1, 850 °Cg for Sn, and 650-
700°Cd; for S2). For each year and sowing date, value®f6t" were calculated by dividing
the estimated duration of phase Il by the numbeteakes emerged during this phase.
P™*"was close taP™ but systematically higher whee,s was larger than 12, that is to say,
in S1 (Fig. 7). As a consequence of the stabletduraf phase Il for a given sowing date,
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P™2" and P*™ decreased with increasiigar, thus they were generally shorter in low density
than in high density treatments.

1200 Figure 6. Duration of phase Il of Haun Stage
1100 | ° ° 1 progress expressed in compensated thermal
N - A © time (o) vs. final leaf number of main stem
o 1000 | — o 1 for winter wheat Cv. 'Soissons' sown in
£ O Grignon in late September (S1, o,e) and mid
P 900 f O 1 November (S2, A,A) at three densities: D1,
ol —— - D2, D3 in 2007/2008 (Y1, filled symbols) and
s 800 1 | 2008/2009 (Y2, empty symbols); and in late
5 200 | A | Optober (Sin) at density D? in 2005/29_06 (Y’)
S % % with (m) and without (o) nitrogen fertilization.
T 600} | Horizontal lines correspond to the weighted
5 average of the duration of phase Il for each
a 500 | ] treatment. See text for definition of phase 1.
400 : ‘ ‘ ‘ ‘ ‘ ‘
8 9 10 11 12 13 14 15
Main stem final leaf number
160 ‘ ‘ ‘ ‘ . Figure 7. Mean phyllochron of phase Il
/ (P™®) vs. phyllochron of the five last leaves
140 | ° / 1 (P”e”d) expressed in compensated thermal
— A / time () for the main stem of winter wheat
S A / Cv. 'Soissons' sown in Grignon in late
5 1207 | September (S1) and mid November (S2) at
%v [ three densities: D1, D2, D3 in 2007/2008
o Vo (Y1) and 2008/2009 (Y2). Data are for plants
g_ 100y AL%/A 2 igl_' with a final leaf number of 9 (o), 10 (A),
o O 0 11L 11(o), 12 (e), 13 (A), 14 (m), and 15 (V). D1:
/ ® 1o 77, D2: 228, D3: 514 plants m™. See text for
80y / A 13 | definition of phase II.
/ B 14
v 150
60
60 80 100 120 140 160

end
P~ (Tdqp)

For each phase, the duration of the phase and tiyflgrhron were correlated to the
photoperiod at seedling emergence

The durations of phases | and Il (calculated famhegear, sowing date, aMNkay) were
plotted against the photoperiod at seedling emesé€Rig. 8a). As photoperiod decreased
from around 11.5 hours at S1 to 8 hours at S2dtimation of phase | decreased from 530 to
350 °Cd; and that of phase Il from 1090 to 650 f&d he duration of phase Il was highly
correlated to the photoperiod at seedling emerg¢Rée= 0.96, *P < 0.01), whereas the
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correlation was lower for the duration of phas®d € 0.61, *< 0.01). This may be because
the relationship with photoperiod is not linear tbis phase; alternatively, the reason may be
that the terms of calculation of klSx—at least a 2-leaf difference— were not met indhse

of the growing season Y’ for which there was a baaviability in Niear. The linear models
adjusted to the relationship between durationsaohg@hase and the photoperiods are:

A =34.38 PP - 98.72, (10a)

Ay =120.26 PP — 309.23, (10b)
whereA| andA are the durations of phase | and Il, and PP tio¢opleriod at seedling
emergence expressed in hours.
To characterize the behaviour at the crop leved, ghyllochron in each phase was

calculated as the weighted averagéoénd of B™*" of plants of differenNes. Py and B™"
were linearly correlated to the photoperiod at Begdemergence (Fig. 8b; R2 = 0.89,
*P <0.05 and R? = 0.86,P< 0.05 respectively foP, andR™*"). P, decreased andp™*"
increased when the photoperiod increased.

=
N
o
o

(@) Figure 8. (a) Durations and (b) mean
1000 | | phyllochrons (P, and P™) expressed in

compensated thermal time (') during phase |
800 | ] (¢) and phase Il (o) plotted against the
photoperiod at seedling emergence. Data are
0 for the main stem of winter wheat Cv.
600 1 | 'Soissons' sown in Grignon in late September
(S1) and mid November (S2) at three densities:

400 t ] D1, D2, D3 in 2007/2008 (Y1) and 2008/2009
o (Y2) and in late October (Sqy) in 2005/2006 (Y')

at density D2. D1: 77, D2: 228, D3: 514 plants

m™. See text for definition of phase | and phase
Il.
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The progress of HS in primary tillers showed a Enrend to that of the main stem

When plotted againdi., the HS progress of the primary tillergs © Ts showed the
same pattern aspl.e., their phyllochron was described by a tweéin phase model: rate in
phase | being the same independently of plantdotplariability inNeas and rate in phase |l
showing differences according M. (Fig. 9). Phase | was shorter fop than for T, and
could not be identified for the following tiller§Ve did not attempt to numerically estimate
HSoreak Of T1 and T in each treatment, but visual inspection of thaphgs showed that it
always occurred for the primary tillers almostla same time as for,,Tand thus likely both
denotes the same change, occurring at the whaté gdale.

Similarly to To, the date of flag leaf ligulation was synchronéarsa given tiller rank
independently of itsNiess (data not shown). Moreover, the duration betweerdkng
emergence and flag leaf ligulation was linearlyrelated to the tiller rank for S1 (R2 = 0.81,
*P < 0.05) and S2 (R? = 0.6RP,< 0.1) (Fig. 10). This is expressed in equatidh):(1

Miig (K) = Tiig(0) + ak (11)

wherek is the tiller rank[ ;4(K) is the compensated thermal time at flag leafidiion
for the tiller of rankk, Mg(0) being for b, anda the difference il iy between successive
tillers. Estimated values ferwere respectively 21.4 and 17.7 °Cd12 for S1 &hd S

12 ; : . .

7L .
: 8L U Figure 9. Haun Stage vs. compensated
01 o o 0 ] thermal time ('), for tillers T, (open symbols)
A 10l DA and T, (filled symbols) of winter wheat Cv.
gl O 11L U AO 'Soissons' sown in late September (S1) at
g DAOA three densities: D1, D2, D3 in 2007/2008
g 0,0 [ (Y1). Symbols show the median values
6 A A | : : ,
- o 6 A () calculated for tillers with a final leaf number
3 ® of 7 (e), 8 (A), 9 (0), 10 (4), and 11 (a).
3° a 2
T 4 D1: 77, D2: 228, D3: 514 plants m™.
8~ Ae
N )
g
2 A®
(ﬁg o
Lo 14 ‘ ‘
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Compensated thermal time (Td 12)
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Figure 10. Compensated thermal time (I';) at

flag leaf ligulation vs. tiller rank (k) for winter
1600 ] wheat Cv. 'Soissons' sown in late September
(S1, ) and mid November (S2, o) in Grignon
at three densities: D1, D2, D3. Data
correspond to weighted average values of
1400 1 two years: 2007/2008 (Y1) and 2008/2009
(Y2). D1: 77, D2: 228, D3: 514 plants m™.

Error bars mark the 95% confidence

1200 ] intervals. Solid lines correspond to linear
M regressions for:
S1: Y=1531 + 21.42.k, R2=0.81 and for

00 | | ] S2: Y= 1090 + 17.67.k, R2=0.62.

Time at flag leaf ligulation(d 12)
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Discussion

When expressed irc, results were consistent between sowing datesamitasted climate
conditions

The contrasted densities and sowing dates testedrirstudy resulted in negligible
differences in soil temperatures before stem extensor Y1 and Y2; therefore, soll
temperature could have been monitored for only tneatment. Moreover, the differences
between cumulated soil temperature and cumulatedeaiperature remained quite small,
consistently with previous results (Gallagher, 1948tovac, 2002). This suggests that using
soil surface temperature to calculate thermal t@®re stem extension, under north-western
European conditions, is not enough to explain ckfiees in phyllochron between sowing
dates as put forward by Jamieson et al. (1995)idBssin our study phyllochron variability
between sowings was found even when plant temperédail then air temperature) was used
to compute thermal time. This is not to say tha s$mall differences between soil and air
temperatures should be ignored, especially sinisegiite simple to estimate soil temperature
either by direct measurements or by estimation witdels (Cellier et al., 1993, Guilioni et
al., 2000).

Masle et al. (1989) reported that including photagzkin the calculation of thermal
time (i.e., using linear photothermal time) allowednoving the variations in the rate of leaf
appearance between sowing dates. However this gtdhacase in our experiments.

Here, the non-linear function proposed by Johnsuahlaewin (1946) to describe the
response of growth and development processes foetatre was adjusted to leaf extension
rates of winter wheat from the data of Kemp andcBlaw (1982) and yielded a good fitting
(RMSE = 0.047). This generalizes the results oRa{2009) on maize amsrabidopsisand
brings added proof, given the wide range of tentpeea provided by Kemp and Blacklow
(1982). Differences between linedr @nd ) and non-linear I[{; and "T.) responses to
temperature were exhibited when plants experieso&titemperatures (i.€l,< 0). This was
particularly true for Y2S2 treatment where theres\@acold winter episode at the first stages
of wheat development. Thus, we observed a highargience between linear and non-linear
responses to temperature (18% at flowering) anigtezeh inconsistency between years for S2
when we used linear thermal time (RMSE=5.06 10tfjing the non-linear photothermal
time did not bring further improve of the rate oSHprogress and it displayed the same
discrepancies as the linear photothermal time congg the order of sowings. Consequently,
in our study, the non-linear response proved ttheanost conclusive time course that made
it possible to homogenize results within and betwsawvings and between contrasted climate
conditions.

Xue et al. (2004) compared three leaf-appearanedigimg models. Their findings
showed that the model based on a beta responsiofutac temperature accurately predicted
leaf appearance rate (RMSE = 0.42 to 0.82 leafpmparison to two other models based on
linear response function (RMSE = 0.42 to 1.24).r&fwe, taking into account non-linear
responses better reflects the behaviour of phytmtluinder our conditions. This should have
an importance for crop models and prediction ofeligymental stages.

The progress of Haun Stage was described by twegsha

For all sowing dates investigated here, the HS nessgexpressed iR; reflected a
pattern involving two phases. During phase I, th® progress was linear, with a rate
independent oNiear. During phase I, the rate varied accordind\igs it was slower for lower
Nieat, @and there was some departure from linearity fants with Nieas> 13 i.e., for early
sowings. A change in the rate of leaf emergencebleas reported for wheat: most often a
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decrease (Cao and Moss, 1991, Calderini et al.6,188ralles et al.,, 2001, Slafer and
Rawson, 1997, Miralles and Richards, 2000, Bakexl.etl986, Boone et al., 1990, Hay and
Delecolle, 1989) and less frequently an increasao(@nd Moss, 1991); and also for
dicotyledons (Villalobos and Ritchie, 1992). HoweviEom some of our data (i.e.ip an
from many reports in the literature (Kirby et 41982, Baker et al., 1980, Masle-Meynard and
Sebillotte, 1981), this departure from linearity n®t systematic and a linear constant
phyllochron could be found.

The moment of shift in the rate of Haun Stage msgmwas related to the moment of flag leaf
initiation

In our study, the time of the shift in phyllochratid not occur at the same
developmental stage for all sowing dates but, im@ded with the time of flag leaf initiation.
Changes in rate of leaf appearance in wheat haee peeviously related to change in
ontogeny, more precisely to time of double ridgenfation (Baker et al., 1986, Cao and
Moss, 1991), and thus later than estimated hereveMer, our results are consistent with
Boone et al. (1990) who situated the timing of tsimfphyllochron at single ridge formation,
that is precisely the moment of completion of tlag fleaf primordium and the beginning of
formation of the first spikelet (Klepper et al., 8®. In addition, Hfea Was linearly
correlated tdNiear. Linear relationships between the number of leaigble at floral initiation
and the final number of leaves were reported foizenélollenaar and Hunter, 1983), clover
and winter cereals (Aitken, 1971), wheat (Kirby9@Pand sunflower (Sadras and Villalobos,
1993). Boone et al. (1990) found that the timingtlsé shift in phyllochron for eight
treatments was exactly parallel to the timing of tentifiable reproductive stages (double
ridge, heading, and anthesis), further proof thé& linked to plant ontogeny. Cao and Moss
(1991) supported the concept that there are at teasperiods when phyllochron is sensitive
to the environment, one at seedling emergence aother at the time of double ridge
formation, the second being responsible for thét shiphyllochron, but it seems that the
second period of sensitivity does not always oc@Qmmtrariwise, Slafer and Rawson (1997)
proposed that the changes in rate of leaf appearaibserved under natural conditions, could
be reflecting a response to photoperiod or veraatin rather than a change due to ontogeny.

The positioning of HSeak0ne plastochron after the flag leaf initiationdaminciding
with the initiation of the first spikelet, backsetidea that the fate of the primordium that will
become the flag leaf —and that of the primordiumochtwill become the first spikelet—are
determined as soon as they are initiated althotighad moment, neither the morphology of
the apex and the primordium, nor the rate of pramon initiation make it possible to identify
these distinct fates. Indeed, it has often beepgsed that the fate between leaf and spikelet
primordia is not determined until many plastochrafter the primordium of the future flag
leaf have been initiated (Brooking et al., 1993)eTower spikelet primordia would therefore
result from a conversion of leaf primordia into maguctive organs. However, the occurrence
of HSreak at this moment backs the hypothesis of a mucheeatifferentiation. A study in
which wheat plants were reciprocally transferretivieen 12 and 18h photoperiod regimes at
several occasions between seedling emergence anohaé spikelet appearance (Slafer and
Rawson, 1995) showed that plants produced sigmifig different final leaf number only
when they were transferred before 25 days aftadlisgeemergence (which according to the
authors probably coincides with floral initiationlater, final leaf number was entirely
insensitive to photoperiod, meaning that this nunnees determined earlier.
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Both the values of phyllochron of each phase aertt ttorresponding durations varied
linearly with photoperiod at seedling emergence

In our study, the phyllochron in both observed glsadepended on the photoperiod at
seedling emergence and trends in it were distindifferent between the two phases
(increasing in phase | and decreasing in phasé-i¢). 8b), thus changes in phyllochron of
each phase according to sowing date would be sgnify higher than that of the "mean
phyllochron” calculated for the whole growing cyckor instance phyllochron during stem
extension decreased from 110-120 {d S1 to 80-90 °Cgdin S2. This is important because
phyllochron during stem elongation is related btth Al establishment and to its vertical
development and the range of variation found hsra@ighly significant in disease escape
(Robert et al.,, 2008) and crop weed competitionothar implication of the opposite
behaviour of the phyllochron in both phases is,thia values differ for either early or late
sowing, whereas for usual sowing dates, the phiyttmtis very similar in both phases, so that
the two phases can hardly be distinguished. In thisk, we analyzed the change in
phyllochron in relation to photoperiod at seedliegiergence. This does not imply that
seedling emergence is exactly the time when a viauéhe phyllochron of both phases is
determined. Kirby et al. (1985) testing a wide mrmg varieties and sowing dates, proposed
that the rate of leaf emergence is correlatedeaadke of change of photoperiod at the time of
plant emergence, rather than to the absolute \dltlee photoperiod.

The durations of the two phases of phyllochronaased linearly with increasing
photoperiod at seedling emergence. Experiments auitirolled variation of the photoperiod
have demonstrated a historic effect of photopedadng early plant development on the
duration of later stages (Slafer and Rawson, 1Sdfer and Rawson, 1995, Miralles and
Richards, 2000). However, in our case, correlatinder field conditions did not permit us to
make such an analysis. Taking into account seediingrgence was sufficient to obtain a
good fit of linear models for phyllochron-photopetirelationships.

During phase Il, phyllochron varied according todi leaf number for a wheat tiller

The phyllochron of phase Il and the mean phyllonhrereased (i.e., the rate of leaf
emergence decreased) with increasing densitiesimilas result was observed on barley
(Kirby and Faris, 1972) whereas Masle et al. (198®prted no density effect on wheat over
a range of densities. Plant population densityctdfehe rate of leaf appearance mainly
through two mechanisms: changes of light intenaityg light signals. First, high density
results in a severely reduced photosyntheticaltivaaadiation (PAR) (Evers et al., 2006)
which is associated to long phyllochron (Bos anditsdleoom, 1998). Second, increase in
density is associated with a low red: far-red rgBoFR) (Evers et al., 2006) caused by a
selective absorption of red and reflection of fed-by green leaves (Casal and Smith, 1989,
Davis and Simmons, 1994). Decline in R:FR has Is®wn to act as an early signal for
plant to avoid competition (Ballaré and Casal, 200@ response to this signal, plants adapt
their morphology, it is the "shade avoidance syn@g including by changing their rate of
development (Smith and Whitelam, 1997).

We also observed a decrease in the méapwith increasing densities. Although
most plants of a given density treatment had alair@af number, there were almost always a
few plants with one more or one less leaf (Brookital., 1995). Interestingly, when there
was no difference dfleas between density treatments (Y1S2), we did not miesany density
effect on the phyllochron. Besides, when we comsedieplants from different density
treatments that produced the saWg;, we noticed that the phyllochron was almost thaesa
On the contrary, plants of the same density withaased\e5s had lower phyllochron. These
results demonstrate that the phyllochron of th@seéghase is correlated Myar. A similar
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trend of phyllochron change with final leaf numlneas observed on rice (Jaffuel and Dauzat,
2005). To explain this dependency relationship, omeld speculate that variations of light
quantity and quality in relation to local variateoof density are responsible for the observed
variation ofNiess and thus of phyllochron.

As the date of flag leaf ligulation was the sameégpendently of the number of leaves
formed, the phyllochron of phase Il was systemélyicshorter when the final leaf number
was higher (Fig. 7). Thus, the stable date of ligad ligulation and the variation N due to
density might be the key variables of the procegswhich phyllochron of phase Il is
determined.

Our results support the approach of using a naaliresponse to temperature to
improve the description of the wheat behaviour imtar. They bring some light on the
conflicting finding about stability against ontogerthanges in wheat phyllochron, as both
behaviours could be observed in our experimentafsame variety depending on the sowing
date. They also clarify the variability in phylladm between plants or between axes.
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Supplementary figures
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Figure S1. Haun Stage of main stems with the median final leaf number from plants sown in late
September (S1, e,0) and mid November (S2, o,m) at three densities: D1, D2, D3 in 2007/2008 (Y1,
filled symbols) and 2008/2009 (Y2, empty symbols) vs. (a) linear thermal time (I'), (b) compensated
thermal time ('), (c) linear photothermal time (PF), and (d) compensated photothermal time (Prc).
Data are for main stems of winter wheat Cv. 'Soissons' with the most frequent final leaf number (13 for
S1 and 10 for S2). D1: 77, D2: 228, D3: 514 plants m™.
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Figure S2. Normalized Haun Stage for the main stem of winter wheat Cv. 'Soissons' sown in Grignon
in late September (S1, @) and in mid November (S2,0) in 2007/2008 (Y1) and 2008/2009 (Y2) at three
densities: D1, D2, D3 and in late October (S, ©) in 2005/2006 (Y’) at density D2. Data are plotted
against (a) linear thermal time ('), (b) compensated thermal time (I'y), (c) linear photothermal time
(PF), and (d) compensated photothermal time (Prc). D1: 77, D2: 228, D3: 514 plants m™.
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Abstract

Plants respond to their environment by adaptingr thewth and development. In
cereals, modulation of the rate of organ extenstamber of shoots, number and size of
organs and time of phase change in response tooenwental factors reflects the high degree
of adaptability of plants. The underlying mechargsnvolved in these adaptive responses are
complex and interconnected and not fully underst@mhsequently, no mechanistic models
are able to describe cereal plasticity. Up to nawchitectural plant models are largely
descriptive and parameters need to be estimateedaidr species, cultivar and environment.
Hence investigating morphological patterns and rth@iodulation as a response to
environmental conditions may help to complementeanir knowledge. In this chapter we
describe the plasticity of winter wheat at the plscale— expressed as the organ dimensions
of main stem and axillary tillers in relation toeth position on a stem— and at the canopy
scale— expressed as number of tillers per squaterjeaf area index and soil cover— for
contrasted sowing dates and plant population degasiinder the climatic conditions of the
Paris region.

Winter wheat Cv. 'Soissons’ was grown for two grayvseasons at two sowing dates
(early and late) and three contrasted plant pojumatensities (low, intermediate and high).
The final number of leavedNga) of an axis varied between and within treatmeittsvas
higher for lower density and early sowing. Moreg\veto 3 values ofie4s could be found for
a given axis within the same treatment. Patternklade, sheath and internode dimensions
resembled to those usually found for winter whedtJuaried between treatments. There was
almost no difference in blade and sheath dimensibnigvenile phytomers —growing before
the onset of stem elongation— between density nvex@ils, but the low plant population
density yielded longer adult leaf blades and slsedilring the adult phase (i.e., emerged
during stem elongation). Besides, low plant popoatiensity resulted in higher number of
tillers/plant but in lower rates of progress infle@ea index (LAI) and ground cover and
finally less shoots/m2. Earlier sowing led to aor@ase in the number of juvenile phytomers
on the main stem, whereas the number of adult pigte was almost identical; blade and
sheath dimensions of adult phytomers were almosntickl between the two sowings.
Number of shoots/m2 and rates of progress of LAl ground cover were higher in the early
sowing. Further there were little differences ie #ize of leaf blades, sheaths and internodes
between the main stem and axillary tillers. Plamith higher main stem final leaf number
produced blades, sheaths and internodes of adwtomplers with higher dimensions. Data
presented here can be used to enlarge the undéirgaof wheat plasticity regarding the
regulation of organ size and dynamic developmerthefwheat canopy and to simulate 3D
wheat plant and canopy.

Key words: plasticity, wheat (Triticum aestivum L.), sowing date, planppation
density, plant architecture, organ dimensions
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Introduction

Plasticity of plant architecture is a major way Wich plants respond to their
environment. Such responses concern growth andagewent through regulation of tillering,
leaf and stem extension, timing of phase changenamtllation of the number of phytomers.
These effects are mediated by the changes in emagntal conditions that plant organs
perceive. Agronomic practices such as date andtgiefssowing create interactions between
different levels of environmental factors leadilmgvirious environments and thus to various
responses of plant architecture.

On the one hand, many experimental and modellingiest have focused on the
plastic response of cereals to sowing date anditgergarding number of final leaves and
rate of leaf appearance (Kirby et al., 1982, 198b)nber of shoots per plant (Darwinkel,
1978, Spink et al., 2000, Lafarge et al., 2002) ahgitomer dimensions (mainly blades,
sheaths and internodes) (Hotsonyame and Hunt, 19@ats et al., 2005). Amongst these
studies, many have investigated variations of ordanensions according to phytomer
position along the main shoot (Pararajasinghamtand, 1996, Hotsonyame and Hunt, 1997,
Fournier et al., 2003) and in some cases attenptetescribe organ profiles using simple
descriptive functions e.g., the Lorentz peak disiiion function to describe blade length
profile in function of phytomer rank (Evers et &Q05, Buck-Sorlin, 2002) or the model of
Prévot et al. (1991) to describe leaf curvatureutrr et al., 2003, Evers et al., 2005).
Nevertheless, so far, only few studies have ingastid the plasticity of organ dimensions on
all tillers (Dornbusch et al. (2010a), Evers et(2005), Fournier et al. (2003) for wheat; Tivet
et al. (2001); Jaffuel and Dauzat (2005) for ricafarge and Hammer (2002) for sorghum).
Dornbusch et al. (2010), Evers et al. (2005), Feuret al. (2003) and Tivet et al. (2001)
compared phytomer dimensions between main stenaailidry tillers using the concept of
phytomer shift (Fournier et al., 2003) or summed [gsition (Bos and Neuteboom, 1998).

On the other hand, many authors tried to understaddquantify the underlying plant
responses of development to environmental varialilbanges of leaf size with leaf position
in cereals have been generally explained in termsntogeny (Abbe et al., 1941, Borrill,
1959). Abbe et al. (1941) proposed that the ineréaselative width of the successive maize
leaves is directly linked to the increasing sizahaf shoot apex. Borill (1959) suggested that
the decline in leaf length for wheat from a givesafl position is linked to the time of
formation of double ridge.

However, although ontogeny plays a role in leaé semvironmental factors strongly
modify the overall pattern. Amongst these variabtemperature is a major factor affecting
plant development. A positive correlation betweemperature and leaf length have been
repeatedly reported (Bos and Neuteboom, 1998, Bgaizd Tognetti, 2002) and was
explained by the increase in leaf elongation rateR) when temperatures increase (Dale,
1982, Kemp and Blacklow, 1982). Kemp and Blackl@®82) pointed that leaf extension rate
of winter wheat Cv. Gamenya showed a curvilineapoase to temperature with an optimum
at 28.4 °C. Besides, it was found that temperadifiects organ size through its effect on both
cell division (Francis and Barlow, 1988) and expams(\Woodward and Friend, 1988).
Otherwise, some wheat varieties require a chiltiegtment prior to the acquisition of the
ability to flower i.e., vernalization. Therefor@gether with photoperiod, cold temperatures
influence the time of flowering and the final leaimber on the main stem (Miglietta, 1989,
Miglietta, 1991, Kirby, 1990). Indeed, the longletplant remains in the vegetative phase,
the higher the number of initiated vegetative pridi@ and thus of final leaves. However, it is
still not clear if plants respond immediately tooptperiod after emergence (Miglietta, 1991)
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and that at this time the number of leaves on taenratem is fixed or there is a continuous
effect of photoperiod during wheat developmentfislat al., 1994). More recently, Brooking
and Jamieson (2002) showed that there is an inienaoetween vernalization and daylength
so that the rate of vernalization under short pbetods was greater than under long
photoperiods.

Analysis of light effect on wheat plasticity regangl tillering dynamics led to the
hypothesis that the number of tillers per plantisted to the intensity of photosynthetically
active radiation (PAR) (Bos, 1999) and the ratibMeen the intensities of red and far-red
light (R:FR) (Evers et al., 2006). Bos (1999) fouhdt the light quantity received by a parent
leaf is decisive for the outgrowth of its bud iradiller. In this view, outgrowth of a tiller is
prevented if carbon resources are insufficientustan growth and functioning of parent
plant organs. Furthermore, recent studies on logimditions inside wheat canopies agreed
that bud tillers remain dormant below a specifie#ihold of R:FR ratio (Sparkes et al., 2006,
Evers et al., 2006). This decline in R:FR ratioutess from a differential reflection and
transmission of red and far red light (Holmes, )98ithin the canopy. R:FR ratio is detected
by phytochrome photoreceptors located in verticalhented plant organs (Skinner and
Simmons, 1993) which allow the plant to perceiveyeeompetition for light and to adapt its
behaviour accordingly (Casal and Smith, 1989, Skirand Simmons, 1993). In grasses, the
length of the sheath tube formed by the lower lsglays a role in determining the extension
of the new leaves that grow inside (Casey et &99). Artificial (Wilson, 1985) or natural
(Andrieu et al., 2006) lengthening of the whorluies in larger lamina and sheath lengths.
This effect was denoted as a size-mediated effectain et al., 2010).

Analyzing and modelling leaf canopy development terms of its different
components involves measurements of several pregedten complex and interrelated and
some of which are not fully understood. As a consege, existing models of plant
architecture are largely descriptive and rely ompdeé patterns of architectural variables
according to their age or position within a plastiais the case for maize (Fournier and
Andrieu, 1999b) wheat (Fournier et al., 2003, Eeatral., 2005), barley (Buck-Sorlin, 2002),
sorghum (Kaitaniemi et al., 1999), among others.

In the present study, a two-year field experimeas warried out with winter wheat at
two sowing dates and three sowing densities. Measemts of organ dimensions on both
main stem and axillary tillers were performed imdlenrto investigate the plastic response of
wheat and to provide a detailed dataset of arduitecvariables for canopy reconstruction
with a virtual plant model. In a previous work,ghivo-year experiment was complemented
by other studies with variable genotypes and fedtiion treatments; this allowed giving a
wider view on wheat plasticity (Dornbusch et aD1@a). Thereby, the two studies share the
same description of organ dimensions for sowing @aid density treatments. In addition, in
the current study, we put emphasis on the vartgoli final leaves for all tillers within and
between treatments and on the subsequent effeotgam dimensions. Otherwise, here we
present wheat variability both at the plant anddaeopy scale and we discuss the results in
the prospect to give an overall view for modellmgpose.
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Materials and methods

1. Overview

A two-years field experiment was performed in Gagnn 2007/2008 and 2008/2009
with winter wheat Cv. 'Soissons' at two sowing dated three contrasted densities. Detailed
measurements of architecture variables on the stam and axillary tillers were carried out
along the growing season to characterize the wdreattecture.

2.Experimental design and treatments

The experiment was conducted in the INRA experiaefields at Thiverval-
Grignon, France (48°51'N, 1°58’E) on a silty loamilsT. aestivumCv. 'Soissons' was
grown in two seasons, 2007/2008 (Y1) and 2008/28@). Six treatments were carried out.
There was an early (S1, late September) and a($&emid November) sowing date and
three sowing densities: 77, 228, 514 plantsreferred to as respectively: low density (D1),
intermediate density (D2) and high density (D3)YRy S1 was excluded because partridges
damaged the crop: only the main stem final leaf Imemof plants from D1 and D3 were
recorded. Each treatment was carried out in thegellpl plots, at least 30 m in length and
spaced 0.2 m from each other. Each plot considteihe rows of plants with an inter-row
distance of e =0.175 m. The space between plotsusad as an access path, so the two
external rows on each side of the plots were censtl as borders and not used for
measurements.

For both years of experiment, the previous crop Miam faba The soil nitrogen (N)
content was measured at the end of January, tetdetilization following recommendation
for high yielding crops. The amount of N in soilsvaround 70 kg Raat the end of January,
thus depending on density, 130 to 200 kg lenmonium nitrate were provided overall,
divided into two applications (Appendix Il). An igation system was installed to
complement natural rainfall when needed. Weeds wené&olled by herbicide application at
sowing and during the crop cycle. Recommended &idgs and insecticides were applied to
prevent diseases and insect damage. Dates, das@saatuct names of the different applied
chemicals are given in detail in Appendix II.

3.Measurements and sampling procedure

3.1. Plant population density and date of seedéingergence

For both years, in each treatment, the number a@rged plants was determined at
seedling emergence as follows: plants located wighsegment of length (L = 3m, 1m and
0.5 m respectively for D1, D2 and D3) of the thimlv of each plot per treatment, were
counted. This operation was repeated on the sagmesds, each 3 to 5 days, depending on
temperature, from the moment leaf 1 of the firsingd emerged from the soil, until the
number of plants hold steady. The final number wsed to compute the plant population
density:

1&( P

b r ;(ex LJ @

whereD is the plant population density the number of repetitiorr € 3), p is the
number of plants within a segment of lengthnde is the inter-row distance.

Actual plant population densities were lower thargéted sowing densities especially
for the late sowing where emergence occurred dutiveg period of cold temperatures.
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Therefore, actual plant populations were not idehtbetween treatments over the two years
(Table 1). Date of seedling emergence was defiredha time when 50% of seedlings
emerged. In both years the first notation was duter this time, when there was 75%-80%
of emerged seedling, so date of 50% emergence stasated retrospectively and is likely
with + 2 days of confidence interval.

Table 1

Sowing and seedling emergence dates, and actual plant population densities for winter wheat Cv.
'Soissons' grown in Grignon during two growing seasons 2007/2008 (Y1) and 2008/2009 (Y2) at two
sowing dates: early (S1) and late (S2) and three sowing densities D1, D2 and D3.

Season Sowing date  Date of Date of Sowing density Plant
treatment sowing seedling (plant. m?) density
emergence

D1 77 77

S1 25/09/2007 01/10/2007 D2 228 211

v1 D3 514 483

D1 77 53

S2 12/11/2007 01/12/2007 D2 228 168

D3 514 394

D1 77 55

S1 30/09/2008 08/10/2008 D2 228 180

v?2 D3 514 374

D1 77 59

S2 17/11/2008 18/12/2008 D2 228 160

D3 514 406

3.2. Organ dimensions

In all experiments, we aimed at a faithful estiroatof the dimensions of leaf blades,
sheaths and internodes. The main stem and the ryriendlary tillers are denoted asc T
(k=0,1, 2...), p being the main stem and Being the tiller that emerges from the axil of
the first true leaf. The coleoptile tiller rarelynerged and was thus not considered in data
processing.

For both years, in all treatments (except Y2S10a§ number of leaves on the main
stem and primary tillers was monitored on 20 taggkshts in the field. Main stem and
primary tillers were previously tagged to allow fleank identification. Number of final
leaves on a given tiller is denotedMNis:s (K) with Nieas (0) being the final leaf number of the
main stem. These plants were sampled at floweratigwing to measure dimension of
organs present at flowering on main stem and pgiribers, with an exact knowledge of the
tiller and phytomer rank.

Depending on the treatment, at three to nine ocnasiluring crop growth (Table 2),
plants of the five-central rows were harvested @av@ngth of 0.5 m, representing a subplot
of areaS= 0.35 m? (Fig. 1) with three repetitions per tne@nt. In each subplot a sample of
five plants were dissected to measure the dimessibrall mature organs (blades, sheaths
and internodes). In Y1, the subplots and the disgeplants were chosen randomly at the
moment of the sampling. This procedure was efficiah the early stages of plant
development but after full tillering, it was no lyar possible to identify accurately the rank
of the tillers and leaves, especially at the lodemsity D1, in which plants produced as much
as 15 tillers. In Y2, the place of each subplotdestructive measurements was delimited by
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placing takes at crop emergence. When plants hadbdmately five liguled leaves on the
main stem, eight plants in each subplot were chosedomly, their main stem and primary
tillers were tagged with coloured rings to allowca@te identification of leaf and tiller rank.
Tags were later moved to upper leaves as lowerteaere senescing. At each sampling
date, five out of the eight tagged plants were oamg chosen and dissected to determine
organ dimensions. In both years, lamina images wbtained with a flat-bed scanner and
were processed using the program Lamina2Shape lfDsch and Andrieu, 2010) to
compute blades lengthl,§, width (w,). Leaf blade areaA}) was calculated as
A, =1, O, Of, were mean values for the shape factpfor each leaf rank were taken from

measured data on several genotypes given by Darhbetsal. (2010b). Length of sheaths
(Isp and internoded;{) were measured with a ruler. Distance to a lelicfrom the shoot
base K.,) was computed as the sumlgfbelow a respective phytomer rank plus kheof

that phytomer.
I 17.5cm
2

< >
5Ccm

Figure 1. Scheme of the plot harvested periodically during wheat cycle for determination of organ
dimensions and leaf area index. Green lines represent sowing lines.

Table 2

Number and dates of harvests of plants for winter wheat Cv. 'Soissons' grown in Grignon during two
growing seasons 2007/2008 (Y1) and 2008/2009 (Y?2) at two sowing dates: late september (S1) and
mid november (S2) and three sowing densities D1: 77, D2: 228, D3: 514 plants.m™.

Harvest Y1 Y2
number S1 S2 S2
1 29/10/2007 25/03/2008 09/03/2009
2 28/11/2007 29/04/2008 08/04/2009
3 21/01/2008Y 26/05/2008 27/04/2009
4 28/01/2008 18/05/2009
5 18/02/2008 08/06/2009
6 17/03/ 2008
7 07/04/2008
8 28/04/2008
9 20/05/2008

(l)only D3 was harvested, @ only D1 and D2 were harvested.
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In Y1, starting from the last measurements at flamgewhere the exact leaf rank was
known, we built up the profile of main stem orgamensions for different final number of
leaves. Then, we went back harvest by harvest tohhtae profile of blades, sheaths and
internodes according to the typical profile. Figalbrgan dimensions with their accurate
correspondence with phytomer rank were obtainedhermain stem in all treatments and
growing seasons and for tillers only in Y2S2 (Tak)je

3.3. Leaf senescence

Leaf senescence was estimated at each harvegtctlaiable 2) by image processing
of scans of the leaf laminae and this was supplézdan Y2 S2 by visual notation on tagged
plants in the field.

a. Analysis of scans of leaves

Image processing allowed determining the total nemdd liguled main stem leaves
(Haun stage) and the fraction of dead tissue foh da@af position. The decimal number of
dead leaves on an axis is referred below as thetSSenescence Index (SSI); the difference
between HS and SSI represents the decimal numbgreeh leaves on the main stem. This
was monitored until the date of flag leaf ligulatiohere harvests were stopped. The program
used for image processing distinguishes only betwgeen and no green areas. Therefore,
senescence computed in this case includes notapial necrotic area but all the necrotic
and chlorotic tissues in the rest of the leaf.

b. Visual notations on tagged plants

Detailed measurements of leaf senescence in tlieviiere performed only in Y2S2.
When plants had three liguled leaves, 30 plant®wbépnsen within the five central rows of
the middle plot in each density treatment. Alongwa, plants were spaced 80 cm and those
on the adjacent row were shifted by 40 cm so thattp were placed in quincunx. Leaves of
the main stem were tagged with coloured rings ltmaaldentification of their rank. For each
individual leaf of the main stem of the 30 taggéahgs, we recorded the proportion of apical
necrotic leaf area (including possible diseaseofegi Measurements were performed every
80-100 °Cd starting from leaf 5 counted acropetdllyese measurements were then used to
compute the Shoot Senescence Index (SSI). Compardee destructive method described
above, the non destructive method allowed moreuBrt] measurements and avoiding
variability intrinsic to monitoring by destructiveeasurements.

3.4. Leaf area index

At each sampling date (Table 2), the leaf areaxr(té&l) was calculated as follows:
the number rf) of plants in each subplot was counted. The 5tplaised for determining
organ dimensions and the rest of the plants wexeepl separately in an oven during 48h to
determine their dry masMj. The LAl (m?/m?2) was calculated as:

n

D
X — 2
VR (2)

LAl = A} x

where A’ is the total blade area of the 5 dissected plahtss their dry massv” is

the total dry mass of the subplaotthe total number of plants ari2l the plant population
density. In Y2, all plants of the harvested subplete used whereas, in Y1 only 40 plants
(including the processed plants) were consideredni= 40.
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3.5. Ground cover

In both years, once every one or two weeks fronalsee emergence until flag leaf
ligulation, three photographs of the canopy wekeiiaat constant locations in each treatment.
We used a NIKON camera (D70, sensor size =23.6x1%0§ with a lens of focal length 50
mm. This defines a maximum view angle of £13.5°%tBgraphs were taken at vertical from
a 2.8 m height and covered an area of 1.32m x Q.88ms, one pixel represented 0.4mm x
0.4mm. Ground cover, defined as the fraction oégrarea on the photo, was then determined
by separating canopy from ground pixels based settien of the spectral space defined by
the red and the green coordinates of the pixelsinBaries for segmentation were defined
interactively using the “Optimas” Software. The q&ss is illustrated in Figure 2.

(a) Reid axis

Boundary

Green axis

Figure 2. (a) Histogram of a photo processed with Optimas software. The red line corresponds to a
manually drawn boundary separating soil and canopy pixels. Each point of the histogram (in white)
represents the couple of coordinates of a given pixel from the photo expressed in red and green.
Example of ground cover photo (b) before and (c) after image processing by Optimas software.

72



Chapter 2

As a summary, Table 3 gives the detail of the mesuariables in each treatment.

Table 3

Summary of the measured architecture variables for winter wheat Cv. 'Soissons' grown in Grignon
during two growing seasons: 2007/2008 (Y1) and 2008/2009 (Y2) at two sowing dates: late
September (S1) and mid November (S2). Gray cells indicate that the variable was measured for the
corresponding treatment.

Y1l Y2
S1 S2 S1 S2
Final leaf number Main stem D1, D2 only
Tillers D1, D2 only
Blade length Main stem
Tillers
Blade width Main stem
Tillers
Sheath length Main stem
Tillers
Internode length  Main stem
Tillers
Collar height Main stem
Tillers
Senescence Main stem
Tillers

Leaf area index

Ground cover

Tillers number

4.Data processing and presentation of results

To compare vertical profiles of architectural vates between different treatments
and tillers, we used two methods of phytomer caogntphytomer raniN counted from the
base (acropetally) that M =1 is the rank of the first true phytomer; angtpmer rankN'
counted from the top (basipetally)'(= -1, -2....), whereN' = -1 represents the rank of the
flag leaf.

Confidence intervals (IC) were calculated for epblgtomer, axis, final leaf number
and treatment:

ic="Sn 3)

N

LY
se—n_li:1(yi yj (4)

whereseis the standard erros; is the measured ang the mean value of a variable,
n the number of measurements aride value of the Student table at the risk.05.

Confidence intervals were reported in the figudesva and below the corresponding
mean points. Most of the cases confidence intediglsiot overlap meaning that at the risk

a=0.05, means do not come from the same populat@herwise no statistics were
performed to test the significance or not of treattrdifferences.
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As a measure for the deviation from an ideal in& ive used the mean error (ME)
and the mean squared error (RMSE):

n

ME =%Z(y'i—yi) (5)

i=1
RMSE = L
n*

i=1

(vi-v:) 6)

wherey'; represents the predicted aydhe corresponding measured value.

Results

In this section, results of architecture varialdes presented first at the plant scale
then at the canopy scale. In the former part, coispas between treatments are shown for
the final number of leaves formed on an axik.f), organ dimensions, senescence and
tillering dynamics. When available, data for theirmstem are compared to data of primary
tillers as for the final number of leaves and sargan dimensions. Concerning architecture
variables at the canopy scale, we show resultsidarber of axes par square meter, ground
cover and leaf area index (LAI).

I. Architecture at plant scale

1. Final leaf number for main stem and tillers

Main stem final leaf number varied between deraity sowing date treatments

Sowing date was the major source of variation efttital number of leaves formed
on the main stem. Early sowing typically resultedlR to 14 main stereaves whereas S2
typically resulted in 9 to 11 main stem leavdsin stem final leaf humber varied amongst
plants of a same treatment: the most freqiagt(0) represented 50 to 90% of the plants and
one or two other less frequent values could be dofiig. 3, Table 4). The proportion of
plants with highNea:(0) decreased with increasing densities. On avetagemost frequent
Nieat (0) was approximately one less at D3 compared toiDB1, Nieas (0) was 14 and 13
respectively for D1 and D3 and in S2, it was 10 8ndnterestingly, in Y1S2, all density
treatments resulted in the same most freqhige(0) = 10 and there was also little variability
between plants within a same density in this cakg:(0) = 10 represented at least 80% of
the plants). This result was not reproduced foinSRe second growing season.
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Figure 3. Frequency of occurrence vs. the number of final leaves (Nes) On the main stem of winter
wheat Cv. 'Soissons' grown in Grignon in late September (S1: left) and mid November (S2: right)
during two growing seasons: 2007/2008 (Y1, black bars) and 2008/2009 (Y2, empty bars) at three
sowing densities (a) D1: 77, (b) D2: 228 and (c) D3: 514 plants.m'z.
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Table 4

Main stem final leaf number in 2007/2008 (Y1) and 2008/2009 (Y2), for 2 sowing dates (S1, S2) and 3
sowing densities (D1, D2, D3). D1: 77, D2: 228, D3: 514 plants.m™. S1: Late September, S2: Mid
November. Numbers in bold correspond to the most frequent values for each density. Numbers
between brackets correspond to the total number of used plants.

Niear (0)
Experiment Sowing Density 8 9 10 11 12 13 14 15
D1 (7) 0.14 0.86
S1 D2 (15) 0.80 0.20
vi D3 (11) 0.36 0.64
D1(17) 0.94 0.06
S2 D2 (19) 0.79 0.21
D3 (20) 0.95 0.05
D1 (15) 0.20 0.67 0.13
S1 D2 (-)
V2 D3 (16) 0.12 0.88
D1 (13) 0.54 0.38 0.08
S2 D2 (18) 0.17 0.72 0.11

D3(14) 007 079 0.14

Tillers final leaf number followed the same pattasthe main stem

Similarly to the main stem, final leaf number afnpary tillers varied with sowing
date and plant population density. For each treatnfsowing date*density) an@lieas
modality, Nieas (K) Of tillers Ty, To, T3 varied (1 to 3 values) with the most frequent galu
representing 50 to 90%. Altogether, plants withdhmeN.,s (0) showed the same pattern of
variation inNiess (K) as shown in Figure 4. Thus, there was notpaesentative number of
leaves for a given tiller rank and a gividig,s modality.

When all plants from a given sowing date were pdadgether (independently of the
sowing density), a general pattern of decreasenénfinal leaf number of the three first
primary tillers was found: both;Tand T, produced 3 leaves less than the main stem gnd T
one leaf less than;|and . The median value fd¥ear (K) for successively of T1, T and &
was 13, 10, 10, 9 for S1 and 10, 7, 7, 6 for S2.

A cumulative number of leavedN(;) was computed for primary tillersTfor k= 1
to 3) as the sum of the mebk,s (k) and the HS of the main stem whenappeared. Thus,

we added 3 for 1 4 for Ty, etc. For each sowing date a linear model was dld@rsted to the
cumulative number of leaves plotted against tiigek (Fig. 5)

Ncum — N

leaf leaf

0) +ak (7)

whereNear(0) is the mean final leaf number of the main stiethge tiller rank and: a
fitted parameter that represents the differendéaf between two successive tillers.
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Figure 4. Frequency of occurrence of tillers T,, T, and T3 separated according to their final leaf
number vs. the number of final leaves on the main stem for winter wheat Cv. 'Soissons' sown in late
September 2007 (Y1S1) and in mid November 2008 (Y2S2) in Grignon at 3 sowing densities: D1: 77,
D2: 228, D3: 514 plants.m™.
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The linear model represented the change in curwal&af numbevs.tiller rank with
a high accuracy (Table 5) and the differenceNgfs between two successive tillers was
significantly different between the two sowing treants: respectively 0.26+0.05 and
0.48+0.05 for S1 and S2.

Cumulative final leaf number

Tiller rank

Figure 5. Cumulative final leaf number vs. tiller rank. Data correspond to mean values of final leaf
number of a given tiller rank plus the HS of the main stem when that tiller appeared. Data are for
winter wheat Cv. 'Soissons' grown in Grignon in 2007/2008 and 2008/2009 at two sowing dates: late
September (S1,e) and mid November (S2,0). Lines correspond to linear regression for cumulative
leaf number vs. tiller rank. Vertical bars show confidence intervals (0=0.05) when larger than the size
of the symbol.

Table 5. Parameter values of the adjusted linear model to cumulative leaf number of tillers Ty (k =0
to 3) vs. tiller rank for winter wheat Cv. 'Soissons' grown in Grignon in 2007/2008 and 2008/2009 at
two sowing dates: late September (S1) and mid November (S2).

Nieat (0) a R2
S1 13.2+0.09 0.26+0.05 0.94
S2 9.98+0.09 0.48+0.05 0.98

2. Organ dimensions

General pattern in the vertical profiles of lengthblades, sheaths and internodes

Leaf blade, sheath and internode dimensions inedeagth increasing phytomer rank
counted from the base of the shoot (Fig. 6), extapthe flag leaf blade which was shorter
than the previous leaf blade. These patterns asethisually found for winter wheat and
have been reported in previous works. Sheath aediiode dimensions of upper phytomers
increase almost linearly with increasing phytomankr whereas for lower phytomers,
internode do not elongate and the length of sheatisase only marginally with increasing
phytomer rank. Following Poethig (2003), we wilfereto the first basal phytomers (with
non elongated internodes) as juvenile phytomerstarttie last phytomers (with elongated
internodes) as adult phytomers. When treatmentdteelsin differences in final leaf number,
this always came from variations in the numberuvkpile phytomers, whereas the number
of adult phytomers was almost constant (4 or Stgohyltomers).
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(@ Juvenile : Adult Figure 6. Length of (a) leaf blade, (b)
: ] sheath and (c) internode vs. leaf rank N
counted acropetally for the median main
stem of winter wheat Cv. 'Soissons' sown in
mid November (S2) in 2008/2009 (Y2) in
Grignon at sowing density 228 plants.m'z.

(b
15

10 t

©

2 4 6 8 10

Phytomer rank counted from the base (N)

For each experimental year, treatment, tiller ramdNess modality, the mean values

of architectural traits were computed for each pmgr rank. To allow comparison between
axes differing inNieor we referred to phytomer rank counted from the {ad8dor juvenile
phytomers and to phytomer rank counted from thgkbpfor adult phytomers.

While sharing the general pattern mentioned aboegtical profiles of organ

dimensions differed between treatments. To allowueste comparisons, plants were
separated according to sowing date, density, and sbam final leaf number.

We investigated the density effect by comparingugeoof plants having produced
the saméNiea(0) from different densities.

Given that number of leaves differed substantibiyween sowing date treatments
we used data representing plants having formednibst frequent final leaf number
to compare organ profiles between early and latergp

Within a same sowing and density treatment, prefid organ dimensions were
compared betweel,;s modalities.

Within a same sowing and density treatment, prefid organ dimensions were
compared between main stem and axillary tillers.this, we used only data of axes
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having formed the most frequent final leaf humbar the corresponding botanical
position.

Within a same treatment, plants with higher leamber had smaller juvenile leaves, but
larger adult leaves and higher stature.

Vertical profiles of organ dimensions from planiffedting in final leaf number are
presented in Figure 7 and in Appendix IlI/A for ti#atments where differeN.,; modalities
were found: these are the intermediate density DX¥1S1 and all density treatments in
Y2S2. For juvenile leaves, blade length, width anel were slightly lower for plants with a
higher final leaf number, except for the first Igaf=1), that showed almost the same
dimensions regardless of the final leaf numberufegBa shows the blade area of juvenile
leaves from plants producinly final leaves, plotted against those of the cowadmg
phytomer rank from plants produciig1 final leaves (data are for all treatments in RS
Points fell below the 1:1 line (ME=-0.31 cm?2) withsignificant linear correlation (slope
=0.77, R?=0.96) showing that blade area was apprataly 23 % smaller for plants with
higherNear.

On the contrary, for adult leaves, blade lengthjtiwviand area were increased for
higher Niear. However, these differences vanished for the penate leaf and were reversed
for the flag leaf: loweNes resulted in higher leaf dimensions (Fig. 8b and 8ollar height
of adult leaves was increased for higinegs (Fig. 7 and 8d), with a constant difference
betweenN.os modalities. This is further illustrated in Figud where collar height of plants
with N final leaves was plotted against those wtHlL final leaves. Points fell above the 1:1
line and a linear model could be fitted with a glapgose to 1 (slope= 1.02, R?=0.99). The
difference of height at the level of the flag leaflar was about 4-6 cm between tNgas
modalities of the same density.

Lower sowing density resulted in longer blades singiaths and higher area of adult leaves

Data from all treatments in Y1 and from S2 in Y2revaeised to compare plants
between density treatments (Figs. 9, 10 and Appesdil/B and III/C). Plants were grouped
according toNer. Little differences between density and no cleand were found for the
dimensions of juvenile phytomers. For adult phytesnall dimensiongere higher for lower
density. However, differences were very small foeath and internode length Y1S1. For
the late sowing, differences between density treatmin vertical profiles of blade length,
width and area and of sheath length were smallther first elongating phytomers and
increased progressively with higher phytomer raoktheat differences were largest at the
penultimate and ultimate phytomers. This trend m@sobserved for the early sowing, where
differences between density treatments were rafisérle for the first elongating phytomers
but were maintained or reduced at the ultimate leaf
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Figure 8. Dimensions of phytomer of plants having produced a total of N+1 main stem leaves vs.
dimensions for the same phytomer rank for plants having produced a total of N main stem leaves.
Each point represents the mean value for a given treatment and phytomer position. Rank is counted
acropetally for juvenile leaves and basipetally for adult leaves. (a) blade area of juvenile leaves, (b)
blade area of adult leaves (c) blade length of adult leaves and (d) collar height of adult leaves. Data
are for winter wheat Cv. 'Soissons' sown in Grignon in late September 2007 (Y1S1) at sowing density
228 plants.m™ and in mid November 2008 (Y2S2) at three sowing densities: 77, 228 and 514
plants.m™. The 1:1 line is shown; coefficients of determination (R2) and mean error (ME) are given in
(a) and (d).
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Main stem showed different profiles of length @idiels, sheaths and internodes between the
two sowing dates

Figure 11 shows the vertical profiles in organ disiens of plants from D2 with the
most frequent final leaf number for sowings ek = 13) and S2 Niear = 10) in Y1.
Juvenile leaves had longer and wider blades atd&ipared to S2 whereas sheath lengths
were similar. At S1, leaves growing during wintét dot increase in blade lengthig. 11a),
whereas they did increase in blade width (Fig. 1Dinensions of the four uppermost leaf
blades and sheaths were almost the same irrespeftihe sowing date. Hence, dimensions
of the leaves present at flowering were very sinfita both sowing dates. The length of the
uppermost internodeN( = -1) and the peduncleN{ = 0) were also very similar irrespective
of the sowing date (Fig. 11e). However, the lerajtthe lower internodes (6N’ < -2) was
increased at earlier sowing leading to taller @aattflowering: final height of the peduncle
was 82.9 cm for S1 and 73.2 cm for S2 (Fig. 11f).
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Figure 11. () Length of leaf blade, (b) width of leaf blade, (c) area of leaf blade, (d) length of sheath,
(e) length of internode and (f) distance to the collar from the shoot base vs. leaf rank N counted
acropetally for juvenile phytomers and vs. leaf rank N’ counted basipetally for adult phytomers. Data
are for the main stem with the most frequent Ny Of winter wheat Cv. 'Soissons' sown in late
September (Y1S1,0) and in mid November (Y1S2,V) 2007 at sowing density D2= 228 plants.m'z.
Vertical bars show confidence intervals (a=0.05) when larger than the size of the symbol.
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Length of adult leaf blades, sheaths and internoglas almost identical between the main
stem and axillary tillers of the same rank courftetn the shoot top

Vertical profiles of organ dimensions for the medimain stem from the three density
treatments in Y2S2 and their corresponding oneshierthree axillary tillers: 1T T,, T3 that
appeared most frequently are shown in Figure 12inDuhe juvenile growing phase, leaf
blades on T, T,, T3 were longer compared to the corresponding ond¢lseomain stem with
the same phytomer rarfid. However, during the adult growing phase, vertjgalfiles of
blade length for 7, T,, T3 showed the same pattern as for the main stem handvalues
were very similar (Fig. 12a). Blade area op T,, T3 was smaller compared to main stem
(Fig. 12b). For the sheath, internode and distdadde collar vertical profiles, there were
very small differences between main stem and sillér was not clear if the decreasing in
organ dimensions for axillary tillers is linkedtitber rank.

Considering data from all density treatments of YR&2 treatment, the length of the
last four adult leaf blades, sheaths and interngdes N'<-1) of Ty, T,, T3 were plotted
against the corresponding measured values of tie stem (Fig. 13a). Data points fell close
to the 1:1 line, but blade, sheath and internodeedsions on 1 T, T3 were mostly smaller
than the corresponding values for main stem (negatlue for ME=-0.57 cm). The overall
relationship was good (RMSE=1.75 cm). No trendeardasing length of blade, sheath and
internode with increasing tiller rank {¥ T,> T3) compared to main stem was found. For
blade area, a stronger deviation from the 1:1 \Was obtained (RMSE=3.13 cm?, Fig. 13b)
and in most cases, tillers produced smaller letvas the main stem (ME=-2.26 cm?). More
generally, a good relationship was also found bebtndade length of axillary tillers and the
corresponding ones of the main stem on plants me@dtin the field (Fig. 13c), even if
points deviated more from the 1:1 line (RMSE = X69.
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Figure 12. (a) Length of leaf blade, (b) area of leaf blade, (c) length of sheath, (d) length of internode
and (e) distance to the collar from the shoot base vs. leaf rank N counted acropetally for juvenile
phytomers and vs. leaf rank N’ counted basipetally for adult phytomers. Data are for the main stem of
winter wheat Cv. 'Soissons' sown in Grignon in mid November 2008 (Y2S2) at three sowing densities:
D1 (left column), D2 (middle column) and D3 (right column). Symbols correspond to different tillers: T,
(), T1 (V), T, (1), T3 (0); symbols represent measured median values. D1: 77, D2: 228, D3: 514
plants.m™.
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3. Senescence

Senescence at leaf scale

Figure 14 shows the progress of total necrotic fgaf for the six upper leaves (-
6 <N’ <-1) of the main stem for the three density treatisén Y2S2. The total necrotic area
within a leaf blade progressed at a low rate ugheotime when 10-15% of blade area was
necrotic, then at a fast rate, approximately corist@ to total leaf death. Senescent tissues
appeared on successive leaf layers according tacanpetal sequence, from lower to upper
leaves. However, the time interval between necroésaccessive leaves was much longer for
lower leaves (170-270 °Cd) than for the upper ledv@°Cd).

Overall, the pattern and the timing of senescemogrpss for a given leaf did not
show much variability between the three densithesmall but not regular trend was found
with higher density where senescence onset wastlglidelayed (up to 100 °Cd for flag leaf
between D1 and D3) for the three upper leaves.

Senescence at the shoot scale

The shoot senescence index followed the typicalepatdescribed in Hillier et al.
(2007): a regular increase with thermal time upthe end of stem extension (around
1600°Cd,), followed by a quasi plateau around flowering,tad900°Cdl,, that is the onset
of fast grain filling, then a linear increase cepending to monocarpic senescence when leaf
nitrogen is remobilized towards grain (Fig. 15).isTigeneral pattern differed for a given
sowing density according to main stem final leamber: from 1000 °Cg the rate of
senescence progress increased for hibhegireaching a difference of one leaf at some cases.
The difference in senescence progress was notaregladng the shoot development but was
yet maintained until the end. Areas of overlap leetw the direct and indirect senescence
measurements showed that there was an importdatatite and that indirect measurements
overestimated senescence. These differences comstepnadably from the different methods
of estimates of senesced tissues. In the diredtadebnly apical senescent area is considered
whereas in the indirect method senesced area ieslaldinon green tissues.

The effect of density was investigated by compapitants with the same final leaf
number Nieas (0) = 10) from the three density treatments (E&). Until senescence of leaf 6,
the low density treatment showed a slightly higtaée of senescence, and at 150Q%Cidere
was approximately half of leaf less in D1 compai@®3. Later the difference decreased and
starting from the onset of monocarpic senescere@ithgress of senescence was the same in
all treatments.
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Figure 16. Fractional number of senesced leaves (SSI) vs. compensated thermal time since seedling
emergence for main stem that had produced 10 final leaves of winter wheat Cv. 'Soissons' grown at
mid November 2008 (Y2S2) at three sowing densities: D1 (o), D2 (V) and D3 (o). D1: 77, D2: 228,
D3: 514 plants.m™.

4. Tillering dynamics

Tillering was much more important in the early sogvireatments compared to the
late one (Fig. 17 and Table 6). Indeed, plants givan density treatment produced up to 3
times more tillers in S1 in comparison to S2. Hoerethe final number of tillers bearing
ears was almost the same irrespective of the sodag (Table 5) which means that there
was a high tiller regression in S1, whereas in $&vben 75% (D1) and 90% (D3) of
emerged tillers survived until flowering.

At both sowing dates, the low density D1 resultedhe production of the highest
number of tillers followed by D2 then D3; but a shia tiller regression led to the reduction
of a high proportion of these tillers. For D2 ang, fller regression was much less specially
in S2 as mentioned previously.

Table 6

Number of tillers at full tillering (just before tiller regression) and number of tillers bearing ears for
winter wheat Cv. 'Soissons' sown in late September in 2007 ngsl) and in mid November 2008
(Y2S2) at 3 sowing densities: D1: 77, D2: 228, D3: 514 plants.m™.

Y1S1 Y2S2
Maximum number Final number of Maximum number Final number of
of tillers tillers bearing ears of tiller tillers bearing ears
D1 18+0.89 7.7£1.49 8.5+£1.05 6.4+0.87
D2 10.8+0.72 3.7+£0.59 3.9+0.76 3.4+0.97
D3 6.5+0.45 2.310.32 2.1+0.32 1.9+0.97
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Figure 17. Number of tillers par plant vs. compensated thermal time since seedling emergence for
winter wheat Cv. 'Soissons' grown at 3 sowing densities: D1 (o), D2 (V), D3 (o) at (a) an early
sowing date (S1: late September) in 2007/2008 (Y1) and (b) a late sowing (S2: mid November) in
2008/2009 (Y2). D1: 77, D2: 228, D3: 514 plants.m™. Vertical bars show confidence intervals
(a=0.05) when larger than the size of the symbol.

II. Architecture at canopy scale

1. Number of tillers per square meter

For both Y1S1 and Y2S2, a higher number of axes/a® produced by D3 followed
by D2 then D1 (Figure 18A). The number of axes magh higher along the growing season
for the three density treatments in the early sguaompared to the late sowing because both
actual plant population and number of tillers prosth by plant were higher in S1 (cf. section
1.4 and Table 1). In both sowings, there was atidralier regression; thus, the final number
of axes after flowering was two to three times @epng on density) smaller that the
maximum number produced at end of tillering. Howeter the same density, there was still
more tillers at the early than at the late sowiBd4(vs. 460 axes/m? for D2). At plant
maturity, differences between density treatmentsewauch reduced despite the persistent
sequence following density treatment (D3 > D2 >.D1)

2. Ground cover and leaf area index

Concerning the dynamic of ground cover, plantshefhiigh density D3 covered more
and faster the soil in a relatively short time camngal to the two other densities (Fig. 18B). At
the early sowing treatment (Y1S1), the patternhef ground cover curve differed between
densities: for D3, there was a rapid and lineargase of soil cover until 80% followed by a
slower rate; whereas for D1, ground cover curve ala®st linear all over the growth cycle
with a constant slow slope. D2 showed an interntecpattern between D1 and D3. Finally,
shortly before flag leaf ligulation, ground coveached almost 100% for D3 and D2 and only
66% for D1. However, at the late sowing treatmé&fit§2 and Y2S2), differences between
densities were smaller and the pattern of groundercaurves was the same: differences
between densities were established between seeslimeggence and 500°Gdthereafter, a
linear and constant progress of ground cover waserebd with almost the same rate
independently of the density. Though, we noticeat this linear trend appeared shortly later
for the low density treatment D1 (around 100 to 16@, after D2 and D3). Thus, to draw a
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linear correlation between ground cover and thetima, we used points measured after 500
°Cd12 for D2 and D3 and only points measured &g °Cd, for D1 (Table 7). Indeed, it
has been found that ground cover increased witke@nmate of 0.0012 for Y2S2 and 0.0014
for Y1S2. Yet, overall, the high density D3 coveradre soil surface in comparisons to D2
and D1.

Table 7
Parameters (a and b), coefficient of determination (R? and number of points used for the linear
correlation between ground cover data and compensated thermal time since seedling emergence

(y =ax+b) of wheat canopy Cv. 'Soissons' grown at 3 sowing densities: D1, D2 and D3 at a late

sowing d?te (S2: mid November) in 2007/2008 (Y1) and 2008/2009 (Y2). D1: 77, D2: 228, D3: 514
plants.m™.

Year Sowing Density n a b R2
Y1 S2 D1 3 0.0016 -0.6386 0.99
D2 3 0.0018 -0.8608 0.99
D3 2 0.0014 -0.8497 1
Y2 S2 D1 4 0.0012 -0.4317 0.99
D2 4 0.0013 -0.5592 0.98
D3 3 0.012 -0.7271 0.99

Leaf area index (LAI) increased much faster foriDZomparison with D2 and D1
(Fig. 18C). Thus, at flag leaf ligulation, the whézaf area per meter square was 9.40 and
12.36 for respectively D2 and D3 at S1 and 3.12] &nd 4.69 for respectively D1, D2 and
D3 at S2. At flag leaf ligulation, the LAl was highfor the early sowing treatment. The
pattern in LAl increase was fairly described byexponential curve as shown in Figure 18C
and Table 5 (R?>0.96, P>0.0001).
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Discussion

This study aimed first at making a comprehensivaedption of architecture variables
at the plant and the canopy scale with respecifferent sowing and density treatments and
second at producing a dataset of winter wheat teatre for these different treatments which
will be used for 3D reconstruction using the magepto3D (Robert et al., 2008). We studied
the pattern of blade, sheath and internode dimeasid main stem (in all treatments) and
axillary tillers (in Y2S2) in relation to their pi®n on the stem. When data were available,
patterns of organ dimensions were compared betwesn stems differing in their final
number of leaves and between main stem and til@fserwise, we examined the differences
of architecture at the canopy level (i.e., numbleslmots per square meter, leaf area index
and ground cover). Below, results of this sectidlhlve discussed according to the two aims.

I. General pattern of organ dimensions and main diffeences between
treatments, plants and tillers

A general pattern describes organ dimensions forgaven cultivar and under similar
conditions

Patterns of blade, sheath and internode dimensiesembled to those usually found
for winter wheat and most broadly for cereals. Suleta are mainly available for blade
dimensions, whereas much less has been publisigeddieg sheath and internodes. In this
regard our dataset usefully contribute to completmexisting data. For lower phytomers,
sheath length increased only marginally with in@ieg phytomer rank whereas internodes
did not elongate. Sheath and internode dimensidnapper phytomers increased almost
linearly with increasing phytomer rank as reportedfew previous studies that investigated
sheath and internode length in wheat. The typicafile of blade length showed an increase
with phytomer rank up to the penultimate leaf, thafecrease for the ultimate leaf.

Patterns of blade length similar to those obseheaye have been reported for various
gramineous, e.g. wheat (Borrill, 1959, Gallagh&79, Fournier et al., 2003, Evers et al.,
2005), maize (Fournier and Andrieu, 1999b), sorghlwafarge et al., 2002, Lafarge and
Tardieu, 2002), barley (Buck-Sorlin, 2002) and r{@évet et al., 2001, Jaffuel and Dauzat,
2005). Our data do not bring additional understagdo this behaviour but is compatible with
what was proposed by previous authors. Bos and hbidote (1998) observed that leaf
elongation rate (LER) increased with main stem pezdition and proposed that LER of a leaf
depends on the LER of the previous leaf on the d@leeor of the parent tiller. Such size
mediated effect was also proposed by Andrieu gR806) for maize and could contribute to
the progressive increase in size for successiveeseaBlade length is responsive to
temperature but this would not explain the increiassize starting around leaf 6-7 as they
elongate during winter, especially in early sowitigs likely that the sharp linear increase
that occurs here involve change in gibberellin piiign, in relation to change from
vegetative to reproductive phase. Poethig (2003)rted that changes in leaf size and shape
and internode elongation among other changes ateopthe features that distinguish plant
developmental phases which are: juvenile vegetaplase, adult vegetative phase and
reproductive phase (Poethig, 1990). In wheat thek pg the blade profile is commonly
situated at the penultimate leaf, as observed incase, whereas in the other species the
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decline starts at lower phytomers. Borill (1959)gested that the decline in leaf length for
wheat from a given leaf position is linked to timed of formation of double ridge.

Blade width showed a continuous increase with phgiorank with the flag leaf
being the widest, similar to reports by Pararagisam and Hunt (1996), Hotsonyame and
Hunt (1997), Bos and Noteboom (1998). Here therg neaobvious break point that could be
related to floral change. Abbe et al. (1941) prepbthat the increase in relative width of the
successive maize leaves is directly linked to tueeiasing size of the shoot apex. Light has
been also involved in the determinism of leaf wifniend et al., 1962) but this would not
explain the increase in width of successive juselglaves as this occurs in autumn when
available light is decreasing.

Architecture differences between sowing dates

Variability in the main stem final leaf number wase of the major differences found
between sowing date treatments: for all densitresnber of leaves was much lower in S2
compared to S1. The early sowing resulted in hight of plant emergence, higher number
of tillers per plant and despite a higher rate dfet mortality, a higher number of ear-
bearing axes at flowering. Besides, blade and ¢$hdahensions of juvenile phytomers were
significantly higher in early sowing whereas theesof adult phytomers were almost identical
for both sowing dates (Fig. 11). Finally for a giveensity, S1 resulted in a faster rate of
progress in ground cover and leaf area index, andllfy a higher number of axes per m2.

Similarly to many previous studies on wheat (Kirbly al., 1982, 1985, Miglietta,
1989, Brooking et al., 1995, Spink et al., 200@g final number of leaves decreased with
later sowing. In our experiment, early sowing (Bte September) resulted in the production
of 12 to 14 leaves on the main stem and the latengp(S2, mid november) resulted in 9 to
11 leaves. The median number of leaves on axitibkeys decreased consequently. It has been
well established that variations of final leaf nwenbwith sowing date are driven by
differences of vernalization and photoperiod (Megla, 1989, 1991, Hay and Kirby, 1991,
Kirby, 1992). The number of final leaves is detared when vernalization requirements of
the plant are satisfied (Kirby et al., 1985, Kird992). In early sowing, mild autumn
temperatures result in plants with a high rateeaff linitiation while vernalization proceeds
slowly. In late sowing, the rate of leaf initiatias slower and the vernalization progresses
more rapidly resulting in a consequent reductiothennumber of leaves (Kirby et al., 1985).
There is an interaction between vernalization amotgperiod in relation to number of leaves
on the main stem but the Cv. 'Soissons' is knolate very little influence of photoperiod on
leaf number (J. Legouis, pers comm.). In our expent, difference in the total number of
leaves came from variations in the number of jueel@aves whereas the number of adult
leaves was quasi stable (4 to 5). Similarly, Ki(th990) found that plants sown increasingly
later (i.e., with decreasing final number of legvpsduced less leaves before beginning of
rapid stem elongation whereas they produced alth@ssame number of leaves after this
time.

The typical pattern of organ dimensions variedMeen sowing dates especially for
the juvenile phytomers. Early sown plants had loreged wider juvenile leaf blades while
sheaths had almost the same length as in late-plants. Besides, for the early sowing, there
were no or few changes in blade length for leayesgouleaf 7, similarly to what has been
observed by Gallagher (1979) and Kirby et al. (398hereas for the late sowing there was a
small increase of size for successive juvenile dsavemperature and photoperiod are the
major factors invoked to explain differences ofdaasize. The lower juvenile leaves of the
early sowing treatment emerged during long photogdeand warm temperature days in
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comparison to those from the late sowing. Lateenile leaves in early sowing emerged in
conditions of lower temperatures and shorter days.

Many authors agree upon the fact that low tempegatresult in a reduction of wheat
leaf size (Kirby, 1982; Hotsonyame and Hunt, 19&f)ects of photoperiod are though more
controversial: some authors invoked that long darylsance leaf size (Friend et al., 1962,
Pararajasingham and Hunt, 1996) while others foumeffect of photoperiod (Hotsonyame
and Hunt, 1997). These results may just represait ene part of the story as (i) the different
studies did not explore the same range of photogerand (ii) different cultivars may have
different responses (iii) Kirby et al. (1982) sugtgl that the temperature and daylength may
interact so that the combination of short dayss(kbsin 12h) and low temperatures (less than
8°C) lead to the stagnation in leaf length whiatgarding to the authors, adapt the plant to
withstand hard environmental conditions.

On the contrary, for the adult phytomers, the disiems of leaf blades, sheaths and
the two uppermost internodes were almost idenfisalthe two sowing treatments grown
during the same season (Fig. 11). This could beyfaxplained by the fact that adult
phytomers grew approximately at the same time amdewu similar conditions in spring
independently of the sowing date; the date of flomge also changed very little. However,
lower elongated internodes were slightly longetha early sowing which resulted in taller
plants at flowering.

For a given sowing density, early-grown plants wage successful to emerge (Table
1) and produced more tillers per plant than lateagr plants which is probably linked to
longer tillering period. Nonetheless, after flowsyj number of tillers per plant was almost the
same for S1 and S2 (Table 6) meaning that a mugiiehinumber of tillers regressed in S1.
However, at the canopy scale, a higher number e$ axas maintained at flowering for S1
compared to S2. These observations are simildraset by Spink et al. (2000): these authors
observed a lower probability of seedling emergenckter sowing (such difference could
probably originate from the cold temperatures elgoeed during plant emergence in the late-
sown plants); further, they observed that the marimmumber of shoots per plant increased
linearly with main stem final leaf number and thatrtime to full vernalization i.e., it was
higher in early sowings. Finally they reported aksdiigher rate of tiller survival in late
sowing date.

As a consequence to above-mentioned differenctbeirng between S1 and S2, soil
coverage and leaf area production progressed nastbrfin S1 than in S2, and at flowering
earlier sowing had produced a higher number of ak@sdividual size similar to those in the
late sowing.

Architecture differences between plant populatioeresities

In our experiment, the median number of leaveshemtain stem decreased slightly
with increasing density. For the juvenile phytomears density effect on organ dimensions
was observed. For the adult phytomers, densitgteffas marked for leaf blades which were
longer and wider for lower density, whereas thedffvas smaller on sheaths and was absent
on internodes. At the canopy scale, the low demsgulted in the production of the highest
number of tillers per plant, but this by far didtrmmmpensate for the lower number of plants :
any time during crop development the high denségtiment resulted in a higher leaf area
index and ground cover that lower density treatreent

A decrease of median number of leaves on the staim with higher plant density
was observed in all cases except in Y1S2 wherdeabity treatments resulted in the same
major final leaf number. Generally, a differencenat leaf was found in the median final leaf
number between low (D1) and high (D3) density. Tdppears to follow a general trend, as a
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similar decrease in the median number of leavethemain stem with high density has been
reported on barley (Kirby and Faris, 1972) and m&hmdrieu et al., 2004).

No difference was observed between density tre@nen blade dimensions during
the juvenile phase nor on sheath and internodenglali the wheat development. It is widely
reported that high densities result in an increakdeaf and sheath length on juvenile
phytomers (Ballaré and Casal, 2000, Andrieu et28106). These features among others are
part of the "shade avoidance syndrome" defineti@sét of responses to low R:FR that allow
the plant to perceive early competition for ligihdato adapt its behaviour accordingly (Casal
and Smith, 1989, Skinner and Simmons, 1993). Whileh responses likely exist in all
species we did not find clear report of identifyihgm in field-grown wheat and we speculate
they were not large enough to induce visible chamg®rgan dimensions.

Otherwise, in agreement with Andrieu et al. (20@éyking on maize, a decrease of
blade length and width was found for adult phytasmarhigh density. Similar behaviour was
observed by Evers et al. (2005) on spring wheamesauthors proposed that a reduction of
leaf extension rate, following the lack of carbotatéd may be responsible for the shorter
length of upper leaves. Andrieu et al. (2006) pegaban alternative view: although they
reported for maize a similar decrease in final terfgr the upper leaves at high density, leaf
extension rate was not lower but instead somewlgiten They showed that the shorter
length resulted of a shorter duration of extensiorked to a delay in the onset of leaf
extension while the timing of development of leglule was unaffected. In our case, leaf
ligulation was not affected by density (cf. chapt¢hbut we did not record the onset of leaf
extension so that it is not possible to determirieetiver the process behind reduced leaf
length is the same.

The number of tillers per plant was increasedtfierlow density D1 compared to D2
and D3 as usually observed while reducing plansitieiKirby and Faris, 1972, Darwinkel,
1978, Spink et al., 2000, Whaley et al., 2000) despite a high tiller regression for D1, the
difference in tiller number was maintained untivilering. According to Whaley et al. (2000)
and Spink et al. (2000), the higher shoot prodmctiomes from longer duration of tillering
rather than enhanced tiller production rate. Dakeilir{1978) reported also that shoot survival
increased as plant density was reduced. Besides)uimber of tillers per plant is related to
the intensity of photosynthetically active radiatiPAR) (Bos, 1999) and the ratio between
the intensities of red and far-red light (R:FR) €Es; 2006). Recent studies on light conditions
inside wheat canopies (Sparkes et al., 2006, Eateat, 2006) agreed that bud tillers remain
dormant below a specific threshold of R:FR ratidiick explains thus the low number of
tillers per plant in high density stands. Howeusgh density treatments resulted in faster
ground cover and higher leaf area index in comparts the low one. Therefore, differences
in tillering, number of leaves and leaf dimensiaind not compensate for the differences in
plant population density; differences in groundeoand LAl were maintained until the end
of the wheat cycle.

Variability of architecture between plants differgin the final leaf number

Number of leaves produced on the main stem varradngst plants of the same
treatment and number of leaves on axillary tillgesied amongst plants with the samgaN
(0). Besides, vertical profiles of main stem orgamasied according to final leaf number:
main stems with a higher number of leaves prodlmedr organ dimensions for the juvenile
phytomers and higher organ dimensions for the golwtomers.

In each sowing date*density treatment, a majalfieaf number (50 to 90%) and one
or two less frequent values were found for the ns@m (Fig. 3) in agreement with results
reported for wheat (Brooking et al., 1995, Hotsaongaand Hunt, 1997) and rice (Jaffuel and
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Dauzat, 2005). The reason for the variation oflfleaf number on an axis is unknown but
one could speculate that variations in final leafiber between and within treatments arises
from the same cause which may be local variatidrdamt density leading to an early effect
of light quality. This hypothesis makes sense dsfig¢hat in the case where no variation of
leaf number was found between density treatmehtyetwere also few variations within
treatments (Y1S2).

Organ dimensions varied according to final leamber. For juvenile leaves, the
tendency was that plants that produced more ledss shorter and narrower leaf blades.
For adult phytomers, on the contrary, blades, $iseanhd internodes were longer for plants
with higher final leaf number. It is possible tipdénts that produced a high number of leaves
had a bigger shoot apex meristem which could emptlaeir higher sizes. Indeed, several
authors have reported an association between #neetier of the shoot apex meristem and the
blade size (Abbe et al., 1941). However, this does explain why leaf dimensions were
lower for plants with highNeas for juvenile phytomers.

Differences between main stem and axillary tillers

Final leaf number of primary tillers varied for avgn tiller rank. The mean value of
final leaf number decreased linearly with increagtiller rank. To investigate the similarity
in leaf organ dimensions between tillers, we coradgratterns of organ dimensions between
tillers for the same phytomer rank counted basipetAdult phytomers of main stem and
tillers Ty, Ty, T3 for the same phytomer rank had the same organrdiioes.

For a giverNie5s modality, final leaf number of a tillde was variable. The number of
leaves on primary tillers varied i.e., there wamaor number with one or two other less
frequent values (Fig. 4Neas Of tillers Ty, T, T3 was linearly correlated tNieor Of the main
stem for a given sowing date treatment. The fixgtaay tiller produced mainly three leaves
less than the main stem. The decrease in the niealnléaf number for successive tillers
—starting from T— was less than one leaf differing thus from repbgtdMasle-Meynard and

Sebillote (1981). The cumulative final leaf numbdics™) was linearly correlated to the tiller

eaf
rank.

Adult phytomers of main stem and tillerg, TT,, T3 for the same phytomer rank
counted from the top had the same organ dimensidns.is similar to the approach applied
by Fournier et al. (2003) and Evers et al. (20@spectively for winter and spring wheat.
However, these authors counted phytomers acropetetl added a phytomer shift (a decimal
number), characteristic for each tiller, to theuattrank so as to obtain a relative phytomer
rank. Alternatively, Bos and Noteboom (1998) uset&sammed phytomer number” which
amounts to apply a phytomer shift that is an integhis is nearly equivalent to the basipetal
numbering used in our case, but not fully since dleerease in total leaf number for
successive tillers is lower than one. We did ntgrapt to compare all these solutions. Given
the variability of the number of leaves per axisAmeEn plants in our experiment our solution
to count phytomers from the top of each axis, Hasl advantage to be easy to use and
reasonably accurate.

Using this approach, a high degree of stabilitshi pattern of adult organ dimensions
was found between tillers including the main sté&ime length of the adult leaf blades, sheaths
and internodes were almost the same regardlesBeofrank (Fig.11 and 12). The fact that
adult phytomers of main stem and axillary tillerswg almost at the same time and thus under
similar conditions may explain or at least conttéto this convergence. This was already
reported for wheat (Bos and Noteboom, 1998; Eveas.£2005) and rice (Tivet et al., 2001).
Besides, the peak of blade length was found to roatuhe same time for main stem and
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tillers which suggest that the mechanism involvedhis change of blade length is triggered
at the level of the whole plant.

The virtue of the established relation in final roen of leaves and the stability in
organ size between main stem and tiller dimensianglined above, is that detailed
measurements of number and dimensions of orgatbeaarried out on main stem only and
the same properties can be modelled for all axeedacing the appropriate shift for each
tiller rank. However, for juvenile leaves, bladendéh was higher for higher tiller rank
similarly to what has been observed on rice (Ja#und Dauzat, 2005).

lI. Ability to reproduce wheat architecture with a 3D nodel using the
collected data

Because of non accuracy of phytomer rank identibcain the first experimental year
and architecture modification by bird damages ia ¢arly sowing of the second year, the
most accurate and complete dataset of architecturesponded to late sowing of the second
experimental year. Data of plant architecture frtdms treatment were used for wheat
reconstruction with the model Septo3D (cf. Cha@eand were given as input. For recall,
input tables of the canopy model are (i) the rdteeaf appearance and senescence for each
axis, (ii) the tillering dynamic of the plant, fiithe dimensions of mature plant organs and,
(iv) the geometry of leaves. Here, we discuss wegpect to the organisation of the canopy
model presented above, to which extent the colledi#a are representative of the wheat
canopy for the different treatments and if thepwlfor a good parameterisation of the model.

The rate of leaf appearance and senescence for emdb

The rate of leaf appearance was monitored on mtam and primary tillers for almost
all the treatments (except Y2S1D2). The measuresnalbwed proposing a descriptive
model of phyllochron (cf. chapter 1). For sake mhdification and for time and technical
constraints, in our experiment we chose to omitsueag the rate of leaf appearance for
secondary tillers. So far, very few studies hauwégpmed this kind of measurements (Bos and
Neuteboom, 1998; Evers et al., 2005), but not feldfgrown wheat. In addition, detailed
measurements of senescence were performed ontiidanain stem in Y2S2. To overcome
this lack of information concerning secondary tdlewe adopted the principle of cohort
advanced by Masle-Meynard and Sebillote (1981)tler coordination of tiller emergence
assuming that tillers of the same cohort sharestrae properties of leaf appearance and
senescence. At the moment, this approach has bg#@mented in the current model without
specific validation.

The tillering dynamic of the plant

Punctual measurements of the total number of dilkerd the frequency of occurrence
of primary tillers were performed for all the tresnts but these data were not enough to fully
describe tiller dynamics. Thus a tillering dynammodel was used (Dornbusch, unpub. res.)
following the assumption of coordination betweeaf lend tiller emergence (Masle-Meynard,
1981) and the Fibonacci sequence for the deterromaif the potential number of tillers
produced in each cohort. Experimental data wered uge estimate the fraction
(actual/potential) of tillers that did emerge ard dstimate the rate of tiller regression,
supposed to take place at a constant rate betweeonset of stem extension and flowering.
Resulting tillering dynamics simulated by the modele close to observed data (cf. Fig 3b in
Chapter 3). Finally, despite the limited numberawkilable data on tillering, this approach
allowed to adequately parameterize tiller dynamidss means that for modelling purposes,
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it is possible to alleviate measurements and thatfual data at specific period of the wheat
development (e.qg., flag leaf ligulation, floweringtc.) are sufficient to reconstruct tiller
dynamic when combined to simple behavioral ruleswever, in our experiment, total
number of tillers was determined at harvest timéagkwvwere stopped at flag leaf ligulation,
excepted for the final number of ears measured &fteering. Thus we lacked measurement
to assess the accuracy of a constant rate ofrdfgession.

Dimensions of mature organs

As for the rate of leaf appearance, measuremereabtlimensions for the secondary
tillers were not performed and again the principlecohorts was applied i.e., we supposed
that secondary tillers have the same organ dimessibthe primary tiller of the same cohort.
This assumption represents a possible source of asra secondary tiller of a given cohort
can hardly show the same organ dimensions thapritmary tiller from that cohort especially
if, genealogically it is located far from the matem. However, given that the reconstructed
canopy corresponded to a late sowing and that émerglary tillers developed at this sowing
treatment, this should not induce a substantialrénrthe simulated leaf area index.

Geometry of organs

Geometry for azimuth of leaves and curvature of fealribs were not measured in
our experiment. Leaf curvature was therefore patanzed based on data from another
experiment carried out with the same cultivar atghme location at density of 250 plant.m-2
(Ljutovac, 2002). Thus, leaf posture was paramsgdrsimilarly for all densities whereas it is
known that density influences the plant posturg¢hie sense that leaves on plants sown in
dense stands are more erected than those on ptamtsin sparse stands. Following results of
Ledent (1977, 1978) on changes in leaf angle, & dhrrent parameterisation, leaves are
considered vertical before collar appearance; arn fcollar appearance until total
senescence, leaf curvature changes at each phytodhterval so that the leaf bends
increasingly down until reaching its final positiohhis approach allowed giving a realistic
and dynamic leaf and plant shape. In previous wofksrtual wheat simulation (Fournier et
al., 2003; Evers et al., 2005), this dynamic aspdcteaf geometry was not taken into
consideration; it was rather assumed that shapenafidation of leaves did not change after
ligulation. Nonetheless, this approach still netedbe improved by distinguishing the pattern
of leaf curvature for juvenile and adult leaves.féet, in reality, leaves on non-elongated
internodes have a rosette habit and thus presdattaned posture compared to those on
elongated internodes.

Detailed parameterization of leaf geometry is ajhhinterest to investigate disease
propagation (Lovell et al., 1997) movement of |djwater (Bassette and Bussiére, 2008),
light interception at the leaf and plant scale ((&het al., 2009).

Difficulties and improvements of the sampling pratol

More broadly, difficulties in producing completedamaccurate data of architecture
measurements in our experiment came mainly fromcthaditions of field-grown winter
wheat and from the wheat morphology itself. In fdild-grown wheat is subject to many
biotic and abiotic factors likely to disturb its chrtecture. Hence, soil heterogeneity,
differences of seed depth at sowing, heterogerdigmergence, climate hazard as well as
local nutrient shortage and pest and disease peesse all factors that could disrupt, or even
destroy the plant and canopy architecture.

In comparison to monoculm cereals, wheat presengdatively complex architecture
due to the production of a more or less importamhiper of tillers. Therefore, if we are to
reconstruct accurately wheat plant architecture,n@ed to characterize and parametrise a
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given number of supplementary parameters in relatiothe tillering dynamic, frequency of
occurrence of tillers and their dimensions. Subseatly, wheat architecture simulation in
virtual plants appears to be more challenging thttwer cereals that do not make tillers such
as maize widely studied and simulated in virtuanpd (Fournier and Andrieu, 1999a,
Fournier and Andrieu, 1999b).

With these difficulties in mind, one could bettéink future experiments aimed to
collect data for wheat architecture simulation:

* It seems more interesting to study a reduced nunabetreatments which allow
processing more plants per treatment and coverdihtise variability of plants in the field. In
our experiment, six treatments (two sowing datéisr@e densities) were monitored. In order
to handle all the treatments during a harvest, edeiced the number of processed plants to
only 15 plants/treatment. In the case of the highsity treatment (more than 400 plant/m?2),
this number is very small; there was thus a riskt ttihe sampling plants could be not
representative of the field canopy.

* Measurements at the plant scale can not be ex#taploat the canopy scale such as the
leaf area. Indeed, a small bias for a subsamplé gilants can create a big bias at the square
meter. Therefore, it is necessary to distinguisinpmeasurements (e.g., dimensions) from
canopy measurements (e.g., LAI) by using separateappropriate samples for each purpose.

101



Chapter 2

References

Abbe EC, Randolph LF, Einset J.1941 The developmental relationship between shoot
apex and growth pattern of leaf blade in diploidzeaAmerican Journal of Botany,
28. 778-784.

Andrieu B, Hillier J, Birch C. 2006 Onset of sheath extension and duration of lamina
extension are major determinants of the responsmate lamina length to plant
density.Annals of Botany98: 1005-1016.

Andrieu B, Moulia B, Maddonni G, Birch C, Sonohat G Sohbi Y, Fournier C, Allirand
JM, Chartier M, Hillier J, Drouet J-L, Bonhomme R. 2004. Plasticity of plant
architecture in response to density: using maiza asodel. In: Godin C, Hanan J,
Wingfried Kurth, Lacointe A, Takenaka A, Prusinkiew P, Dejong T, Beveridge C,
Andrieu B eds4th International Workshop on Functional StructuRant Models
(FSMPO04).C. Godin et al ed. Montpellier (FRA), UMR Cirad-GrEphe-Inra-Inria-
Ird-Université de Montpellier 1l "Botanique et Bidormatique de I'Architecture des
Plantes” (AMAP).

Ballaré CL, Casal JJ.200Q Light signals perceived by crop and weed plafisld Crops
Research67: 149-160.

Bassette C, Bussiere 2008 Partitioning of splash and storage during raiogdmpacts on
banana leave#gricultural and Forest Meteorology48 991-1004.

Borrill MART. 1959 Inflorescence initiation and leaf size in sogramineae Annals of
Botany,23: 217-227.

Bos HJ.1999 Plant morphology, environment, and leaf area growtivheat and maizéhD
thesis, Wageningen University and Research Cemer. 149, Wageningen, the
Netherlands.

Bos HJ, Neuteboom JH.1998 Growth of individual leaves of spring wheat (ium
aestivum L.) as influenced by temperature and ligtensity. Annals of Botany81:
141-149.

Brooking IR, Jamieson PD.2002 Temperature and photoperiod response of verniairzan
near-isogenic lines of whedtield Crops Researcir9: 21-38.

Brooking IR, Jamieson PD, Porter JR.1995 The influence of daylength on final leaf
number in spring wheakield Crops Researcld,l: 155-165.

Buck-Sorlin GH. 2002 L-system model of the vegetative growth of wirttarley Hordeum
vulgarelL.). In: Polani D KJ, Martinez T, eds deifth German Workshop on Atrtificial
Life. Lubeck, Germany, Akademische Verlagsgesellschaft GrnbH.

Casal JJ, Smith H.1989 The function, action, and adaptive significanE@loytochrome in
light-grown plantsPlant, Cell and Environment2 855-862.

Casey IA, Brereton AJ, Laidlaw AS, McGilloway DA. 1999 Effects of sheath tube length
on leaf development in perennial ryegrass (Loliuenepne L.).Annals of Applied
Biology, 134 251-257.

Chelle M, Liu S, Ney B. 2009 Which air temperature drives epidemiological esses of
fungal foliar wheat diseases at leaf scal@8sociation Francaise de Protection des
Plantes, 9eme conference international sur les thatades plantes, Tours, France, 8
et 9 Decembre 2009.

Dale JE. 1982 Some effects of temperature and irradiance owttrof the first four leaves
of wheat, Triticum aestivumAnnals of Botany50: 851-858.

102



Chapter 2

Darwinkel. 1978 Patterns of tillering and grain production of t@nwheat at a wide range of
plant densitiesNetherlands Journal of Agricultural Scien@& 383-398.

Dornbusch T, Andrieu B. 2010 Lamina2Shape - an image processing tool for goticéix
description of lamina shape tested on winter wijéaticum aestivuni.). Computers
and Electronics in Agriculture]0: 217-224.

Dornbusch T, Baccar R, Watt J, Hillier J, Berthelod J, Fournier C, Andrieu B. 2010a
Plasticity of winter wheat modulated by sowing dgiant population density and
nitrogen fertilisation: Dimensions and size of |éddédes, sheaths and internodes in
relation to their position on a steiffield Crops Researclfaccepted for publication
2.12.2011)

Dornbusch T, Watt J, Baccar R, Fournier C, AndrieuB. 2010h A comparative analysis
of lef shape of wheat, barley and maize using apimeal shape modelAnnals of
Botany Available online. doi: 10.1093/aob/mcq181.

Equiza MA, Tognetti JA. 2002 Morphological plasticity of spring and winter wdie in
response to changing temperatufasctional Plant Biology29: 1427-1436.

Evers JB. 2006. Tillering in spring wheat: a 3D virtual plant mdideg study. Tillering in
spring wheat: a 3D virtual plant modelling study.

Evers JB, Vos J, Andrieu B, Struik PC.2006 Cessation of tillering in spring wheat in
relation to light interception and red:far-red cathnnals of Botany97: 649-658.

Evers JB, Vos J, Fournier C, Andrieu B, Chelle M, Suik PC. 2005 Towards a generic
architectural model of tillering in Gramineae, asemplified by spring wheat
(Triticum aestivum)New Phytologist]166 801-812.

Fournier C, Andrieu B. 1999a ADEL-Maize: a crop model based on L-Systems.
Application to simulation of plant-to-plant comgetn. XVI International Botanical
CongressSaint Louis, Missouri (USA).

Fournier C, Andrieu B. 1999h ADEL-maize: an L-system based model for the iraégn
of growth processes from the organ to the canopypliéation to regulation of
morphogenesis by light availabilihgronomie 19: 313-327.

Fournier C, Andrieu B, Ljutovac S, Saint-Jean S.2003.ADEL-wheat: A 3D architectural
model of wheat development. In: Hu B-G, Jaeger Bl Bdoceedings of International
Symposium of Plant Growth Modeling and ApplicatioBeijing, China. 2003
Tsinghua University Press - Springer Verlag.

Francis D, Barlow P.1988.Temperature and the cell cycle. In: Long SP, Waardw-I eds.
Plants and Temperatur€ompany of Biologists: Cambridge. pp. 181-202.

Friend DJC, Helson VA, Fisher JE.1962 Leaf growth in Marquis wheat, as regulated by
temperature, light intensity and dayleng@anadian Journal of Botany}0: 1299-
1311.

Gallagher JN. 1979 Field studies of cereal leaf growth. I. Initiatiand expansion in relation
to temperature and ontogedpurnal of Experimental Botang0: 625-636.

Hay RKM, Kirby EJM. 1991 Convergence and synchrony-a review of the coatitin of
development in wheafustralian Journal of Agricultural Research?: 661-700.

Holmes MG. 1981 Spectral distribution of radiation within plararopies.Plants and the
daylight spectrum (ed. H. Smith). Academic Presadbn 147-158.

Hotsonyame GK, Hunt LA. 1997. Sowing date and photoperiod effects on leaf appea
in field-grown wheatCanadian Journal of Plant Sciencé&f: 23-31.

Jaffuel S, Dauzat J.2005 Synchronism of leaf and tiller emergence relatvgosition and
to main stem development stage in a rice cultikanals of Botany95: 401-412.
Kaitaniemi P, Room PM, Hanan JS.1999 Architecture and morphogenesis of grain

sorghum, Sorghum bicolor (L.) Moendfield Crops Researcll: 51-60.

103



Chapter 2

Kemp DR, Blacklow WM. 1982 The responsiveness to temperature of the extemnaies of
leaves of wheat growing in the field under diffdréavels of nitrogen fertilizer.
Journal of Experimental Botan$3: 29-36.

Kirby EJM. 1990 Co-ordination of leaf emergence and leaf and eptkprimordium
initiation in wheatField Crops Researcl25: 253-264.

Kirby EJM. 1992 A field study of the number of main shoot leaugesvheat in relation to
vernalization and photoperiodournal of Agricultural Sciencd,18 271-278.

Kirby EJM, Appleyard M, Fellowes G. 1982 Effect of sowing date on the temperature
response of leaf emergence and leaf size in bafkynt Cell and Environmeng:
477-484.

Kirby EJM, Appleyard M, Fellowes G. 1985 Effect of sowing date and variety on main
shoot leaf emergence and number of leaves of barldywheatAgronomie5: 117-
125.

Kirby EJM, Faris DG. 1972 The effect of plant density on tiller growth am@rphology in
barley.Journal of Agricultural Science, Cambridges: 281-288.

Lafarge T, Tardieu F. 2002 A model co-ordinating the elongation of all leawd# a sorghum
cultivar was applied to both Mediterranean and &ameconditions.Journal of
Experimental Botanyg3: 715-725.

Lafarge TA, Broad IJ, Hammer GL. 2002 Tillering in grain sorghum over a wide range of
population densities: Identification of a commowerhrchy for tiller emergence, leaf
area development and fertilitknnals of Botany90: 87-98.

Ledent JF. 1977 Anatomical aspects of leaf angle changes duringvip in wheat.
Phytomorphology26: 309-315.

Ledent JF. 1978 Changes in the angle and curvature of the uppsirieaves on winter
wheat.J. Agric. Sci., Camb90: 319-323.

Ljutovac S. 2002 Coordination dans I'extension des organes aérignsoaséquences pour
les relations entre les dimensions finales des egachez le bl&hD thesis, Institut
National Agronomique Paris-Grignon, Paris, France.

Louarn G, Andrieu B, Giauffret C. 201Q A size-mediated effect can compensate for
transient chilling stress affecting maize (Zea mdgaf extensionNew Phytologist,
187 106-118.

Lovell DJ, Parker SR, Hunter T, Royle DJ, Coker RR.1997. Influence of crop growth and
structure on the risk of epidemics by Mycosphaarghaminicola (Septoria tritici) in
winter wheatPlant Pathology46: 126-138.

Masle-Meynard J. 1981 Elaboration of ear number in a population of eintwheat
subjected to competition for nitrogen. I. Evidemée critical state for elongation of a
tiller. Agronomiel: 623-631.

Masle-Meynard J, Sebillotte M. 1981 Study of the heterogeneity of a winter wheat dtan
II. Origin of the different sorts of individuals the stand; factors allowing description
of its structureAgronomiel: 217-223.

Miglietta F. 1989 Effect of photoperiod and temperature on leafiahon rates in wheat
(Triticum spp.).Field Crops Researcl21: 121-130.

Miglietta F. 1991 Simulation of wheat ontogenesis. Il. Predictiages of ear emergence and
main stem final leaf numbeClimate ResearcH,: 151-160.

Pararajasingham S, Hunt LA. 1996 Effects of photoperiod on leaf appearance rateleaf
dimensions in winter and spring wheaBanadian Journal of Plant Sciences: 43-
50.

Poethig RS.1990Q Phase Change and the Regulation of Shoot Morplesie in Plants.
Science250 923-930.

104



Chapter 2

Poethig RS.2003 Phase change and the regulation of developmeimi@ig in plants.
Science301 334-336.

Prévot L, Aries F, Monestiez P.1991 Modélisation de la structure géometrique du mais.
Agronomie11: 491-503.

Robert C, Fournier C, Andrieu B, Ney B. 2008 Coupling a 3D virtual wheat (Triticum
aestivum) plant model with a Septoria tritici eprde model (Septo3D): a new
approach to investigate plant-pathogen interactilimsed to canopy architecture.
Functional Plant Biology35: 997-1013.

Skinner RH, Simmons SR.1993 Modulation of leaf elongation, tiller appeararared tiller
senescence in spring barley by far-red lighant, Cell and Environment,6. 555-
562.

Slafer GA, Connor DJ, Halloran GM. 1994 Rate of leaf appearance and final number of
leaves in wheat: effects of duration and rate adngfe of photoperiodAnnals of
Botany,74: 427-436.

Sparkes DL, Holmes SJ, Gaju O2006 Does light quality initiate tiller death in whéat
European Journal of Agronom#4: 212-217.

Spink JH, Semere T, Sparkes DL, Whaley JM, FoulkeMJ, Clare RW, Scott RK. 2000
Effect of sowing date on the optimum plant deneityinter wheatAnnals of Applied
Biology,137. 179-188.

Tivet F, Pinheiro BdS, Raissac Md, Dingkuhn M.2001 Leaf blade dimensions of rice
(Oryza sativa L. and Oryza glaberrima Steud.). fRalahips between tillers and the
main stemAnnals of Botanyg8: 507-511.

Whaley JM, Sparkes DL, Foulkes MJ, Spink JH, Semerel, Scott RK. 200Q The
physiological response of winter wheat to reducion plant densityAnnals of
Applied Biology137. 165-177.

Wilson RE. 1985 The role of the sheath tube in the developmengxpianding leaves in
perennial ryegras&nnals of Applied Biology,06 385-391.

Woodward Fl, Friend AD. 1988 Controlled environment studies on the temperature
responses of leaf extension in specie®a with diverse altitudinal rangedournal
of Experimental Botany9: 411-420.

105






Chapter 3

Modelling the effect of wheat canopy architecture s
affected by sowing density orbeptoria tritici
epidemics using a coupled epidemic-virtual plant
model

Annals of botany (published)







Chapter 3

Modelling the effect of wheat canopy architecture s affected by sowing
density onSeptoria triticiepidemics using a coupled epidemic-virtual plant
model

Rim Baccar?, Christian Fournier®* Tino Dornbusch'?, Bruno Andrieu?, David
Gouaché, Corinne Robert'?

1INRA, UMR 1091 EGC, F-78850 Thiverval-Grignon, Fcan
2 AgroParisTech, UMR 1091 EGC, F-78850 Thivervaleg@adn, France.
3 INRA, UMR 759 LEPSE, 2 Place Viala, F-34060 Motilipe, France
* SupAgro, UMR 759 LEPSE, 2 Place Viala, F-34060 Mefiier, France
>ARVALIS-Institut du végétal, Service Génétique evtection des Plantes, IBP-
Université Paris Sud, Rue de Noetzlin- Bat. 6301805 ORSAY CEDEX, France

* Corresponding author: Corinne.Robert@grignon.irfra

Abstract

» Background and AimsThe relationship betweeBeptoria tritici a splash-dispersed
disease, and its host is complex because of tlezacttons between the dynamic plant
architecture and the vertical progress of the disedhe aim of this study is to test the
capacity of a coupled virtual whe&eptoria tritici epidemic model (Septo3D) to simulate
disease progress on the different leaf layersdatrasted sowing density treatments.

* MethodsA field experiment was performed with winter whéat. 'Soissons' grown at
three contrasted densities. Plant architecture evesacterized to parameterise the wheat
model and disease dynamic was monitored to compdhesimulations. We defined three
simulation scenarios differing by the degree ofadewith which plant variability of
development was represented.

* Key ResultDespite architectural differences between dens#igtments, few differences

were found in disease progress; only the lower iletreatment resulted in a slightly higher
rate of lesion development. Model predictions wesasistent with field measurements but
did not reproduce the higher rate of lesion proagres the low density. The canopy
reconstruction scenario in which inter-plant vaitigbwas taken into account yielded the best
agreement between measured and simulated epideBirtsilations performed with the

canopy represented by a population of the sameag®eplant deviated strongly from the
observations.

» Conclusiondt was possible to compare the predicted and nmedsepidemics on detailed
variables, supporting our hypothesis that the aggras able to provide new insights into the
processes and plant traits that contribute to pigeenics. On the other hand, the complex and
dynamic responses to sowing density made it diffibn precisely test the model and to
disentangle the various aspects involved. This ccdu#¢ overcome by comparing more
contrasted and/or simpler canopy architectures siscthose resulting from quasi-isogenic
lines differing by single architectural traits.

Key words: crop architecture, modellingeptoria tritici wheat Triticum aestivumL.),
sowing density, 3D virtual plant model, plant-pagén interaction.
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Introduction

To limit pesticide use, one option is the use alpcarchitecture to promote disease
escape. Several studies have shown that some emtcingl traits allow escape by either
limiting pathogen contact with the host, or cregtian unfavourable environment for
pathogens, or limiting the ability of the pathodertrigger the infection process (Ando et al.,
2007). Indeed, architecture traits such as plastype (Saindon et al., 1995), growth habit
(Ando and Grumet, 2006) and plant height (Hiltonakt 1999) have been reported to be
critical factors in determining disease incidenseseveral crops. Disease severity has also
been shown to be influenced by the spatial distioibuof leaf area in the canopy (Schwartz et
al., 1978), the number of leaves (Jurke and Fema2@D8), as well as leaf shape (Gan et al.,
2007) and size (Ando et al., 2007).

For Septoria tritici wheat architecture can play a key r@eptoria triticiis a foliar
disease caused kWlycosphaerella graminicolaa splash-dispersed pathogen. It progresses
from the base to the top of the canopy when spameegncorporated in droplets resulting from
the impact of rain drops on sporulating tissuetheflower infected leaves. The relationship
betweersS. tritici and its host is dynamically complex and is comipiar#éo a race between the
vertical progress of the pathogen and the prodaationew leaves. According to Shaw and
Royle (1993), opportunities of escape exist du¢htolong latency period of the pathogen
compared to the time needed for internode extenglomove leaf blades of successive
phytomers sufficiently away (a phytomer is the nimipgical building unit of plant axes,
consisting of an internode, a node, a sheath dedfdlade). Several studies reported that tall
plants were less attacked By tritici (Tavella, 1978, Danon et al., 1982, Camacho-Casas
al., 1995, Simon et al., 2005). It has been suggdestat this could result from unfavorable
environmental and epidemiological factors due smpheight (Bahat et al., 1980, Scott et al.,
1985, Simon et al., 2005), or from linkage betweesistance and plant height (Scott et al.,
1982). A modelling study of light leaf spot, a sfladispersed disease (caused by
Pyrenopeziza brassicadhas shown that differences in leaf area distidioutresulted in
differences in the vertical progress of the disg&selaat et al., 2002). The vertical transport
of the pathogen is also tightly linked to the dis between healthy and infected organs. It
has been shown that the position of the healthylyn@merging leaves relatively to the
inoculum sources (soil or older diseased leavesjulatesS. tritici severity (Bahat et al.,
1980, Eyal, 1981, Scott et al., 1985). Lovell et(@P97) hypothesized that spore transfer to
the upper leaves is affected by the rate of stet@nsion: during stem extension, the distance
between young and old leaves becomes higher arsdtiieuplant may outgrow the disease.
Leaf posture also influences the proximity betwseuarces and receptors of the pathogen. For
instance, the tips of leaves that bend down amhdurfrom the emerging upper leaves than
those with an erect position (Lovell et al., 1997).

Cropping practices (e.g., nitrogen fertilizatiomwsng density and date of sowing)
influence disease development in many ways, inomdihe modification of canopy
architecture. However, these effects are irregatad interpretations may be controversial.
Regarding the effect of sowing density, severahaust have suggested that increasing density
enhanced foliar disease (Ando and Grumet, 2006, &aal., 2007, Jurke and Fernando,
2008). The density effect was attributed either the establishment of a favorable
microclimate such as higher relative humidity (Tdmmg et al., 1993) or to modifications of
canopy architecture. Pielaat et al. (2002) repottedl denser canopies increase the contacts
between leaves and thus facilitate the progresheotlisease through the canopy. According
to Broscious et al. (1985), the significant incee@s wheat tiller number with higher plant
density could favoM. graminicolaspore deposition. However, discrepancies concerthiag
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density effect are found in the literature. Pflaeged Mundt (1998) found only very little
effect of sowing density on disease developmenal £§981) reported that reduced plant
densities resulted in sparser canopies, which ase the probability that raindrops impact
on lower leaves, resulting in a faster diseaserngssgby splashing in less dense plant stand.
Ultimately, there are difficulties to identify atd understand the effects of cropping practices
on disease development. First, effects are irredudween years in terms of intensity and
direction. Second, the mechanisms that are likelyolved are complex and difficult to
disentangle. A modelling approach could thus bdulise better understand the role of crop
architecture in the effect of cropping practicesepidemic development.

To study the effect of crop architecture on disehggmics, one possible tool is the
use of coupled epidemic-virtual plant models. "Wait Plants” use morphogenesis rules and
geometric information to simulate the time cour§@D position of botanical entities. Room
(1996) proposed that by handling 3D information e development and growth of
individual plants and activities of the organismbiah live on them, these models should
allow representing in depth the interactions betwt® plant architecture and pathogen or
herbivore dynamics. Since that time, plant modeésseh progressed in realism and
functionality (Godin and Sinoquet, 2005, Vos et &010), however few examples exist
where they have been used to investigate the ctiens between plants and diseases or pests.
Wilson and Chakraborty (1998) used a virtual plambdel to quantify the impact of
anthracnose on the branching of a pasture leguater,Liwo plant models were proposed to
simulate theoretical movement of insects at theviddal plant and the field scales (Hanan et
al., 2002, Skirvin, 2004). More recently, virtualapt models were applied to two
pathosystems: grape-powdery mildew (Calonnec ¢2@08) and wheds. tritici (Robert et
al., 2008). The model of whe8&t-tritici (Septo3D) has been used to assess the influence of
architectural traits oi®. tritici development by varying separately each trait. Boigported
the view that the rate of plant development is gomiactor in determining disease severity.
However, until now, the model has not been validatéh detailed disease measurements.

In this study, we address the question whetherledugpidemic-virtual plant models
can capture and help us to better understand teeof@rchitecture in the effect of cropping
practices on epidemics. Here we study the examplthe® pathosystem whe&t- tritici,
focusing on the effect of sowing density. We aiint¢i develop a method for increasing the
realism of 3D wheat reconstruction, particularlyibgluding plant-to-plant variability (ii) to
test the model for its capacity to simul&etritici epidemics for different sowing densities
and (iii) to define to which extent the level ofcltecture description influences disease
simulations.

Materials and methods

1. Overview

A field experiment was performed in Grignon, Framc@008/2009 with winter wheat
(Triticum aestivunCyv. 'Soissons’) grown at three densities. Detaletlitecture and disease
measurements were performed along the growing se&ant measurements were used to
calibrate the plant model while disease measuresmertre used to evaluate the disease
dynamics simulated by the model Septo3D. We contpb#inece scenarios of simulation
differing by the degree of detail with which thesebved variability of architecture between
plants was represented.
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2. Modelling

2.1. Model description

The model Septo3D (Robert et al. 2008) combinegramic architectural model of
wheat, ADEL-Wheat (Fournier et al., 2003) with andgnic model ofs. tritici epidemic based
on Rapilly and Jolivet (1974). Starting from a givanitial state of infection, the model
simulates the lesion development and propagatiom fthe infected lower leaves to the
healthy upper leaves in a canopy. Epidemics resoih repeated successions of lesion
development resulting in spore production and spdispersal. In the model, canopy
architecture influences epidemics through the arhooin tissue available for lesion
development, which is driven by plant developmesmd through its effects on rain
penetration and infectious droplet distribution. déb outputs are the dynamics of green
(Syeen), apical senescentS(,) and diseased leaf blade areas distinguishing dmetw

green

incubating §,.), chlorotic (S

chlo

), sporulating §;,,), and emptied lesiony, ) tissues on

each leaf (Fig. 1a). To make the link with measuadables, we distinguished between
sporulating and emptied lesions located in the apsenescent part of the Ieasjg;

Ap
ands;;,

includes three modules, which deal respectivelyhwitanopy development, lesion
development and spore dispersal. Here we descie fomctioning of the three modules and
changes with respect to Robert et al. (2008).

) from those located in the green part of the I@Si,fe”andsfr;?f;). The model

(a) S

sen

Ap Ap Green Green
S:po + Sempty S.\'po + Sempty

(b)

= T ]
— V

NecAp NecLes

Figure 1. Scheme of (a) simulated disease variables by Septo3D and (b) measured disease variables

H . Green Green
on a wheat leaf. NecLesgen is calculated from model outputs as: (Sspo +Sempty)/Sgreen where

S;rfe” and Sf,:]f)fy” are respectively the sporulating and emptied lesions located in the green part of
the leaf S

green”

Canopy development

Canopy simulation is based on the model ADEL-Whehich simulates in 3D the
dynamics of appearance and extension of all vagetargans of a wheat canopy. Several
modifications have been made to the version desdrib Fournier et al. (2003): they allow
for a more flexible and detailed parameterisatibplant development and its variability in
the canopy. The present version of ADEL-Wheat tad®snput parameterisations of (i) the
rates of leaf appearance as a function of thermaé for several types of axes, (ii) the
individual thermal time course of senescence pssio@ on leaves on each axis, (iii) the
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tillering dynamics, and (iv) the geometry and disiens of mature plant organs. These
parameterisations can be given in the form of niwomleok-up tables so that no constrains
exist in the patterns they follow. In ADEL-Whedtgtrate of leaf appearance is used to drive
the extension of laminas, sheaths and internodeg esordination schemes (Fournier et al.,
2005). The concept is extended after flag leaf apgece by assuming that all durations are
stable fractions of the phyllochron value beforegfleaf appearance (the phyllochron being
the interval, expressed in thermal time, betwegpeagance or ligulation of two successive
leaves; (Wilhelm and McMaster, 1995). The meassetescence dynamic of leaves could be
directly used as input. Alternatively, senescenogession could be given at the shoot level,
using an index of progression: the Shoot Senesdedes (SSI) that represents the fractional
number of leaves senesced on an axis. The prognesssenescence within each leaf is then
computed with stable functions of SSI. Tilleringndynics are simulated from measured
probability of appearance and regression for pryntiélers and using the principle of cohorts
to extrapolate to secondary tillers. A cohort refier the set of tillers that emerge on a plant at
the same time. Tiller emergence is coordinated thiéhemergence of leaves on the main stem
so that the potential number of tillers in each arbtollows precisely a Fibonacci series
(Friend, 1965, Masle-Meynard and Sebillotte, 1984Asle, 1985). These authors and others
(Darwinkel, 1978) have reported that behaviour dfllar is highly related to the time of
emergence. In the model, it is assumed that titkéra same cohort behave identically: they
have the same properties of probability of emergearad disappearance, rate of growth, and
dimensions.

Lesion development

This module simulates the development of a lesitiar aleposition of a spore-
containing droplet on the leaf. Four stages aresidened: infection (spore germination and
penetration in the leaf), incubation, appearanckeattension of chloroses, and maturation of
chloroses into sporulating necrotic tissue (dutimg latency period). Infection and incubation
are assumed to occur only on green tissue. In SBpteach leaf blade is divided into small
regions called sectors in which we keep track stase development. At each time step, the
model computes in each leaf sector the area afldctt each stage of the infection cycle:
incubating, chlorotic, and sporulating.

Spore dispersal

Dispersal occurs when drops with sufficient kinegitergy hit sporulating surfaces,
and are splashed away into droplets carrying spdnethe model, splash occurs for rain
events with intensity above 0.5 mm/h, and the kineinergy of splashed droplets is
considered too low to allow re-splashing. Sporofgtlesions are considered empty after
having being exposed to rain three times.

For the simulation of spore dispersal, the canapyepresented as a horizontally
homogenous turbid medium and droplet transportimsulated between layers of the
vegetation as a function of the distance to theécgulrhe properties of the turbid medium are
derived from the 3D representation of the canopginRbenetration is computed using an
analogy with light penetration in a multi-layeradttid medium, and droplet transportation
and interception in analogy to light scatteringeTD representation of the canopy makes it
possible to calculate the density and orientatibrleaves in each layer and to assign,
afterwards, the intercepted droplets of a layeh&appropriate leaf sector.

More precisely, taking into account the density anéntation of vegetation in each
layer, the model first computes a global productdriroplets per layer, proportional to the
rain intercepted within that layer. The fractiondsbplets that contains spores is calculated as
the ratio between the sporulating area and thd &ota of that layer. A term of loss is
subtracted, that represents the evaporation odnadl droplets. Spore-containing droplets are
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emitted in all directions above the leaf surfabeytare assumed to move in straight line till a
limited distance and then to fall down verticalAdong their trajectory, droplets may be
intercepted according to density and orientatiorvegetation elements. The output of the
spore dispersal module is the number of spore-sontadroplets that have reached green
tissues and have not been washed away by theWaishing is calculated for each layer as a
function of rain intensity and duration.

Sowing density changes the time course of vegetatensity in each layer, which
impacts (1) the amount of rain intercepted in elagler and thus droplet production (2) the
interception of spore-containing droplets duringittupward and downward movements; and
(3) the loss by washing of intercepted spore-cairigi droplets. For example increasing the
sowing density may reduce rain penetration resyftinfewer droplets produced in the lower
leaf layers where active sporulating lesions anmgegaly abundant; this is referred to as the
"umbrella effect". However, for high density, onggore-containing droplets are produced,
there is a higher probability of interception ahdg of successful dispersal at shorter distance.
At the same time, the umbrella effect could alsamiess washing of the lower infected leaf
layers. These processes have contradictory eféextstheir relative importance will depend
on rain event intensity, on the vegetation pradihel on the initial contamination.

2.2. Epidemic model parameterisation

Parameter values of the dispersal model and tienlesodel were taken from Robert
et al. (2008, Tables 1 and 2). Only the latencyogewas given a slightly lower value of
310 °Cd.

Initialisation of disease in the model was the aibnificant change compared to the
version presented in Robert et al. (2008). Herns, dissumed that initial contamination on the
first lower leaves results from spore-containingpliets splashed from the soil. This was
represented using two parameteBs;osoi (M?/mM?), the fraction of soil surface covered by
infectious leaf debris an@insoii (°Cd), the duration during which this soil surfalbears
spores. Therefore, the amount and the interceti@pore-containing droplets from soil are
determined by the canopy architecture and thedotiems with rainfall. Parameters of the
initial infection conditions were adjusted so tisahulated infection of the three uppermost
leaves were in best agreement with field measurtsnend that the ranking of density
treatments for infection of the lowermost simulatedf (here leaf 6 counted from the top)
was as close as possible to the observed. Thefghy, was fixed to 1000 °Cd anfposoito
0.65 10" m2/mz,

2.3. Reconstruction of individual plant architecur

The model was parameterised for simulating theitecture of wheat plants of three
contrasted densities of a field experiment. Recansbns were performed for each density
and for each type of plants differing in final nuentof leaves (referred tieos modality).
Rates of appearance, growth and senescence of plgans, tillering dynamics and
dimensions of mature organs of the main stem amuapy tillers were based on field
measurements and those of secondary tillers wéreritad from the primary tillers of the
same cohort. Leaf curvature was not measured dauimgexperiment. It was parameterised
based on data from a previous field experimentiedrout with the same cultivar. To
compute the dates of leaf appearance on the mam ahd on primary tillers, we fitted a
linear model on the data of leaf collar appearamcethe Haun Stage (HS: decimal index for
the number of liguled leaves; Haun, 1973) and actmred a delay of 1.6 HS between leaf
emergence and collar appearance (Fournier et@05)2The progression of senescence was
estimated at the shoot level using the SSI and AlHIeat default functions until leaf 4
(counted acropetally from the first true leaf), anding spline functions fitted to the
measurements for upper leaves. The measuremetiie oimber of active main stem tillers
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were used to fit a tillering dynamic model usingset of approximations derived from
literature. The Fibonacci sequence was used taileddcthe potential number of secondary
tillers, and their probability of appearance was/egi the value measured for the
corresponding primary tiller. The calculation waalidated for the maximum number of
tillers. We assumed (and verified in our data foe fiirst two primary tillers) that the
emergence of a tiller n is synchronous with the rggerece of leaf on phytomer n+3 (Masle-
Meynard and Sebillotte, 1981). The senescencdlefstivas simulated assuming that (i) the
tiller regression takes place at a constant rateglstem extension and (ii) tillers regress by
cohorts, in the reverse order compared to theieaggmce. When a tiller starts to regress, it is
still represented in the model for 4009gdvithout producing any new leaf, then disappears.

2.4. Canopy reconstruction with different levelplaint variability

Three scenarios of canopy reconstructiop,(& and $) differing in the level of
description of plant architecture variability weatefined. In $, the canopy is represented by
cloning a mean plant without considering any valitghb whereas in $and & canopies are
composed of two types of plants differing in thigital number of leavedNEay). In Ser, the
variability of timing of development between plamsalso taken into account (all plants are
unique). The latter scenario is the more realetid is considered as the reference.

To get average values for;,Sorgan dimensions, rate of organ appearance and
senescence were computed for each phytomer as the&n nof measurements for
corresponding phytomers counted from the top otdrpy. The final number of leaves on a
tiller axis was given the most frequent value faatttype of tiller. In scenarios, &nd &y, the
architecture of the plant representing elighs modality was computed from the average of
measurements for all plants that produblg; leaves. Each modality was represented in the
proportions observed in the field. FogSthe plant-to-plant variability of development was
represented by variability in the date of seedkngergence. It was represented as a normal
distribution with standard deviation equal to thaasured for Haun Stage. In the model, a
population of 10 plants was created to capturevargbility, each plant corresponding to a
decimal quartile of the normal distribution. Thenalated leaf area index of the three density
treatments was similar between the three scen@figs2). Scenarios are used to test how the
level of detail in the description of plant-to-plavariability of development influences
epidemic simulations.

Figure 2. Simulated leaf area index
< 6 e D1 (LAI) vs. compensated thermal time
£ / \\ D2 since seedling emergence for the
T 50 / \ ——— D3 canopy of winter wheat Cv. 'Soissons'
> al I\ grown at three densities. D1: 59, D2:
S / \ 160, D3: 406 plants.m™. Simulations
c / . . )
= 3l /. N are for the scenario that takes into
o / N account plant-to-plant variability —of
b N .
& 2 // N development and number of final
e / A phytomers (Syey)-
= 1 ] A\
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3. Field experiment

3.1. Treatments and experimental design

The field experiment was carried out in 2008/200%ha unit research of INRA at
Thiverval-Grignon near Paris, France (48°51'N, 1E)&n a silty loam soil. The previous
crop wasVicia faba Winter wheat,T. aestivunCyv. 'Soissons' was sown on 17 Nov. 2008 at
three sowing densities: low (D1: 77 plant&)mstandard (D2: 228 plants?nand high (D3:
514 plants.i). At seedling emergence, actual plant densities wespectively: 60, 160 and
406 plants.if. Each density treatment was sown in 3 paralletsplpproximately 80 m
length and spaced 0.2 m from each other. Eachwastfurther separated into two parts for
fungicide treatments: treated (T) and non-treatéd)( separated by a 10 m distance. Each
plot consisted of nine rows of plants with an i@ distance of 0.175 m. The two external
rows on each side of the plots were not used fasmmements. The soil nitrogen content was
measured to be 70 kg hat the end of January, and fertilization was adjfiifollowing
recommendations for high yielding crops (Table Ai. irrigation system was installed to
complement natural rainfall when needed. Weeds werdrolled by herbicide application
(Table 1). Three fungicide treatments were perfarime the treated part of the field 470, 860
and 1580 °Cd after seedling emergence, correspordifiaun Stage HS = 4 and HS = 8 for
the two first applications and to grain filling ftre last.

Table 1

Dates, products, active agents and doses of different agronomic applications performed on winter
wheat Cv 'Soissons' grown in Grignon in 2008/2009 at three densities. D1: 59, D2: 160, D3: 406
plants.m™ under two fungicide treatments: treated (T) and non-treated (NT).

Treatment Date Product Active agents Dose
Herbicide 26 Aug. 2008  Roundup Max 480 Acid glyphosat Zhal.
(on Tand NT) 30 Apr. 2009 Bofix Fluroxypyr 2.5 .ha"
Clopyralid
Fungicide 2 Apr. 2009 Input pack Prothioconazol 0.8tha
(on T only) 5 May 2009 Opus team Epoxiconazol 1.51l.ha-1
Fenpropimorph
23 June 2009 Soleil Bromuconazol 1.2*ha
Fertilization 9 Apr. 2009 Ammonium nitrate 80 kg.h&d
(33.5%)
(on Tand NT) 6 May 2009 Ammonium nitrate 50 kg.hd (D1)
(33.5%) 120 kg.ha (D2,
D3)

3.2. Field measurements

Measurements for plant model calibration

Architectural measurements used to calibrate tltpmodel were performed on
plants from the fungicide treatment (T). In eaclngiy treatment, 20 plants were tagged to
monitor weekly the Haun Stage on the main stemangrimary tillers. At five occasions
during crop growth, 15 plants previously taggedemdissected to measure the dimensions of
all mature organs. Lamina images obtained withaglfed scanner were processed using the
program Lamina2Shape (Dornbusch and Andrieu, 261@pmpute blade lengthy,j, width
(Wp), and areaAp). In addition, lengths of sheathigy and internodesli{) were measured
with a ruler. Distance from the shoot base to &deHar (h.,) was computed as the sumlgf
below the considered leaf plus thgof that leaf. Final leaf number on the main stéiaf
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and number of tillers per plant were also recordedaddition, all the tagged plants from
treated and non-treated plots (60 plants per dgnsgére used to determine the total number
of leaves per axis in each density.

Some measurements were duplicated on non-treatedsplio insure that they were
consistent with those of treated plants. HS wassomea both on T and NT plots on 20 plants
on 3 Apr. 2009 and on 30 plants on 30 Apr. 200%fh density treatment. Measurements of
Ish on 20 plants picked randomly from each densityNdnplot were carried out at a single
sampling date (11 May 2009).

Disease and senescence measurements

For both T and NT plots, 30 plants were taggedaichedensity treatment to monitor,
on the true leaf rank, the dynamics of apical segese andS. tritici necrotic lesions.
Measurements began on 15 April 2009 and were paddronce or twice each week, which
corresponds to an interval of 80-100 °Cd. Startinidp leaf 5 counted acropetally, each leaf
was measured at least 4 times during its lifesppam. each leaf of the tagged plants, we
recorded the proportion of total leaf area occupgdl) apical necrosidNecAp (bearing
pycnidia or not) and (2) b$. tritici necrotic lesions located in the green part of |dad
(NecLe}$ (Fig. 1b).

From these measurements, two variables were usgestibe thé. tritici epidemic:
the proportion of total necrotic leaf area and pheportion of lesions in the green part of the
leaf (NecLesgreen). The total necrotic leaf blade area was compatedhe sum of measured
areas occupied b$. tritici lesions NecLe¥ and of the apical necroseBlgcAp. Lesion
development was characterized as the proportidasidn surface area in the green part of a
leaf (NecLesreen. ASsuming that the fraction of tissue occupiedidsions was the same in
the apical region as in the rest of the leaf, tlegprtion of lesions in the green part of the leaf
was calculated as:

NeclLeg,..,= NecLes 1= NecAp "
whereNecLesandNecApare the fraction of the total leaf area occupigchbcrotic lesions
(assessed in the green part) and by apical necespsctively.

The green leaf area decreases when the leaf sensscthat the proportion of lesions
becomes increasingly difficult to estimate. TheigatbrNecLegcenis reliable only as long as
apical necrosis and necrotic lesions do not mergéhe leaf. For that reason, only the first
stage of lesion development was used to compalesmitulations.

Meteorological measurements

Air temperature at 2 m height, amount of rainfallmillimetres and relative humidity
were monitored hourly over the growing season ateather station 500 m from the field.
Soil temperatureTi,) at 3 cm deep was measured within one row of thes pf density
treatments D1 and D3 from sowing until startingast internode elongation. No differences
were found between density treatments so measutemere averaged to represent soll
temperature regardless of the density.

3.3. Data analysis

Calculation of thermal time

Linear thermal timel{,°Cd) based on air temperature was used to drivelyhamics
of S. tritici. Linear thermal time is computed assuming a limeaponse to temperature above
a base temperatuilg (taken 0°C here):

_1 _
M= 24izmax@!Tair Tb) (2)
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wherei is the number of hours elapsed after seedling ganee andy;; is the hourly-
averaged air temperature.

A non-linear thermal timel'Cc) based on growing zone temperature was usedwve dr
wheat development. The growing zone temperatlipge Was assumed to be equal Te
before internode elongation thenTig. Non-linear thermal tim&. was computed based on a
modified Arrhenius equation that describes a noadr responsig(T) of biological processes
to temperature (Johnson and Lewin, 1946). Applidgbiof this equation to plant
development was established in Parent et al. (2808)calibration for wheat is presented in
Baccar et al. (2010). Here the temperature sunxpsessed in °Cgls (Trer is a reference
temperature that can be chosen arbitrarily) amdlsulated as:

Tet « F(T,)
ey ®3)
24 75 F(Te)
wherei is the number of hours elapsed after seedling genee, T, is the average hourly

plant temperature ante is the reference temperature. We chdge= 12°C, which is close
to the average temperature during the wheat grossagon.

Convention for leaf numbering
To express the kinetics of disease, we referrddabnumber counted from the top of
the canopy, starting with 1 for the flag leaf.

Statistical analysis

Means and standard errors were calculated forhallnteasured and derived disease
and architectural variables. The significance ffiedences in the stage of development and in
sheath lengths between T and NT plants were tasiew the non-parametric Mann and
Whitney test for samples < 30 and the studentttftessamples> 30 (Georgin and Gouet,
2000).

4. Disease simulations and test of Septo3D

Simulations of lesion development were run witheéhrscenarios of canopy
reconstruction. The proportion of lesion in theggrgart of the leaved\ecLes,..,,) was used

to compare field measurements to model simulatidhs indicator is an accurate estimate of
disease in the early stage of leaf infection. Amieasure for the deviation from a 1:1 line
between measured and simulated disease variablegsee the root mean squared error
(RMSE).

Results

1. Effect of density on plant architecture and develoment

1.1 Comparison between treated and non-treatedtplan

The mean values of Haun Stage measured on 3 aAgpr3@2009 were found similar
for treatments T and NT with no significant diffeoes at the level of 0.1 (Table 2). For
dimensions, the average length of sheaths 6, Bdodunted acropetally) was found lower by
0.5 to 1.5 cm for treated plants (Table 2). Thafferénces were in the range of the standard
deviation with each treatment, and in most of thees were not significant at the level of
0.05. Thus, we considered that T and NT plantsndiddiffer in their development or organ
dimensions.
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Table 2

Mean values and standard errors of Haun Stage (HS) measured at two dates (3 and 30 Apr. 2009)
and sheath length (Ish) for main stems of winter wheat Cv. 'Soissons' grown in Grignon in 2008/09 at
three densities. D1: 59, D2: 160, D3: 406 plants.m™ under two fungicide treatments: treated (T) and
non-treated (NT). Numbers between brackets following ls;, correspond to the phytomer rank counted
from the base of the shoot. Numbers followed by the same letter are not statistically different at the
level of a=10% across columns.

D1 D2 D3
HS NT 5.33+0.25 5.09+0.35 4.92+0.44F

(3 Apr. 2009) T 5.160.3 5.00+0.4 4,58+0.17
HS NT 8.84+0.23 8.63+0.17 8.23+0.23

(30 Apr. 2009) T 9.08+0.3" 8.5+0.3 8.2+0.21%
lsn (6) NT 10.42+1.18 10.56+0.77 7.97+0.49F

T 10.17+1.2F 9.09+1.43 7.64+0.6%
lsn (7) NT 13.03+1° 13.37+1.43 10.61+0.77
T 12.90+1.02 11.88+1.18 10.10+0.66
lsn (8) NT - - 13.70+0.94
T - - 12.91+0.97

1.2. Final leaf number and phyllochron

The total number of leaves produced on the maim gbdes7) varied from 9 to 11
among plants at all densities. The proportion @nfd with a giverN,e4s varied between
densities (Table 3): low density treatment D1 prmtlivery few plants with 9 leaves and
similar proportions of plants with 10 and 11 leg@2 had almost exclusively plants with 10
leaves and D3 produced a majority of plants witle@®ves and a bit less than half with 10
leaves. Thus the mean value y,s decreased with increasing density

The phyllochron of a plant was negatively corredatgth Nieos (Baccar et al., 2010).
For a givenNeq, phyllochron did not depend on plant density. Hogve as the proportion of
plants with highNess decreased with increasing densities, the averhgkophron increased
accordingly, from 98 °Cdin D1 to 117 °Cgbin D3 (Fig. 3a).

Table 3

Proportions of final leaf number on main stems of winter wheat Cv. 'Soissons' grown in Grignon in
2008/09 at three densities. D1: 59, D2: 160, D3: 406 plants.m'2 under two fungicide treatments:
treated (T) and non-treated (NT). Total number of plants for each density = 60.

D1 D2 D3
Nieat = 8 0.05
Niear = 9 0.03 0.08 0.63
Njeas = 10 0.52 0.89 0.32
N|eaf =11 0.44 0.03

1.3. Organ dimensions

A detailed description of organ dimensions measuréhdis experiment is presented in
Dornbusch et al. (2010). Here we summarize thesdtssthrough two synthetic variables that
illustrate the differences in the shoot architeetbetween population density treatments: the
leaf blade areaA;) and the height of leaf collahg). Both A, and h, varied between
density treatments and betwelR, modalities. Few or no differences were observed fo
lower phytomers whereas differences existed for 4hepper phytomers, i.e., those with
elongated internodes. For the saMgy;, A, was higher for lower density wherelag, was
higher for high density (Fig. 3c, 3d}y differed increasingly between density treatmenth w
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lower leaf rank counted from the top. Hence, théerince ofA, between D1 and D3 was
respectively 3 % and 65 % for leaf 3 and leaf llla&deighth.y increased approximately
linearly with decreasing leaf rank counted from top and the difference between the
densities was constant along the shoot (2-4 cmi).aFgiven densityA, and he were
increased at higha¥iea. Only A, of the flag leaf was reduced at hitis modality. Finally
these effects resulted in slightly taller plant8 ¥5.50 cm for the height of flag leaf collar)
with larger blade area (106.66 cm? for cumulated area of blades 1-4) in D1 pared to
D3, with intermediate values for D2.
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Figure 3. (a) Mean Haun stage of main stem and (b) number of axes per square meter vs.
compensated thermal time since seedling emergence (c) Mean blade area and (d) height of leaf collar
vs. phytomer rank counted from the top. Data are for main stems with 10 leaves of winter wheat Cv.
'Soissons' grown in Grignon in 2008/2009 at three densities: D1 (o), D2 (V) and D3 (o). D1: 59, D2:
160, D3: 406 plants.m™. Error bars mark the 95% confidence intervals when larger than the size of the
symbol. The vertical dashed line corresponds to the date of flag leaf ligulation.

1.4. Tillering dynamics

In wheat the number of actively growing tillers ieases up to a maximum, then
remains stable and finally decreases during stemgakion. The number of actively growing
tillers at the very beginning of stem extensioraigood estimate of the maximum reached.
Here it was respectively 8.2, 4.2 and 3.1 axestdlanD1, D2 and D3 which corresponds
respectively to 542, 896 and 1461 axes/m? (measkBO’Cd, after seedling emergence at
HS = 7.5-8). The final number of axes was estimatddarvest (2270 °Gg by counting the
number of ears: there were 6.2, 2.5 and 1.3 axad/péspectively for D1, D2 and D3 (Fig.
3b), corresponding respectively to 359 +16, 458a60 557+33 axes per m2.
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2. Plant-to-plant variability of development

Measurements of Haun Stage performed 30 Apr. 200B® plants per density
treatment were used to assess the plant-to-plamstoey of development and parameterise it
in scenario g:. We first pooled data by groups of plants thatdpieed differentNieq;, and
study the dispersion of HS around the mean of gachp. Calculated standard deviations of
HS were similar for all groups in all treatmentet{een 0.54 and 0.77). Therefore, a unique
normal distribution of HS with a standard deviatmn0.65 was used in the parameterisation

(Fig. 4).
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Figure 4. Frequency of classes of plant development. Each class is made of plants quasi-
synchronous in development; the x axis represents the delay (in Haun stage) between a class and the
mean calculated over all plants. Measurements were performed the 30 Apr. 2009 for winter wheat Cuv.
'Soissons' grown in Grignon in 2008/2009; plants from three density treatments: D1, D2, D3 are
pooled together. The line represents the normal distribution of the dispersion of Haun stage used in
the parameterisation of the scenario S, D1: 59, D2: 160, D3: 406 plants.m'z.

3. Disease development

3.1. Pattern of total necrosis development

The total necrotic area within a leaf blade progeésat a low rate up to the time when
15-20% of blade area was necrotic, then at a &st approximately constant up to total leaf
death (Fig. 5a). Necrotic tissues appeared on saseeleaf layers according to an acropetal
sequence, from lower to upper leaves. However, tilne interval between necroses of
successive leaves was much longer for lower leélv&3-270 °Cd) than for the upper leaves
(70°Cd). This pattern occurred similarly in treatadl non-treated plots, but was hastened in
the absence of fungicide treatment: starting freaf layer 4 (counted from the top) in D1 and
D3, and leaf layer 6 in D2, leaf life span was stoed by 50 to 170 °Cd in the absence of
fungicide compared to treated plots (Fig. 5b). Teilects a moderate epidemic. Yield was
high and similar in treated and non-treated pl6is-4, 72+2 and 74+4 g.Hdor respectively
D1, D2 and D3).
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Figure 5. (a) Total necrotic leaf area vs. linear thermal time since seedling emergence, for leaves 1
(0),2(V),3(m), 4 (+),5(A) and 6 (e) counted from the top of main stem of wheat plants non-treated
with fungicide; (b) Total necrotic leaf area vs. linear thermal time for leaves 1, 2, 5 and 6 of main stem
from wheat plants non-treated (solid line, filled symbols) and treated (dotted line, open symbols) with
fungicide. Data are for winter wheat Cv. 'Soissons' grown in Grignon in 2008/2009 at an intermediate
density D2 (160 plants.m'z). Vertical dashed lines correspond to dates of fungicide treatment.

3.2. Effect of density treatment on lesion devepm

Lesion development was characterized as the piopaof lesions in the green tissue
of a leaf blade. To compare between leaves ofréifiteranks, or of same rank between plants
that are not synchronous in development, we usedinas origin the moment of leaf
emergence. A leaf can be infected as soon as itgemend the time interval between leaf
emergence and lesion development reflects the giminnfections for that leaf. Comparison
between density treatments are presented firsiegblot level by averaging over all plants: in
this case the average lesion development measorezhth leaf rank was plotted against the
thermal time since the average date of leaf emem@rig. 6). Second, we separated within
each density treatment between plants with diffefieal leaf numberNieas) (Fig. 7).

Figure 6 shows the pattern of lesion developmentife six upper leaves (humbered
from the top) for the three density treatmentseath leaf layer, lesions appeared almost
simultaneously in all density treatments. For lsa§eand 5, lesions appeared starting around
400°Cd after leaf emergence, suggesting favouratelitions of infection shortly after leaf
emergence (latency period 8f tritici being around 300-400°Cd). Lesion appearance was
delayed on upper leaves (between 600°Cd and 70023y appearance of the first lesion
on a leaf, lesion area progressed similarly inttneats D2 and D3, while the rate of
development was higher in D1. Lesion developmend Wmus similar in the three density
treatments, except for the faster rate of developnmethe low density treatment D1.
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Figure 6. Dynamic of necrotic lesions of Septoria tritici vs. linear thermal time since the mean date of
leaf emergence, for main stem leaves 1 to 6 (counted from the top) of winter wheat Cv. 'Soissons'
grown in Grignon in 2008/2009 at three densities: D1 (o), D2 (V) and D3 (o). D1: 59, D2: 160, D3:
406 plants.m'z. Error bars mark the 95% confidence intervals.
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Figure 7. Dynamic of necrotic lesions of Septoria tritici vs. linear thermal time since the date of leaf
emergence, for leaves 1, 3 and 5 (counted from the top) of main stem (a) for plants with Nies = 9 (D)
and Nie,s = 10 (m) grown at a high density D3 (406 plants.m'z) (b) for plants with Njgos = 10 grown at
three densities: D1 (o), D2 (V) and D3 (o). D1: 59, D2: 160, D3: 406 plants.m™. Data are for winter
wheat Cv. 'Soissons' grown in Grignon in 2008/2009. Error bars mark the 95% confidence intervals.
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For each density treatment, we investigated lederelopment separately for plants
differing by the final leaf number on the main stedverall, within each density treatment,
there was no noticeable difference in the pattétesion development between the groups of
plants (Fig. 7a). Thus, differences in the datdeaf emergence, and the slightly shorter
phyllochron for plants with higher number of leavesd no noticeable effect on disease
progress. We also compared lesion development ketwlensities considering only plants
with the same number of leaveNif; =10 that could be found in the three treatments)
(Fig. 7b). The differences between density treatsyerere very similar to those found when
all plants were considered.

Altogether these results indicate that (i) no gfralifference in lesion development
between the three density treatments was obseealants from the same treatment, but
differing in final leaf number showed the same dssedevelopment in the upper leaves and
(i) the lowest density resulted in slightly stger disease development compared to the two
other densities but this did not result from thghler number of leaves in this treatment.

4. Disease simulations

4.1. Simulations of lesion development with theregfce scenario Sref
Figure 8A shows measured and simulated kinetidssodns NecLeg .., for leaves 1

to 6 with scenario of canopy reconstructign. Simulations were similar for the three density
treatments. The onset of fast lesion developmend yeedicted to take place nearly
simultaneously in all treatments, consistent withservations. The simulated increase in
lesion development was consistent with field obsegowns for the intermediate (D2) and high
(D3) density treatments. However, the model did megroduce the higher rate at which
lesions extended in treatment D1 compared to D2&#hd~igure 9 illustrates how the model
simulated the earliest detectable signal of leslemelopment (estimated as the time when
NecLegreen= 0.5% of blade area). This was correctly predidte leaves 1, 5 and 6, but was
underestimated by approximately 250°Cd for leaves @1d 4. On leaves 2 and 3, the model
predicted appearance of a small lesion area, regjaD0°Cd after leaf appearance, but
increasing with a low rate. Given the latency pa&ri810°Cd in the model), this corresponds
to a very limited infection predicted to have takdace shortly after leaf emergence. Field
observations did not detect such small amount 0§ ecrotic lesions. This could be either
because they were too small to be seen or becaodel prediction of an early infection was
not correct. In the case of leaf 4, the simulateded of first lesions was followed by a
significant development of the simulated lesionstisat here model clearly deviated from
what occurred in the field. Differences betweeldfigata and simulations were important for
leaf 6; in this leaf, the timing of first lesion @garance was similar between simulations and
field measurements (approximately after 500°Cd}, the rate of lesion development was
underestimated in the simulation. This differencasvguantitatively stronger for the low
density treatment D1 with more than 10% differeaté20°Cd after leaf emergence. This
was true also for leaf 7 (not shown since few mesmants were available).
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Figure 8. Predicted (lines) and measured (symbols) dynamic of necrotic lesions of Septoria tritici vs.
linear thermal time since the average date of leaf emergence of leaves 1 to 6 (counted from the top)
for wheat main stem for three scenarios of simulation differing in the degree of architecture
description: (A) scenario S, (B) scenario S; and (C) scenario S,. Simulated canopy is represented by
the mean plant in scenario S;, by two mean plants differing in their final leaf number in S, and by
plants differing in their final leaf number and stage of development in S, Data are for winter wheat
Cv. 'Soissons' grown in Grignon in 2008/2009 at three densities D1 (o, solid line), D2 (V, dotted line)
and D3 (g, long dashed line). D1: 59, D2: 160, D3: 406 plants.m™. Error bars mark the 95%
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To give an overall impression of the model fituiig 10 shows the difference between
simulated and observed lesionSle€Les ) for leaves 1 to 6, for the three density
treatments, as a function of the leaf age. The RM&lkes calculated for leaves 1-6 pooled
are very similar and low for the three treatmet9Z9, 0.028 and 0.027 for treatments D1,
D2 and D3, respectively). However, simulation esrancreased for higher leaf age. This
could reflect that the decrease in the amount e¢gitissue (due to apical senescence) results
in a lower accuracy in both the simulated and meabkproportion of lesiondNEecL&Ggeer) iN
these tissues. Moreover, during fast lesion deveép a small error in the predicted timing
of development corresponds to a large differendberamount of lesions at a given time. The
comparison is most meaningful before 900°Cd, winenet is more than 50% of green tissue.
During this period, the points for treatments D2 &8 are centred on zero, indicating that
there is no overall bias, whereas for treatmentti2lmodel underestimates the disease.
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4.2. Effect of the canopy reconstruction scenanioshe disease simulation

The model run with the three scenarios of canopgnstruction g, $ and 3 (Fig.
8A, B and C) showed differences in simulated epidemmostly on the two upper leaves and
mostly between the two extremegs&nd 3 i.e., when comparing between taking into
account the interplant variability of developmentaloning a same mean plant without any
variability. Besides, small differences in the tigiof lesion appearance were observed
between the three scenarios.

Simulations with & did not show much change compared tg. & is noticeable
however that the ranking of the treatments withardg to the epidemics was changed:in S
the ranking of simulated necrotic development wdsMDP>D3 whereas in £ the model
simulated a slightly higher level of necrotic demhent in D2, compared to D1 and D3.

More important differences were observed betwegna®d 3. In S, differences
between density treatments in the simulated led@mrelopment increased and became large
for leaves 1 and 2. For these leavesreSulted in a strong hierarchy of lesion developime
between density treatments, (D2>D1>D3) that did match the field observations. It is
noticeable that Seven predicted that the disease will not reach lem the high density
treatment D3. Scenariq 8lso yielded "stairs" shaped curves.

Discussion

In this study, we tested the capacity of a coupkatual wheatSeptoria tritici
epidemic model (Septo3D) to simul&e tritici progress on the different leaf layers for three
contrasted sowing density treatments. For thisfisseexperimentally characterised the plants
to parameterise their description in the model.nTkee compared the simulated and observed
epidemics. Despite the contrasted canopy structtinese were few differences in disease
progress between treatments: only the low densgtment resulted in a higher rate of lesion
development. Simulating lesion development usirgy ¢anopy reconstruction that includes
plant developmental variability 5 yielded the best agreement with field measuremédnt
particular, the model predicted lesion onset orhdager to take place simultaneously on all
treatments which was consistent with observatibtmsvever, simulations did not reproduce
the higher rate at which lesions developed in thedensity treatment.

Originalities of the field experimental design

One of the originalities of our experiment is thghhlevel of detail with which both
plant architecture and disease dynamics were megslirresulted in the acquisition of an
original dataset. Compared to the few existing lsinstudies (Evers et al., 2005), architecture
characterisation here included two novel aspecisthé characterisation not only of axis
development but also of tiller regression and k&fescence and (ii) the characterisation of
plant-to-plant variability in terms of seedling emence, number of axes, number of
phytomers and correlations with the size of maplmgomer components. We also monitored
in detail the development &. tritici on each leaf. It is not always possible to distisly in
the field necrosis due to the lesions (that showna) from those due to monocarpic
senescence (Robert, 2003, Royle et al., 1986hdriiterature, two types of assessments can
be found: either based on the lesions containingnigya (Lovell et al., 2004b, Shaw and
Royle, 1993), or based on the total area of nectssues (Robert et al., 2004, Bancal et al.,
2007). Here we use the area of necrotic lesionthengreen part of the leaf blade, which
allowed for an accurate characterisation of théyesaage of infection of each layer.
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Density effect on architecture

The three sowing densities resulted in varied #&chire dynamics. The effects
observed are in line with those described in previstudies on the effect of sowing density
for wheat (Evers et al., 2005, Ljutovac, 2002). @hag sowing density was partially
compensated by regulation in (i) the number oénd) (ii) the dimensions of leaf blades in
upper phytomers and (iii) the lower total numberledves formed on an axis for higher
densities. However, compensation took place pregrely and was not complete even at
flowering. At the onset of stem extension, the ltotamber of axes per square meter was
respectively 542 and 1461 for D1 and D3. At flowgriit was respectively 359 and 557.
Thus, the environment of development of individpints and pathogen differed between
treatments.

Density effect on epidemics

Irregular intervals between kinetics of total neicrolesions were observed for
successive leaf layers for the three density treatsa Robert et al. (2004) reported that the
death of successive wheat leaves infected Soytritici occurred at regular intervals,
corresponding to one phyllochron. This regularigsults from very favourable climatic
conditions that cause infection of leaves justraléaf emergence. In our experiment, the
unfavourable environment could have resulted iegutar timing of infection of successive
leaves.

Contrasted effects of sowing density on foliar dg#s have been reported: increasing
densities may enhance epidemics (Tompkins et .3,JAndo and Grumet, 2006, Gan et al.,
2007, Jurke and Fernando, 2008); have little ef(@fteeger and Mundt, 1998); or even
reduce epidemics (Eyal, 1981). Fartritici, increasing plant density was reported to enhance
epidemics by several authors (Broscious et al.519®mpkins et al., 1993, Ansar et al.,
1996, Ansar and Leitch, 2009). Howe\&r tritici increased only up to some threshold in
plant density, above which either no further efféshsar et al., 1996), or a decrease in
disease severity was observed, even to a levelwbtiat observed at the lowest density
(Ansar and Leitch, 2009). In a field trial carriedt by Broscious et al. (1985), only 5 out of
13 trials showed a significant sowing rate effetS tritici severity, one of which was a
decrease. In our experiment, the different densagtments resulted in similar epidemics,
except for a slightly higher rate of lesion devet@mt in the low density. This higher rate of
development was observed from leaf 6, a rosetfe dea persisted throughout the season on
the upper leaves, suggesting that the density tefésulted partly from interaction between
architecture and climate during the winter, i.eg tosette stage. The potential importance of
the winter period for the resulting epidemic maysibly be linked to two characteristics of
our experiment: the late sowing date reduced thatidun during which rosette leaves could
be infected, and the rather unfavourable environat@onditions forS. tritici during the stem
extension may have given a strong importance fereiices established in the rosette leaves.

Two processes may have contributed to the higherade development observed in
the rosette leaves in the low density treatmene 3jparser canopy may have (1) induced a
higher rain penetration and thus a stronger comatoin from the soil, and (2) resulted in a
higher number of spores deposited per unit of &ah. Assuming that during a rain event
spores on the soil are splashed until they aresigabon a leaf, an equal amount of spores is
then divided by a smaller leaf area for less deresgetation. This is consistent with Eyal
(1981) who reported that the raindrop-splashingafivas increased in less dense crops
leading to earlier and faster pathogen progress.

Finally, it is also possible that the physiologisttus of the leaves and in particular
the leaf nitrogen content played a role in theedéhce in disease development between the
density treatments. This effect is suggested becanghe one hand, leaf nitrogen dynamics
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likely differed between density treatments, asdbetent of nitrogen usually decreases rapidly
in leaves and shoots of seedlings grown at higlside(Sasaki and Toriyama, 2006, Ansar
and Leitch, 2009) and on the other hand, foliaroleslevelopment has been found to be
influenced by the leaf nitrogen content (Leitch dedkins, 1995, Lovell et al., 1997).

Within a density treatment, we did not observeaidhce in disease development on
upper leaves between plants with different numludéréeaves. We checked this because
differences in final leaf number implies differesda phyllochron and date of leaf emergence
(Baccar et al., 2010), which is known to influerthe leaf infection bys. tritici (Shaw and
Royle, 1993, Moreau and Maraite, 1999). A posdilylgothesis is that the variability in plant
development in the field (in part due to varialilih the date of seedling emergence) was
strong enough to mitigate the effect of the vatigbbetween plants due to different leaf
number.

Modelling canopy variability and its effect on egaics

One of the originalities of the present architegtoeconstruction is to address the
modelling of interplant variability. Most of thentie, a mean plant is reconstructed, and
random variability is added on the top of this béSeers et al., 2005, Fournier and Andrieu,
1999, Fournier et al., 2003). Here we quantifiedezimentally two sources of variability, and
tested the impact of taking into account each eftton disease simulation. The first source
of variability is that related to differences intdabnumber of leaves produced on the main
stem, which are linked to various architecturalialales (dimensions, development, and
senescence) on main stems and tillers. We tookaotount this variability by integrating
separately in the model architectural variablesaxfh group of plants with the same number
of leaves and by representing the observed prapartof each group of plants in the
reconstructed canopy. The second source of vatialsl linked to delays in date of plant
emergence. We characterized the variability in tgraent between plants at two dates and
estimated from this variability in the date of egerce that was introduced in the simulation.
The level of variability included in the canopy oestruction influenced the simulated disease
dynamics. Decreasing the variability of plant depehent increased the difference between
the density treatments, leading to unrealisticetidhces when all plants were taken identical.
In addition, taking into consideration the plantplant variability of development (i.e., in
scenario g, resulted in realistic kinetics with smooth cwsvef lesion development.
Scenarios pand mostly Syielded "stairs" shaped curves reflecting simwdtars response of
the same type of plants to a single infection ev8mhulating a canopy of identical plants
introduces the risk of missing the infection of antire leaf layer if the predicted leaf
emergence happens to be just after a rare but tergarin event.

New parameterisation of initial infection conditormproved triggering the disease

Septo3D requires an initialisation of disease.Ha previous version of the model
(Robert et al., 2008), initial infection was pardensed by infecting directly the three first
rosette leaves. In the present version, the rotedtes are infected by splashes from spores
on the ground as in Audsley et al. (2005). The patars for initial conditions are the period
during which infection can occur, taken infiniteréd@s in Audsley et al. (2005), and area of
sporulating surface on the ground. Using this neaameterisation, the three densities
responded differently to varying initial conditignshowing that the infection of the rosette
leaves does now respond to architecture.

Capacity of the model to simulate S. tritici epidesm

For scenario &, the most realistic architecture description, dations of lesion
development displayed little difference betweenttiree density treatments. For the 5 upper
leaves, the simulations were consistent with faddia (within the 95% confidence intervals,

127



Chapter 3

RMSE above 3.06 1 of the proportion of necrotic lesions) particwafor high and
intermediate density treatments. The model simdlatensistently the onset of lesion
development in leaves 6, 5 and 1 (numbered frontdpg Three main discrepancies were
found between simulations and observed epidemics:

(i) the model underestimated disease progressabi®)especially strongly for the low
density. Two known mechanisms of infection: ascosmeposition (Shaw and Royle, 1989,
Hunter et al., 1999) and contamination by directtaot between leaves (Lovell et al., 2004b)
are currently lacking in Septo3D, which may expléwe disease underestimation on the
rosette leaves.

(i) the model did not reproduce the higher ratevhich lesion developed in the low
density treatment compared to intermediate and tegtsity treatments. The underestimation
observed on leaf 6 for all densities, was subsdtjuebserved on all upper leaves only for
the low density. This suggests that the underetitimabn rosette leaves did not affect the
simulation of the higher leaves for intermediatel &igh density, whereas it did for the low
density. In this treatment, the underestimatiortha&f infection of rosette leaves may have
resulted in a simulated inoculum sufficiently loar hamper the simulated disease progress
and thus in the underestimation of the infectiohigher layers.

(iif) on leaves 2 and 3 the model predicted appeagaof small, slowly extending,
lesions largely before the date we observed tisé lésions. This also occurred for leaf 4 and
in this case, it resulted later in a significantelepment of the simulated disease sooner than
observed in the field. One possible explanatiahas we used a fixed duration of the latency
period (310°Cd) whereas the latency period may hehmlonger when conditions of
temperature and humidity hamper fungus developr{@maw, 1990, Shaw, 1991, Lovell et
al., 2004a).

Difficulties of validation of coupled architectusgidemic models

Testing the model predictions appeared to be cuithallengeS. tritici epidemics
turned out to be low in our experiment: the asskstigease severity was below 20% for all
leaves and yields were similar in the treated amuttneated plots. Therefore, density effects
were less likely to be expressed or detectable.eblar, lesions can only be identified in
green tissue, meaning that in the case of a sloveloing epidemic, such as here, the
progress of monocarpic senescence hampers the em@mgss of the description of lesion
extension.

Using sowing density treatments to vary canopyitacture and test the model was a
complex task for two reasons: (i) despite usingeswe ranges of densities, the plasticity of
wheat resulted in the compensation of differeneda/éen the three densities at canopy level
over time and introduced complex effects withirirgke density (ii) the phenotypic response
of the plants to density is complex and rises irtgoarchallenges for a realistic reconstruction
of the canopy. To overcome these difficulties, agiige solution could be to test the model
with field experiments using more contrasted andiampler canopy architectures such as
monoculm wheat canopies avoiding thus compenséiyotillering, different Rht-gene lines
allowing strong differences in stem height, or nfiedi plant architectures: e.g., clipping an
entire leaf layer.
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General discussion

I. Summary of main results

Our work addressed plasticity of winter wheat isp@nse to sowing date and density
and the effect of architecture variations with digngn disease measured and simulated with
the model Septo3D. Here, we summarize the mairitsesiueach chapter.

Chapter 1: Variations of phyllochron in response tosowing date and density

Phyllochron is an important parameter in crop mea@eld has been reported to play a
crucial role onSeptoriadisease propagation (Lovell et al., 1997, Robermle 2008). We
investigated the variation of phyllochron duringe ttvheat growth and differences between
sowing date and density treatments. The use ofinear response to temperature to compute
thermal time was addressed. The relation betweepligllochron on main stem and primary
tillers was also investigated.

The use of compensated thermal time assuming dimegr- response to temperature
allowed for a high reproducibility of the rate efaf emergence between years and treatments.
When expressed in compensated thermal time, thophgon of a wheat tiller could be
described with a two-phase descriptive model. Ratehase | depended on sowing date and
rate in phase Il depended on both sowing date iaatlleaf number. Phyllochron in phase I
could be up to 15% longer in high density compdcelbw density and 30% longer for early
sowing compared to late sowing for plants from #aene density. The time of shift in
phyllochron between the two phases coincided with timing of flag leaf initiation
suggesting that it is linked to plant ontogeny. Tllochron of primary tillers showed the
same pattern of that of the main stem. Finally, imotcthe variation in the phyllochron of a
wheat tiller with density and sowing date could dseribed to the photoperiod at seedling
emergence and to the final leaf number.

The fitted model allowed an accurate estimatioplofllochron of each phase and the
quantification of its variation with sowing datedadensity. Further, the model parameters
were implemented in the model Septo3D to computesdaf leaf emergence and rate of stem
extension. The quantification of the variationgkmyllochron between treatments could help
predicting the amplitude and direction of the pbleseffect on disease development. Robert
et al. (2008), reported that a reduction by 30%hgllochron resulted in a drastic reduction in
Septoria epidemics.

Chapter 2: Plasticity of wheat architecture with saving date and density

Agronomic practices such as sowing date and plaptlation density are known to
lead to modulation of plant architecture. We aimmoth at making a comprehensive
description of architecture variability at the glaand the canopy scale and at producing a
dataset of winter wheat architecture for the ingaséd treatments with intent to use it for 3D
reconstruction. This required intensive characiins of architectural variables at phytomer
level, for main stem and axillary tillers. Vertigadofiles of organs dimensions were compared
between sowing date and density treatments andeketwlants of a same treatment that
differed in their final leaf number. Characterisatiof canopy variables such as leaf area
index and ground cover were also performed.

Patterns of blade, sheath and internode dimensesemnbled to those usually found
for winter wheat but varied between treatments.r@hgas almost no difference between
density treatments in organ dimensions of juvephgtomers (growing before the onset of
stem elongation), but there were differences foultagghytomers (borne on elongated
internodes): organ dimensions were higher for dlepglant population density. At the canopy
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scale, although the low density resulted in higmember of tillers/plant, it showed a lower

rate of progress in leaf area index (LAI) and gignver than the high density. On the other
hand, there were differences in the number and riBinas of juvenile phytomers between
sowing date treatments. Early sowing led to a higluenber of juvenile phytomers and larger
leaves of these phytomers compared to late sowing.adult phytomers, the number and
dimensions of organs were almost identical betweewing date treatments, probably
because plants experienced the same environmeatalitions during stem extension.

Number of shoots/m? and rates of increase in LAl ground cover were higher in the early
sowing.

The final number of leaves was higher for low dgnand early sowing. Moreover, 1
to 3 values of final leaf numbeould be found for a given axis within the samatimeent.
There were differences of main stem organ dimessi@tween plants with different final leaf
number: plants with a higher number of leaves ptedulower organ dimensions for the
juvenile phytomers (counted acropetally) and higlmegan dimensions for the adult
phytomers (counted basipetally). Local variatiofiglensity and thus on light quantity and
guality could be behind the observed variationimdlifleaf number and organ dimensions.

Our findings confirm that the similarity in the pain of organ dimensions between
main stem and tillers was maintained when consideai range of densities. The similarities
in the vertical profiles of organ dimensions coldd simply expressed by considering
phytomer position counted from the top.

Ability to reproduce wheat architecture with a 3D nodel using measured
architectural variables

Because of non accuracy of phytomer rank identibcain the first experimental year
and damages caused by birds in the early sowinth@fsecond year, an accurate and
comprehensive dataset of architecture could beir@ateonly for late sowing of the second
experimental year. In this case, organ dimensioitls their accurate correspondence with
phytomer rank were obtained for the main stem amchgoy tillers at the three densities.
These data were used to parameterise the canopgl mofepto3D and were given as input
variables.

Model parameterisation required supplemental vigato fill the inputs. Indeed, the
canopy model takes as input parameterisation d¢yate of leaf appearance and senescence
for each axis, (ii) the tillering dynamic of theaplt, (iii) the dimensions of mature plant organs
and, (iv) the geometry of leaves. This was donlkeeiby using additional data from other
experiment, or by applying theoretical assumptidtste, we remind the main assumptions
used to provide these informations and the adeqoé&dhese assumptions for the model
parameterisation:

* The rate of leaf appearance as well as organ dioenhgere measured on main stem and
primary tillers but not on secondary tillers. A geal scheme of coordination in tiller
emergence has been proposed by Masle-Meynard ahilote (1981). This approach
supports that tillers emerge by cohorts and tHirgi of the same cohort share the same
properties. Thus, considering this concept, we rassluthat secondary tillers have the same
rate and organ dimensions as primary tillers ofséi@e cohort. As it was not checked before,
this assumption may be a possible source of eHowever, given that the reconstructed
canopy corresponded to a late sowing and that éaerglary tillers developed at this sowing,
this should not induce a substantial error in theutated leaf area index.

* Punctual measurements of tiller occurrence frequand total number of tillers were not
sufficient to describe tillering dynamic. A tilleg model was thus developed based on the
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Fibonacci sequence and the cohort principle anddfito these measurements. Resulting
tillering dynamics simulated by the model were elts observed data which proved that this
approach was appropriate to parameterise tilleand, that using a limited number of
measurements combined to adequate behavioural wadsssufficient to reconstruct tiller
dynamics.

« Geometry for azimuth of leaves and curvature of fearibs were not measured in our
experiment. Leaf curvature was therefore paranmgdribased on data from another
experiment carried out with the same cultivar & slame location. Thus, leaf posture was
parameterized similarly for all densities whichnist fully realistic as density is known to
influence the leaf posture. On the other hand,mpaterisation of leaf geometry was improved
in the current version of the model by includinglymamic change in leaf angle with time
course.

Chapter 3: Simulation of the effect of differencesn wheat canopy architecture
between sowing densities on Septoria tritici epideics

The dataset of wheat architecture correspondinigree densities at a late sowing date
were used to parameterise the model Septo3D. Siedulepidemics were compared to
observed ones for model validation. This requirethited and frequent measurements of
disease dynamics at the level of individual leawsteover, simulations were run with three
simulation scenarios differing by the degree ofadeh the description of plant variability
which was derived from field measurement.

The model predictions were consistent with fieldasweements and simulations
revealed that despite the contrasted canopy stes;tthere were few differences in disease
progress between densities Simulations performeld thie different scenarios showed that
the canopy reconstruction scenario in which intanp variability was taken into account
yielded the best agreement between measured amthsdoh epidemics, whereas simulations
performed with the canopy represented by a pomumabf a same average plant deviated
strongly from field observations. The main findirgfghis chapter are discussed further in the
discussion.
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ll. Effect of differences in architectural variables de to sowing date and
sowing density on disease development

1. Septoriaepidemic and possible interactions with canopy atstecture

1.1. Epidemic parameters influenced by canopy #&echire

In this paragraph we present the internal variabfeS. tritici likely to be influenced
by architectural variables. We distinguish betweanables linked to the disease propagation
from those linked to the infection cycle.

Disease propagation

1. Quantity of droplet producedinfectious and non-infectious): this depends ba tain
intensity and interception by the canopy vegetatlbthus depends on the leaf area profile
and cover.

2. Quantity of dispersal unittbU) produced depends on the vegetation profile, the fraction
and location of sporulating lesions in the diffarégaf layers of the canopy (only raindrops
that hit sporulating lesions will contain spores).

3. Quantity of DU interceptedhe quantity of DU intercepted by green tissupethels on the
distance travelled by the droplet, and on the iibacand location of green tissue around the
leaf source. It thus depends on vegetation deasitydistribution of green tissue.

4. Efficiency of DU washinghe fraction of spores that may be removed bgsgbent rains
(washing) depends on rain frequency and intengiey ®U deposit and also in the vegetation
profile and density which determine the capacitp ohindrop to reach a leaf layer.

Infection cycle

1. Efficiency of spore germination: spores germinatemicroclimatic conditions of
temperature and humidity are met. This depends®négetation density and the climate.

2. Ability to complete the infection cycle: pathogemcubation (biotrophic phase) needs
green tissue to be completed; this depends onatieeand timing of monocarpic senescence.
The physiological status of leaves may also couateitbo enhance natural leaf senescence.

3. Duration of infection cycle: the latency period Mf graminicolacan vary according to
environmental conditions (Lovell et al., 2004a, 8hd 990). Hence, by influencing the
microclimate, the vegetation density can vary theation of the infection cycle and thus the
potential number of cycles likely to occur on aflea

1.2. Architectural variables that could influencep®oria epidemic development

Authors who investigated the effect of architectufeSeptoria development (cf.
Introduction, section IV.4) have accounted for défilect of architecture by invoking variables
either at the plant or at the canopy scale. Howawany of these variables are correlated and
a general overview is needed to clarify their idegrendency on one side and their correlation
with epidemic variables on the other side. The seheresented in Figure 1, aims at giving
this overview.
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Morphological variables Canopy variables Epidemic variables
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Figure 1. Scheme representing the relations between architectural variables (morphological and
canopy) and epidemic variables.

In Figure 1, variables that are measurable at faatpscale and which are often
determined by GXE interactions are referred tonamrphological variables whereas
variables that are measurable at the canopy sodléhat characterize the field structure are
referred to aganopy variables Phyllochron is a particular variable because éfinihg the
rate of organ development at the plant scalesd determines the rate of development of the
whole canopy.

Despite the dependency relationships shown betweerphological and canopy
variables, we yet believe that it is necessaryefmort the effect on epidemic parameters of
both type of variables. Indeed, morphological Valea are easily identifiable and measurable
whereas canopy variables are more abstract. Whehitexture changes during the season
and the spatial location of the disease as wel. tlherefore difficult to understand the effect
of architectural variables without considering thwmamic changes during the season and the
associated mechanisms. For this reason, we defmegrid of architecture-pathogen
interactions considering the dynamics in time gedse and wheat architecture (Table 1).

2. A grid of architecture-epidemic interactions during wheat growth cycle

Considering the cycle of wheat development anddéheslopment of. tritici during
this cycle, we distinguish three phases to andlysgossible architecture-disease interactions
(Table 1). Both wheat an8eptoriadevelopment have specific characteristics durirepe
phases that may lead to different hierarchiesesdhnteractions.

« Phase 1:1from seedling emergence to the stage of three &rigrged leaves (beginning of
tillering);

* Phase 2:from four fully emerged leaves to the beginningstém extension (tillering
phase);

» Phase 3:from the beginning of stem extension to flowering.
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During phase 1, the three first leaves can be tefeonly by external inoculum i.e.
air-borne ascospores (Shaw and Royle, 1989) orighpspores from the soil. Indeed,
considering that the latency period lasts on awwei9°Cd and the mean phyllochron around
100 °Cd, the first sporulating lesions appear af e when leaves 2 and 3 have already
developed and most probably have been infectedn@tinis phase, the wheat, in its rosette
form, is characterised by a low ground cover and leaf area index. The soil has higher
chance to intercept rain drops resulting in thedpobion of a high quantity of infectious
droplets.

During phase 2, we consider that the first lesibage appeared on the first leaves;
thus infection of new emerging leaves by pycnidarsp produced on these leaves is possible.
However, as the vegetation develops, the soil besomore difficult to reach by raindrops
and lesions become more important in the firstdsaConsequently, we can hypothesise that,
during this phase, infections due to splashing frieaf to leaf increases progressively,
whereas infections from external inoculum decre&saing phase 2, wheat is still at the
rosette stage; thus, distances between leaveshare which facilitate contamination by
splashes. In this phase, the ground cover andetifearea index increase faster than during
phase 1 because of tiller development.

Phase 3 is characterised by an important changehigat architecture: the stem
extension. While the stem elongates, the diseas@nces to propagate through splashing
which creates possibilities of escape. Indeedahtlet is farther from older infected leaves
cannot be easily reached by infectious dropletsncege the stem elongation creates a
dynamical relation, comparable to a race, betwbaenptant and the disease. At this phase,
canopy closure is almost complete.

Table 1 summarizes the expected effects ®eptoria development of both
morphological and canopy variables during the tiuleatified phases.
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This table illustrates that:

» The effect of some architectural variables is nqiressed during the whole wheat
cycle (e.g., phyllochron, number of leaves) oreaist their importance varies along the cycle.
This suggests that variables do not have the saenghtvand action according to the wheat
developmental phase, and according to their vaidergeraction with climate.

* The effect of some variables & tritici epidemic can change over time. On the one
hand, the effect of a given variable can be pasitor disease development at a given phase
and become negative at another phase (e.g., fopdésaure). On the other hand, during one
phase, a same variable can act on different preseshich effects are opposite on disease
epidemic (e.g., LAl and ground cover).

* Some of these variables can act on disease praopaganultaneously or at different
moments of the wheat cycle. Often, variables haymosite effects on disease and the effect
of one can counteract the effect of another. Thlug, severity and the rate of epidemic
development is the result of the temporal and apatieractions of multiple architectural
variables.

* The effect of a given variable can be modulatededdmg on its interaction with
climate conditions. This makes more complex theerpretation and the prediction of
architecture effect on the disease. For instarfcthei climate shows low rainfalls, all the
variables supposed to enhance or prevent contaomniay splash become less efficient and
those that promote propagation by contact can becwuocial.

3. Expected effects of architecture modified by dengitand sowing date on
Septoria triticidevelopment

Based on architectural differences found in oureeixpent, we attempt to analyse how
density and sowing date could have influenced ibeade via modifications of the canopy
architecture; we will present these effects for shecessive phases described in the previous
section.

Phase 1

Given that the main way of disease propagatiomgduttis phase is external inoculum
(pycnidiospores and/or ascospores), the groundrcowe the LAI are the main architectural
variables that may influence the disease onseit@naction with the climate.

At this stage, the canopy is much denser and thangr cover is much higher for
higher density which results in a higher surfacanbérception for spores and ascospores.
Therefore, we would have expected that plants efhtigh density treatment would be more
exposed to contamination. However, both simulatiand the first measurements of lower
leaves suggested that disease severity was higllee iow density. One possible explanation
is that in the particular conditions of our expezith (late sowing, unfavourable climate
conditions), the primary inoculum was limiting whicould have been favourable for disease
development in D1 than in D3. Indeed, assumingdbang a rain event, a limited number of
spores on the soil is splashed continuously byldtepintil being deposited on a green tissue,
an equal amount of spores would then be divided bmaller green area for the low than the
high density. Unfortunately, the lack of diseaseasugements of the first three leaves does
not allow checking this hypothesis.

The main differences between the early and thedatgngs were: the period during
which phase 1 occurred and the dimensions of trergad leaves. For S1, phase 1 coincided
with autumn period whereas for S2 it coincided watimter period. For S1, the first three
leaves had more chance to experience warm tempesatptimal forS. tritici development
than for S2. Autumn is the peak time of ascospelease and dispersal by the wind (Shaw
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and Royle, 1989) which makes plants of S1 more sxgdo contamination by ascospores. In
addition, because of the reduction in temperathefirst three leaves of late-sown plants had
lower size and area and thus less green surfageeieept spores and ascospores than the
same leaves grown at the early sowing. Hence,rdiffees in architecture and in climate
between S1 and S2 were likely to promote diseasela@ment in the early sowing during
phase 1.

Phase 2

During this phase, ground cover is still a factohancing rain interception and DU
production but this time from lower infected leavather than from the soil.

Although plants from the low density produced kEsmwith high area and a high
number of tillers compared to the high densitys thias not enough to compensate for the
differences of density. During this phase, diffe@s in ground cover and LAI were still
important between densities. For instance at HS thés ground cover was respectively 0.2,
0.6 and 0.8 for D1, D2 and D3 in S1 and 0.1, 0.2 &8 in S2. Hence, the high density
appears to be the most favourable for DU producéind interception because spores that
reach the upper leaves have more surface arealaleaivhich may result in faster disease
progress (Pielaat et al., 2002). The significahtgher number of tillers produced in D3 could
also favour spore deposition (Broscious et al.,5)98y promoting the proximity and the
horizontal contact between leaves or by enablimgtshstances between leaves which further
facilitate disease propagation by splash withoiga kinetic energy (Lovell et al., 1997).

Regarding the effect of sowing date, the duratbphase 2, was longer for S1 (600
°Cdy) than for S2 (200 °Gg) which allowed plants in S1 to produce a highemhar of
leaves and tillers. Indeed, during this phasentha stem produced 5-6 leaves in S1, whereas
it produced only 2-3 leaves in S2. Therefore, meaves in the early sowing emerged and
developed lower in the canopy and were therefargetlto basal inoculum sources; this place
them at a greater risk to disease progression (Leteal., 1997). In addition, the higher
number of axes produced in S1 compared to S2 lbddteer LAI (0.6 for Slvs.0.2 for S2 at
HS = 5 for D2) and thus to more green leaf arealiko intercept dispersal units.

Phase 3

The new change in architectural features during ffhiase is the stem extension,
which brings a new dynamical relation between thatand the pathogen while the pathogen
continues to spread by splashing. The effects otiigit cover and leaf area index become
though more complex.

On the one hand, the higher rate of ground cowvaisléo an earlier closure of the
canopy for the high density. For instance, at thgidning of stem extension in the early
sowing, soil cover exceeded 80% in D3 whereas & ardy 50% in D1. The canopy closure
for the high density represents a barrier that gmés raindrops from reaching the low and
intermediate layers of the canopy where infectedtds are located. This effect referred to as
"umbrella effect” may lead to a reduction in theoammt of splashed dispersal units in
comparison to a sparser canopy. This was propogé&ydl (1981) who reported that the rain-
drop splashing effect was increased in less derges ¢eading to earlier and faster pathogen
progress. On the other hand, when fewer raindrepetpate within the canopy, there is less
washing of the deposited spores which conversayease the proportion of spores that will
germinate in the dense crop. Therefore, it is alitfi to conclude which of the low or high
density would induce more disease propagation daggarthe production and interception of
infectious droplets. It is known that the top thleagves of winter wheat commonly emerge at
a height below leaves that are fully developed @lbet al., 1997). Therefore, the erected
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posture of leaves in the high density may fac#itdite transmission of inoculum by allowing
new emerging leaves to overlap with older infedéaes.

During phase 3, the main architectural differeneenveen the two sowing dates was
the phyllochron. The rate of stem extension wasoup0% slower in S1. With a low rate of
stem extension, leaves stay longer at short distsaftom lower infected leaves and thus they
can be contaminated by simple contact or by sptasiita a low kinetic energy (Lovell et al.,
1997). Otherwise, at flowering, the peduncle heighiplants from D2 was about 10 cm
higher in S1 than in S2 which might reduce the ckarof contamination by splash. Indeed,
Shaw (1987) calculated that there is a fivefolduaidn in the number of spores transported
vertically by splash with each increase in height@ cm. This means that the effect of plant
height could thwart or diminish the effect of tlaer of stem extension.

The complexity of the processes influencing epidepairameters and their interaction
with climate conditions, the dependency relatiopshibetween the different variables, the
dynamic evolution of these interactions and thdigpand temporal changes of the plant and
the canopy architecture; all these are factors mhake disentangling and quantifying the
effect of individual architectural variables 8eptoriaepidemics a challenging task. For these
reasons, the use of coupled virtual plant-diseasgetrappears as an appropriate means that
can provide new insight into the processes involndatie architecture-disease interaction.

lll. Improvements brought to Septo3D

Two main changes have been performed during thik i@ the model Septo3D
(Robert et al., 2008). First, we included a moraiséc parameterisation of the initialisation
of the disease; second, we included interplantbdity in the canopy representation.

1.Initialisation of the disease

A significant change in the model concerned theass initialisation. In the previous
version, epidemics were initiated by infecting firet three leaves similarly (Robert et al.,
2008). Two parameters were used for the initialtaomnation: the date at which the leaf
sectors were contaminated and the level of contaimim For instance in Robert et al. (2008),
simulations were run with infections occurring wh28% of the total leaf surface had
emerged. Their version did not take into accouetdtfiect of climate on the initial infections
and neither the possible effects of plant architect Here, we needed more realistic
initialisation of the disease, possibly dependingchmate and canopy architecture. Indeed, it
has been shown that initial infection can influerstdsequent vertical disease progress
(Pielaat et al., 2002, Calonnec et al., 2008).

In the current version of the model, initial contaation is caused by rain splashes
that, by hitting an infected soil surface produdgpdrsal units which propagate spores to
green leaves. Two new parameters are used to deeethe level of initial infectionSposoi
(m2/m?2), the fraction of soil surface covered byrgpating plant debris an@iqsi (°Cd), the
duration during which this surface bears spores. dimulation of rain interception by the soil
and splash of droplets is similar to that for drspéof dispersal units from leaf to leaf. The
amount of dispersal units produced during a raianevs determined by the amount of
sporulating surface on the soil and the intercepdiod intensity of the raindrops. The fraction
of dispersal units intercepted by a green tissymeldgs on the leaf area and its distribution.
Therefore, in the current version of the modeleatibn of the rosette leaves results from the
interaction between the canopy architecture anddime Yet, we don’t consider infections by
the ascospores, the sexual form of the pathogemhwimiave been shown to contribute
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considerably in the primary infection of winter veltgShaw and Royle, 1989, Hunter et al.,
1999).

For the climate of 2008/2009 and for the three ifgriseatments grown at a late
sowing, we found that the two paramete®gkoiand Tintsoil) had different effects on epidemic
simulations. Simulations were not sensitive @i, whereas a small variation 8f,oscicould
substantially modify the later disease developnagt more interestingly could even change
the ranking of the densities. However, the effédhitial conditions was examined only for a
single scenario in this study. Therefore, a furtherdel analysis under variable values and
climate conditions is required to investigate thensitivity of the model to the initial
conditions.

2.Modelling canopy variability and its effect on epigmic simulations

One new aspect in the plant module was the paraisetion of interplant variability,
meaning that the simulated canopy included diffetgpes of plants. Variability was taken
into account in terms of final leaf number and pldavelopment and was based on field
measurements. Generally, plant variability is seted by reconstructing a mean plant and
applying a random variability on this base (Eversle 2005, Fournier and Andrieu, 1999,
Fournier et al.,, 2003). The first source of valigbiobserved in the field was related to
differences in total number of leaves produced lm® main stem, which in turn affected
various architectural variables (dimensions, dguelent, and senescence) on main stems and
tillers. This variability was addressed in the mlodg integrating separately architectural
variables for groups of plants with the same numifeieaves and by representing the
observed proportions of each group of plants inrdeenstructed canopy. The second source
of variability was linked to delays in date of pl@mergence. We characterized the variability
in development between plants at two dates anthatd from this the variability in date of
emergence that was introduced in the simulatiorwé¥er, this new parameterisation of the
plant architecture variability raises new challenieked to both modelling and experimental
measurements:

* Modelling interplant variability in three-dimensiainsimulations brought constraints in
terms of computer memory and time consumption. ddmaputer memory was a limiting
factor for simulations involving a high number ofea. This was the case when running
simulations with the scenario that takes into aotaaoterplant variability for the low
density. Besides, increasing plant variability @#neé number of simulated axes increased
the time of running the model.

e In our modelling study, we tried to include plardriability in the canopy model as
observed in the field. This increased the reali$meoconstructed canopies, but still there
are some weaknesses. First, we chose to modelvanigbility of the number of final
leaves and that of plant development, consideinag they are the main variables that
influence Septoriaepidemics. However, one could include variabibfyother variables
(e.g., organ dimensions) known to influence diseasecond, we did not take into
account possible correlations between variablesnwhe varied one of them. Finally,
measurement and parameterisation of interplantabiity of development could be
questioned. Here, we assumed that deviations oHtBeof plants from the mean HS
measured at a single date reflect the interplamiabidity through the growth cycle.
Nonetheless, it is possible that plant variabilitydevelopment was different according to
Niear modality, density and stage of development.
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IV. Critical assessment of Septo3D

Comparison between simulated (by Septo3D) and webderdisease data was
performed for three sowing densities grown durimg geason. This revealed that disease
simulations were consistent with field measuremdrafiected by RMSE below 0.029 for
leaves 1-6 pooled for a given density). In paraculdespite architectural differences,
simulations showed few differences in disease agweént between densities in agreement
with field observations. However, the model faitedsimulate correctly the rate or the onset
of disease on some leaves, underestimated diseastopment on the rosette leaves and did
not reproduce the slightly higher rate of lesiomedepment for the low density.

More generally, this modelling study allowed to el three issues relat8éptoria
disease simulations. First, this study pinpointesl 4teps or criteria to which we need to pay
particular attention to insure simulating succe$sfuhe disease. Second, it allowed
identifying lacking processes that should be add@sin the model. Finally, simulations
revealed the importance of the choice of compagatariables and treatments for the model
validation.

Steps or criteria important to succeed disease kitiun

The first aspect concerned the importance of takitg account variability of plant
development for disease simulations. The compat&ivween simulations run with scenarios
differing in the level of architecture descriptishowed that the scenario in which interplant
variability is considered yielded the best agreegmbetween measured and simulated
epidemics. Decreasing the variability of plant depeent increased the difference between
densities and between simulated and observed diseasls. Simulations run with the
scenario that represents only a mean plant showesalistic stairs shaped curves. Therefore,
if we do not consider variability between plantsndations may deviate considerably from
the reality.

The second aspect concerned the importance ofséidegel simulated on the rosette
leaves on the outcome of the disease on upperdebiveler the conditions of simulation used
here (i.e., unfavourable climate and late sowintg)lahe level of disease on the lower leaves
was determinant. Indeed, an underestimatioBegftorialevel on rosette leaves had important
repercussions on the upper leaves as for the lowityetreatment. Our hypothesis is that in
this treatment, the underestimation of the infettid rosette leaves may have resulted in a
limiting quantity of inoculum which hampered theehse progress for upper layers.

Lacking processes in the model

Pathogen propagation in the model is simulated bglspore dispersal during rain
events whereas there are two other known mecharimn$ tritici propagation: ascospores
dispersed by wind (Shaw and Royle, 1989, Huntex.et1999) and contamination by direct
contact between leaves (Lovell et al., 2004b). [Deer rate ofSeptoriadevelopment on the
rosette leaves support the hypothesis that thesentissing mechanisms in the model are
probably the cause.

The latency period 08. tritici is fixed in the model (here 310 °Cd) whereas ityma
vary between 270 and 500 °Cd depending on temperand relative humidity (Lovell et al.,
2004a). The early development of small lesionsr aftduration equal to one latency period
from leaf emergence and which are not observetarfield denote that using a fixed latency
period leads in some conditions to errors of sinores.

Choice of variable and treatments for disease assest and model validation
This study allowed questioning the choice of thenparison variable and the used
approach to validate the model. $eptoriadisease assessment, one major difficulty was the
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choice of the variable for comparison between ineats. Indeed, it is not always possible to
distinguish in the field necrosis due to the lesid¢that show pycnidia) from those due to
monocarpic senescence (Robert, 2003, Royle etl@86). In the literature, two types of
assessments can be found: either based on theédesamtaining pycnidia (Lovell et al.,
2004b, Shaw and Royle, 1993), or based on the &o&a of necrotic tissues (Robert et al.,
2004, Bancal et al., 2007). Here we used the dre@@wotic lesions in the green part of the
leaf blade, referred to ddecLeseen HOwever, this derived variable was computed from
measurements of the fraction of total leaf areaupied by apical necrosis and by necrotic
lesions. At higher leaf age (900-950 °Cd after leafergence)NecLegcen became less
accurate because of the decrease in the amountef gjssue due to monocarpic senescence.
Consequently, the accuracyMécLes .enWas limited to the early stages of leaf developimen
i.e., before rapid increase of senescence. Othgablas have been proposed to assess
necrotic lesion development such as the numberistindt lesions in the green tissue of
leaves with less than 50% of die-back (Royle ¢t18l86); the disadvantage of such method is
yet that it underestimates lesions at higher leasl®ach new sample include small lesions
and exclude larger, older ones previously includeubther used variable is the area under
the disease progress curve (AUDPC) which takes awmtmount precocity and intensity of
disease development (Paveley et al., 2000, Simah, &005, Robert et al., 2008).

Using realistic canopy architecture of contrastedisg densities appeared to be a
challenge task. Although important architecturdedénces were observed, there was much
less differences in disease development betweesitiesn One possible explanation is that
the unfavourable climate conditions and the commex opposite processes influencing
disease development helped to mitigate the effearchitecture variability. This suggests
that simpler canopies are probably more appropriatemodel validation; for instance
architectures that differ by a small number of ables but which differences are important
enough to cause a visible effect on disease dewadop(e.g., monoculm wheat, different Rht-
genes or artificially modified plant architectures)
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V. Perspectives and possible applications of the apmoh of coupled
virtual plant-disease models

1.Possible applications of the approach using Septo3D

We identified two interesting perspectives for @oming using Septo3D in the
analysis of the effects of sowing date and sowiagstty onSeptoriaepidemics. First, the
model can be run for a large range of climatic ¢mas, with the characterized architectures
of different sowing dates and densities. This aflomentifying the interactions between
climate and field treatments, and quantifying theances to increase/decrease disease
development when considering a long term simulat®econd, in a more mechanistic view,
simulations can be run to better understand tlegantions between the architectures obtained
for different sowing dates and densities and tkeabe, and to identify some key architectural
features influencing the disease severity.

1.1. Quantification of the effects of density andisg date on disease development
for different climate scenarios

In order to determine which density treatment aowisg date have the greatest
probability of resulting in a lower disease devehgnt, a first step is to run Septo3D for a
large range of climatic conditions with the arcbitee resulting from varied sowing dates and
densities. As a preliminary analysis, we run Septd@r 11 climatic seasons recorded in
Grignon from 1998/99 to 2008/09, with three arattitees corresponding to three density
treatments (2008/09, late sowing date Simulatiamstiiree climate seasons resulting in
different epidemics: very severe (1998/99), se(@@)1/02) and medium (2004/05) were
chosen to illustrate this analysis (Fig. 2). Pretany analysis ofS. tritici development in
terms of proportions of lesion development for diféerent climatic seasons showed that:

» Septo3D responded quite strongly to the climatienados. Three years (1998/99,
1999/00 and, 2007/08) resulted in a very seveienatevelopment for the upper leaves (until
80% of lesion development). The simulated epidends severe for the season 2001/02, and
was low to moderate for seasons 2000/01, 2003/0d4/25, 2006/07 and 2008/09 (lesions
did not exceed 30% of the leaf area). For two s&ag@8002/03 and 2005/06), Septo3D
simulated no or extremely few lesion development.

» Simulations suggest that for late sowing in theaegf Grignon, the 11 last years
were very variable in terms &eptoriadevelopment with years with strong development and
years with very low pressure.

» Climate appears as the primary factor for diseasalation (it determines the overall
level of the disease development) and densityrreat is a secondary factor. Yet, during
some years, a strong difference between dens#yntents could be observed. Differences in
maximal lesion development between density treatsnBxd and D3 reached 20% in some
simulations (1998/99 and 2007/08).

» Density ranking for the climatic seasons: for thelighatic seasons that resulted in
nonzero simulated epidemics, the lesion developmast most often strongest in the high
density treatment. When averaging over the thrgeujeaves, we find that in around half of
the simulations, the high density results in moewese simulated disease than in the
intermediate and low density (D3 > D2 > D1); inand a quarter of the simulations, disease
is similar for high and intermediate density and less severe in the low density
(D3 =D2 > D1); and finally in around a quarter thie simulations there were no or few
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differences between the three density treatmer@s{D2 = D1). This trend was observed in
each of the three upper leaves, but with somerdiffges. For instance, in only a quarter of
the simulations disease is more severe in the taghpared to the medium density for leaf
layer 2, whereas it is more than half of the simaie for leaves 1 and 3.
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Figure 2. Predicted dynamic of total necrotic lesions of Septoria tritici vs. linear thermal time since the
mean date of leaf emergence of leaves 1 to 3 (counted from the top) for wheat main stem for three
growing seasons: 1998/99 (very severe epidemic), 201/02 (severe dynamic) and 2004/05 (medium
dynamic). Architecture data are for winter wheat Cv. 'Soissons' grown in Grignon in 2008/2009 at three
densities D1 (black line), D2 (red line) and D3 (green line). D1: 59, D2: 160, D3: 406 plants.m'z.

This ranking of density treatments is quite comsistwith the published literature
where high density stands are often reported tavshore disease pressure (Broscious et al.,
1985, Tompkins et al., 1993, Ansar et al., 1996arddver, the similarity of disease level
between the intermediate and high densities obdervemany simulated climate seasons
remind the study of Ansar et al. (2009) who fouhdttincreased plant density increase
Septoriadisease severity until a given threshold, buthierrincrease has no effect.

This analysis is very preliminary. The differendegtween the simulations could be
further quantified by analysing in more detail theease development. It also needs to be
complemented by using a more complete climaticsgaténcluding different locations) and
enlarging the architecture treatments consideres: €rong limit of this analysis is that we
consider a similar architecture for the differehiatic seasons (here, only the temperature-
dependence of development is taken into accourtjually, architecture is modified by
environmental factors; for instance, increased tatpres lead to higher leaf length (Bos and
Neuteboom, 1998, Equiza and Tognetti, 2002) antdnigate of leaf appearance (Baker et

148



General discussion

al., 1986, Cao and Moss, 1989, 1994). Therefore, approach could be improved by
changing also architecture for the different seas@ve think this analysis could help defining
sowing dates and sowing densities that could redsigaificantly the risk of disease
development over a large range of climatic condgiand for different locations.

1.2. Identification of the key architectural feagarfor disease propagation

Septo3D can serve as a tool to create artifigigitectures which allow to pinpoint
the specific role played by an architectural vdealor instance, starting from the realistic
architectures corresponding to the two sowing datesb three densities investigated in this
study, we could choose to keep the architectura wéatment except for one variable (e.qg.,
phyllochron, leaf size, tiller number) to which wan assign values of another treatment.
Thus we can see the effect of a specific variabl¢he disease independently of all the other
variables.

A risk analysis could also be performed on suclarificial architecture to check the
impact of the variable of interest under differelmnate conditions and, the direction and the
amplitude of its effect on disease development.réfioee, this approach could be a mean to
classify architectural variables according to tmportance and the stability of their effect on
septoria development.

2. Potential improvements and applications of the wdel Septo3D

We consider that Septo3D is a relevant tool to fatetand understand the interactions
between architecture arf@l tritici epidemics. However some weaknesses of the matel s
need to be improved in tlshort term

* To include a module that allows calculating a aegalatency period as a function of
temperature and relative humidity. This can be dr&em studies that investigated the effect
of environmental factors on the duration of thematy period of. tritici (Shaw, 1990, Lovell
et al., 2004a).

* To include the other ways @. tritici propagation i.e., ascospores and direct contact
between leaves. For instance, it would be intergstd couple the model Septo3D with a
module of spore transport by wind. This would alloemputing the quantity and the flux of
ascospores deposited in a green surface area.

* To couple Septo3D with a more realistic model adrepdispersal as that developed by
Saint-Jean et al. (2004) which model splash of mdreplets in a 3D plant canopy.

For the moment, the model deals only with the ¢ffext architecture on the disease
epidemic. However, other changes that are causedjfmnomic practices and that are known
to influence the disease (mainly the physiologstatus of leaves and the microclimate within
a canopy) are not taken into account in the motetrefore, the possible improvements of
the model in théong termwould be:

* To include a module for calculation of microclin@attonditions at the level of the
canopy and the leaf layer. Indeed, the infectiogdecof S. tritici is highly sensitive to the
prevailing conditions particularly temperature aetiative humidity. For instance it has been
shown that there are correlations between the atmfutisease and the duration of surface
wetness (Scott et al., 1985) which is a factor anbd by high density.

e To take into account the physiological status akés, in particular the nitrogen status,
this also influences Septoria development (Lovellak, 1997; Ansar et al., 2009). One
alternative would be to couple the model Septo3ih Wie process-based model developed by
Bertheloot et al. (2008) and that simulate nitrogiestribution within a wheat culm during
grain filling. Coupling these two models makes seftg at least two reasons: first, the fact
that the base unit in the nitrogen model is thetqimgr would facilitate its integration in
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Septo3D in which plant architecture is presentedibbgodular approach. Second, regarding
the functioning of the nitrogen model, the pathogenld be assimilated to a supplementary
sink of nitrogen at the scale of leaf.

The model Septo3D is currently being implementedhenplatform OpenAlea (Pradal et
al., 2008) which is designed to facilitate the gmntgion of heterogeneous models. The
implementation of the model under the platform wdoophen the way to new applications such
as (i) the design of new agronomic practices tHatvadisease escape by running the model
with various climates, varieties and architectufe@sthe evaluation of the effect of fungicide
strategies by coupling the model to fungicide aggtion models. This would allow studying
interactions between plant, pathogen and fungicide.
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Appendix |

This appendix is divided in three fold:

- Appendixes I/A and I/B provide data of plant and smperatures and of global
radiation recorded during the growing seasons Z0WA (Y1) and 2008/2009 (Y2). Data of
plant temperature are for winter wheat Cv. Soissmwn in Grignon at two sowing dates:
early (S1, late September) and late (S2, mid Noegnllant temperature was calculated
using soil temperature measured at 3 cm deep faming until the start of fast internode
elongation (estimated at the date of apex emergeoethe soil), then using air temperature
measured at 2m height. Air temperature (Tair) dobta radiation (Rg) were measured at a
weather station 500 m from the field. Figures pnése in this appendix allow appraising the
difference between plant and air temperatureseafitht stages of wheat plant development
for the investigated treatments.

- Appendix I/C represents the change in daylengtla dsnction of Julian days in the
Grignon region. The daylength was calculated asdimation between sunrise and sunset,
using the classical astronomical formulas.

- Appendix I/D represents the quantity of daily ramd rainfall events with rain intensity
above 0.5 mm/h since the date of seedling emerdeneanter wheat grown at a late sowing
date during the growing season 2008/2009, whichespond to the data used to run the
model Septo3D in our study. In the model, splastucfor rain events with intensity above
the threshold of 0.5 mm/h.
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Appendix I/A. Mean daily temperatures measured around the plant apex (Tp, blue line) and at 2m
height (Tair, pink line) and global radiation (Rg, green line) intercepted during the wheat growing cycle.
Data are for winter wheat Cv. Soissons sown in Grignon during 2007/2008 (Y1) at two sowing dates:
early (S1, late September) and late (S2, mid November). Red and black vertical arrows indicate
respectively the date of seedling emergence and the date of apex emergence from the soil.

156



40 500
Y2S1

f\30 L
S_) —~~
> E
E o 3
@ 20 + c
) ie)
= <
£ 5
210 | Y
z 500 @
© o)
c o
§o: ©
=

-10 -1000

01/10/08 01/11/08 01/12/08 01/01/09 01/02/09 01/03/09 01/04/09 01/05/09 01/06/09

Date
40 500
Y2S2

30 -
2 =
o o =
= |
8 20 | 7;:/
g S
g =
£ 3
S 3
[¢3]
= o ©

-10 -1000

01/10/08 01/11/08 01/12/08 01/01/09 01/02/09 01/03/09 01/04/09 01/05/09 01/06/09

Date
—Tp —Tar —Rg

Appendix I/B. Mean daily temperatures measured around the plant apex (Tp, blue line) and at 2m
height (Tair, pink line) and global radiation (Rg, green line) intercepted during the wheat growing cycle.
Data are for winter wheat Cv. Soissons sown in Grignon during 2008/2009 (Y2) at two sowing dates:
early (S1, late September) and late (S2, mid November). Red and black vertical arrows indicate
respectively the date of seedling emergence and the date of apex emergence from the soil.
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Arrows indicate the date of seedling emergence for early (S1, late September) and late (S2, mid
November) sowings in our experiments.
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Appendix Il

Appendix Il/A.  Summary of the dates, products and doses of different agronomic applications for the growing seasons 2007/2008.

Winter wheat Cv. 'Soissons'

Plot : BIOCLIM4 (0.75 ha)

Growing season : 2007/2008

Date Sowing Application Material Product Dose

31/07/2007 S1-S2 Déchaumage Chisel

14/09/2007 S1-S2 Déchaumage Cover crop

24/09/2007 S1 Travail du sol : labour

24/09/2007 S1 Travail du sol animé Horse rotative amazone

25/09/2007 S1 Semis Herriau Cultivar Soissons

03/10/2007 S1 Molluscicide Mesurol pro 3 kg/ha

09/10/2007 S1 Molluscicide Mesurol pro 3 kg/ha

30/10/2007 S1 Molluscicide Mesurol pro 3 kg/ha

08/11/2007 S2 Fongicide Opus team 1.5 kg/ha

12/11/2007 S1-S2 Herbicide Legacy duo 2.4 l/lha

12/11/2007 S2 Travail du sol : labour

12/11/2007 S2 Travail du sol animé Herse rotative amazone

12/11/2007 S2 Semis Herriau Cultivar Soissons

07/12/2007 S2 Molluscicide Mesurol pro 3 kg/ha

11/01/2008 S2 Molluscicide Mesurol pro 3 kg/ha

25/02/2008 S1-S2 Fertilisation aero Ammonitre 27% 50 U/densité

07/03/2008 S1 Fertilisation src Ammonitrate 33.5% 150 U (D3)
80 U (D2)
0 U (D1)

04/04/2008 S1-S2 Fongicide Input pack 0.8 I/ha

23/04/2008 S2 Fertilisation src Ammonitrate 33.5% 150 U (D3)
80 U (D2)
80 U (D1)

02/05/2008 S1-S2 Fongicide Opus team 1.51/ha

Bravo 1.3 kg/ha
22/05/2008 S1-S2 Fongicide Solell 1.2 l/ha
28/07/2008 S1-S2 Récolte
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Appendix 1I/B.  Summary of the dates, products and doses of different agronomic applications for the growing seasons 2008/2009.

Winter wheat Cv. 'Soissons'

Plot : Pointe Sud 49 (0.8 ha)

Growing season : 2008/2009

Date Sowing Application Material Product Dose

26/08/2008 S1-S2 Herbicide Roundup max 480 2.5 /ha

11/09/2008 Déchaumage Rabe bluebird

28/09/2008 S1 Travail du sol : labour

28/09/2008 S1 Travail su sol animé Herse rotative amazone

29/09/2008 S1 Semis Herriau Cultivar Soissons

17/10/2008 S1 Insecticide (Cicadelle, Judoka 0.125 l/ha

pucerons)

04/11/2008 S1 Fongicide (parcelle traitée) Opus team 1.51/ha

10/11/2008 S1 Molluscicide Manuel Mesurol pro 3 kg/ha

17/11/2008 S2 Travail du sol : labour

17/11/2008 S2 Travail du sol animé Herse rotative amazone

17/11/2008 S2 Semis Herriau Cultivar Soissons

02/04/2009 S1-S2 Fongicide (parcelle traitée) Input pack 0.8 I/ha

09/04/2009 S1-S2 Fertilisation aero Ammonitrate 33.5% 80 U/densité

16/04/2009 S1 Régulateur Moddus 0.5 l/ha

30/04/2009 S1-S2 Herbicide (anti dicotylédone) Bofix 2.5 1/ha

30/04/2009 S1-S2 Insecticide Clameur 0.07 kg/ha

05/05/2009 S2 Régulateur Moddus 0.5 l/ha

05/05/2009 S1-S2 Fongicide (parcelle traitée) Opus team 1.51/ha

06/05/2009 S1 Fertilisation Ammonitrate 33.5% 50 U/densité

06/05/2009 S2 Fertilisation Ammonitrate 33.5% 50 U (D1)
120 U (D2)
120 U (D3)

S1-S2 Récolte
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Appendix 1l

Appendix lllI/A. (a) Length of leaf blade, (b) width of leaf blade, (c) area of leaf blade, (d) length of sheath, (e) length of internode and (f) distance to the
collar from the shoot base, vs. leaf rank N counted acropetally for juvenile phytomers and vs. leaf rank N’ counted basipetally for adult phytomers. Data
are for the main stem of winter wheat Cv. 'Soissons' sown in late September 2007 (Y1S1) and in mid November 2008 (Y2S2) in Grignon at 3 sowing
densities: D1, D2, D3. For each density treatment data are pooled by final leaf number N : 9 (0), 10 (V), 11 (), 13 (@), 14 (V). D1: 77, D2: 228, D3:
514 plants.m™. Vertical bars show confidence intervals (a=0.05) when larger than the size of the symbol.
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Appendix IlI/B. (&) Length of leaf blade, (b) width of leaf blade, (c) area of leaf blade, (d) length of sheath, (e) length of internode and (f) distance to the
collar from the shoot base vs. leaf rank N’ counted from the top for the main stem of winter wheat Cv. 'Soissons' sown in late September (S1) and mid
November (S2) in 2007/2008 (Y1) in Grignon at 3 sowing densities: D1 (o), D2 (V), D3 (o). Data are pooled by final leaf number Ny = 13 (left column),
Nieas =14 (middle column) for sowing S1 and N, =10 (right column) for sowing S2. D1: 77, D2: 228, D3: 514 plants.m'z. Vertical bars show confidence
intervals (a=0.05) when larger than the size of the symbol.
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Appendix lllI/C. (a) Length of leaf blade, (b) width of leaf blade, (c) area of leaf blade, (d) length of sheath, (e) length of internode and (f) distance to the
collar from the shoot base vs. leaf rank N counted acropetally for the main stem of winter wheat Cv. 'Soissons' sown in mid November 2008 (Y2S2) in

Grignon at 3 sowing densities: D1 (o), D2 (V), D3 (o). Data are pooled by final leaf number nies = 9 (left column), ney; =10 (middle column) and Ny =11
(right column). D1: 77, D2: 228, D3: 514 plants.m™. Vertical bars show confidence intervals (a=0.05) when larger than the size of the symbol.
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1. Introduction

Mathematical models to describe crop—environment interaction on organ scale need to take crop or plant
architecture into account. Up to now, architectural plant models are largely descriptive and parameters
need to be estimated for each species, cultivar and environment. Required measurements are extensive
and time-consuming. Hence investigating morphological patterns and their modulation as a response to
environmental conditions may help to reduce measurement efforts and to predict plant architecture in
crop models. In this paper, we describe the plasticity of winter wheat - expressed as the dimensions and
sizes of leaf blades, sheaths and internodes in relation to their position on a stem - under the climatic
conditions of the Paris region. Results are discussed with respect to: (i) genotypic variability, (ii) inter-
annual variability, (iii) sowing date and plant population density, (iv) Nitrogen fertilisation and (v) tiller
rank.

Eight wheat cultivars grown in the same season showed similar patterns of leaf and internodes dimen-
sions in relation to their position on the stem. For the cultivar ‘Soissons’, main stem architecture at
flowering was remarkably stable when similar growth conditions were reproduced in the different sea-
sons. Increased plant population density yielded longer juvenile, but shorter adult leaf blades and sheaths.
Earlier sowing led to an increase in the number of juvenile phytomers - growing before the onset of stem
elongation - on the main stem, whereas the number of adult phytomers was almost identical. Further
there were little differences in the size of leaf blades, sheaths and internodes between the main stem and
axillary tillers. We found remarkable differences in the size of adult leaf blades and sheaths in different
growing seasons, with different timing of nitrogen fertilisation and we discuss decreased availability of
nitrogen in the soil in spring as a likely cause.

Data presented here can be used to enlarge the understanding of wheat plasticity regarding the regu-
lation of organ size by temperature, light, plant-available nitrogen and size-mediated effects towards a
mechanistic modelling of these responses.

© 2010 Elsevier B.V. All rights reserved.

with mathematical models. A simple description of structure is
used in classical crop models taking only a small number of com-

The structure of crop canopies is an essential component to partments - typically roots, stems and leaves — into account.
describe the interactions between crops and their environment Detailed representation of plant architecture at organ scale allows

* Corresponding author at: INRA, UMR 1091 EGC, F-78850 Thiverval-Grignon,

France.

E-mail address: bruno.andrieu@grignon.inra.fr (B. Andrieu).

to investigate, e.g. radiation transfer (Chelle and Andrieu, 1998),
movement of liquid water (Bassette and Bussiére, 2008), or inter-
ception of pesticides (Dorr et al., 2008) by individual plants and
organs. Development of functional-structural plant models and the
use of descriptive architectural models to simulate physical trans-

0378-4290/$ - see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.fcr.2010.12.004
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fers aim at addressing new questions such as competition of plants
with weeds, analysis of epidemics, and design of new ideotypes (for
review see Vos et al., 2010).

The plasticity of architecture in response to environmental
conditions, which is an essential component of plant fitness and
productivity, is however not fully understood. This arises from the
number of processes involved in the regulation of the amount of
plant modules (organs) produced, their size, geometry and lifes-
pan. Leaf size, for example, is regulated by the availability of water,
carbon (C) and nitrogen (N), physical factors (e.g. temperature,
water vapour pressure deficit), phytohormons and other metabo-
lites mediating responses to developmental (e.g. floral transition)
and environmental signals (e.g. red: far red light).

In cereals, few quantitative studies on plasticity have been car-
ried out so far, which take dimensions of phytomers (mainly: leaf
blades, sheaths and internodes) on all tillers into account. Evers
et al. (2005), Fournier et al. (2003) and Tivet et al. (2001) presented
relationships of phytomer dimensions between main stem and axil-
lary tillers for one cultivar. Other work encompass only data for
the first juvenile leaves or for the main stem alone (Equiza and
Tognetti, 2002; Kirby et al., 1982; Friend, 1965; Gallagher, 1979).
Assuming non-limiting nutrient and water supply, temperature
and incoming photosynthetically active radiation were identified as
the most relevant external environmental factors to influence leaf
dimensions. Further, Abbe et al. (1941) and Kirby (1977) proposed
a direct relationship between size of the shoot apical meristem
(SAM) and leaf blade width. Casey et al. (1999) pointed out that
the length of the sheath tube a leaf blade grows in, largely deter-
mines its final length. In other words, the length of a cereal leaf
(more precisely the whorl) influences the length of the consecutive
one. This phenomenon was denoted as a size-mediated effect by
Louarn et al. (2010). Size-mediated effects interplay with growth
responses to environmental conditions. Hence a range of some-
times interconnected regulatory mechanisms - some of which have
been indicated above - need to be taken into account to develop
mechanistic models that are able to describe cereal plasticity.

As a consequence, existing models of plant architecture are
largely descriptive. To a large extent they rely on the identifica-
tion and formalisation of patterns found in the architectural traits
of organs according to their age and topological position within a
plant. The regulatory mechanisms that lead to the observed pat-
terns are not fully understood, so that identifying these patterns —
as stable relationships of organ dimensions with topological posi-
tion that are conserved in a range of environments - is essential
to build and parameterise architectural models. More generally,
this would provide the framework for an efficient description of
plasticity as a genotype-environment interaction (G x E).

Wheat (Triticum aestivum L.) is one cereal species for which
architectural models are actively being developed and applied.
For instance ADEL-wheat has been parameterised to model win-
ter wheat architecture for one set of environmental conditions
(Fournier etal.,2003). The model parameterisation has further been
adapted for spring wheat and a different set of environmental con-
ditions including various plant population densities (Evers et al.,
2005). ADEL-wheat coupled to process-based models was used to
investigate the conditions of axillary tiller bud outgrowth (Evers
et al., 2007a) and disease epidemics (Robert et al., 2008). Recent
works have partly elucidated functional aspects such as the translo-
cation of nitrogen (Bertheloot et al., 2008) or the role of source-sink
relationships in bud outgrowth (Evers et al., 2010), but modelling
of organ size still remain empirical and hence dimensions need to
be measured for each genotype and environment.

As a substitute for the lack of the availability of mechanistic
models to predict organ size and as a step towards developing such
models, this study explores the plasticity of the dimensions and
size of winter wheat leaf blades, sheaths and internodes in relation

to their position on the stem. Here we present the impact of: (i)
genotypic variability, (ii) inter-annual variability, (iii) sowing date
and plant population density, (iv) N fertilisation and (v) tiller rank,
on the dimensions and size of leaf blades, sheaths and internodes
based on datasets obtained during five years of field experiments.

2. Materials and methods
2.1. Field experiments

Experiments were located at the INRA research unit of
Thiverval-Grignon, near Paris (48°51’N, 1°58’E, 70m) with a
maritime influenced climate (Képpen climate classification Cfb;
Képpen, 1931) that permits high yields for winter annual crops.
Winter wheat (Triticum aestivum L.) was grown on a deep loamy soil
(typic Eutrochrept; US soil taxonomy) under non-limiting availabil-
ity of water (irrigation when needed) and nutrients. The standard
regional agronomic practices for winter wheat are: (i) sowing at
mid to late October (ii) plant population density of 200-300 plants
per m2, (iii) N fertilisation of 150-200 kg ha~? split into two doses,
the first usually given late February to early March and the second
at the onset of stem elongation, early to mid April and (iv) fungi-
cide, herbicide and growth retardant applications if required. Our
experiments comprised eight wheat cultivars (Y03/04), three plant
population densities (‘Soissons’ in Y98/99, Y07/08, Y08/09), three
sowing dates (‘Soissons’ in different seasons) and two N fertilisation
treatments (‘Soissons’ in Y05/06). Plots consisted of nine planting
rows with an inter-row distance of 0.175 m. Plant population den-
sity is referred to as low density (D7), normal density (D), and
high density (D3 ). Sowing dates are divided into early sowing late
September (S1), normal sowing mid to late October (S,) and late
sowing mid November (S3). N fertilisation followed the standard
scheme (two doses) except in the Ny treatment in Y05/06, where
no N was supplied during the whole season. Major experimental
conditions for the different growing seasons (abbreviated as e.g.
Y08/09) are summarised in Table 1.

2.2. Sampling procedures and measurements

In all experiments, we aimed at a faithful estimation of the
dimensions and size of mature (fully extended) leaf blades, sheaths
and internodes using median plants, thus avoiding consideration of
the plant-to-plant variability at crop level. To select median plants,
we used two simple criteria: (i) similar number of tillers per plant,
(ii) similar developmental stage of the main stem using the Haun
stage (H; after Haun, 1973). Based on these criteria, leaf blades
of tillers were regularly tagged during growth. The main stem is
denoted as MS and the axillary tillers as Tk (k=0, 1, 2,...) T1 being
the tiller that emerges from the axil of the first true leaf blade. The
coleoptile tiller TO rarely emerged and was not considered in data
processing.

In Y98/99, Y03/04, Y05/06, the architectural traits length (I,;)
and width (wy,) of leaf blades, and length of sheaths () and of
internodes (I;,) were measured with a ruler. The distance of the
leaf collar from the shoot base (in short: collar height h.,) was
measured for each phytomer. The distance of the ear collar (sum
of internodes + peduncle) is referred to as stem height. Leaf blade
area (Ap;) was derived as Ap) = l; - Wy, - ft, where mean values for the
shape factor f; for each phytomer rank were taken from measured
data given by Dornbusch et al. (2011).

In YO7/08 and Y08/09, at two to eight occasions during crop
growth depending on the experiment, 15-45 tagged median plants
were collected and I, wp; and A, were computed from images
obtained with a flat-bed scanner that were processed using the
program Lamina2Shape (Dornbusch and Andrieu, 2010). In addi-
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Table 1

Major agronomic details specific for: (i) different growing seasons; (ii) T. aestivum cultivars; (iii) sowing date: S; late September, S, mid to late October, S3 mid November; (iv)
nominal plant population density at sowing: D; low, D,, normal, D3 high (number of plants per m~2 in brackets); (v) specific agronomic treatments (agronomic treatments
not specified were kept optimal) and further experimental details published in literature by the author group.

Season Cultivars Sowing date Plant population density Specific agronomic treatments
Y98/99 ‘Soissons’ S, Dy (70) See also Ljutovac (2002)
D, (250)
Y03/04 ‘Soissons’ ‘Caphorn’ S, D, (250) Growth retardants: 18/03/04 -
‘Apache’ ‘Arminda’ 1.51ha~! Cycocel C5 (BASF Agro);
‘Isengrain’ ‘Thésée’ 15/04/04 - 0.41ha~! Medax Top (BASF
‘Oratorio’ ‘Recital’ Agro)
Y05/06 ‘Soissons’ S> D, (250) Growth retardants: 04/04/06 -
2.01ha~! Cycocel C3 (BASF Agro);
N-fertilisation: N (optimal) No (no N
given)
Y07/08 and Y08/09 ‘Soissons’ M D; (77) Growth retardants: 16/04/09 0.5 1 ha!
Ss D, (228) Moddus (Syngenta Agro GmbH) only in
Both seasons D5 (514) Y08/09 S3Ds. See also Baccar et al.

Both seasons (2010)

tion [y, and [;, were measured with a ruler and h., was measured
as described above. More details about the measurement proto-
cols were described in previous papers (Baccar et al., submitted for
publication; Dornbusch et al., 2011).

2.3. Data processing statistical tests and presentation of results

Measured architectural traits (e.g. l,;) are usually displayed as
a function of phytomer rank N (vertical profile) counted from the
base, where N=1 is the rank of the first true leaf. However, to better
compare data of various tillers — which differ in final leaf number
(njear) — we use the phytomer rank N’ counted from the top (N’ = -1,
—2,...),where N' = —1 represents the rank of the flag leafand N’ =
the rank of the peduncle. The vertical profile of leaf blade length is
for instance abbreviated as I,,;(N').

For each experimental year, treatment and tiller rank, mean
values of architectural traits (see above) were computed for each
phytomer rank, for tillers with the same final number of leaves. The
MS in the various treatments differed in final leaf number making
direct comparison of specific phytomer ranks between treatments
difficult. Therefore we looked separately at the first four to five
basal phytomers (growing before stem elongation) and at the last
six phytomers (growing after the onset of stem elongation). Follow-
ing Poethig (2003), we will refer to these two categories as juvenile
and adult phytomers, respectively. We used N to compare juvenile
phytomers and N’ to compare adult phytomers.

The non-parametric Wilcoxon Rank-Sum Test was applied to
test statistical significant differences between measured traits of
the same phytomer rank. P-values computed with the test are given
as Supplemental material. Note that for Y98/99 only mean data
on leaf dimensions and size were available. Therefore statistical
analysis could not be performed for this treatment. As a measure
for the deviation from an ideal 1:1 line between measured and
model-predicted values, we used the mean error (ME) and the mean
squared error (RSME):

=6 ()
i=1

RMSE = (2)

where here f; represents the model-predicted and y; the corre-
sponding measured values.

3. Results

3.1. Differences in leaf blade area and stem height between
cultivars were observed in the adult phase

The eight wheat cultivars grown in Y03/04 (names given in
Table 1) showed a pattern of leaf blade, sheath and internode
dimensions in relation to their position on a stem (vertical profiles)
resembling those obtained under standard agronomic practices in
the area and described below for Soissons (S, in Fig. 2). To discuss
the differences between cultivars we present only the vertical pro-
files of blade area A, (N') and collar height h.,;(N') of the main stem
(MS) in Fig. 1. These two characteristics — along with leaf angle
- strongly influence the vertical distribution of leaf area in the
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Fig.1. (a)Area ofleafblades Ay; (b) distance of the collar from the shoot base hc vs.
phytomer rank counted from the flag leaf N’ for eight cultivars of T. aestivum (main
stem) sown at normal density (D,) in mid October (S;) YO3/04; N’ = —1: rank of flag
leaf; N'=0: rank of peduncle; the dashed line separates phytomers grown before
(juvenile phase) and after the onset rapid internode elongation (adult phase). Error
bars mark the 95% confidence interval of mean estimate. Data are given in Appendix
[ (Supplemental material).
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in Appendix II (Supplemental material).

canopy. Leaf blade, sheath and internode dimensions are shown
in Supplemental Fig. 1, and corresponding data in Appendix VI.

Leaf blades growing during autumn and winter in the juvenile
growth phase increased in area Ay, with increasing phytomer rank,
but only little in h¢y . During this phase h¢, represents only sheath
length, leading to a ‘rosette growth habit’ of wheat. In the adult
growth phase — which starts after the onset of rapid internode
extension - both, Ay and h,, of fully extended phytomers increased
quasi linearly with increasing phytomer rank, except for the flag
leaf blade which was smaller than the previous leaf blade.

Very little or no differences were found for the lower juvenile
leaf blades (see Appendix I). Differences were observed starting
from the first adult leaf blade (N’ = —6). The largest leaf blades were
found in ‘Thésée’ (P<0.01; see Appendix I). For ‘Thésée’, the flag
leaf Ay (—1) was 36.0 cm? compared to 21.5 cm? for ‘Isengrain’ and
22.5 cm? for ‘Recital’, which had the smallest flag leaf blade (Fig. 1a).

Differences in h.y,(N') between cultivars were observed with
the second elongated internode (N’ = —4). ‘Arminda’ had the tallest
(he1(0)=90.1cm; P<0.001; see Appendix I) and ‘Isengrain’ the
shortest MS (hq(0)=64.6; P<0.001). No systematic association
between stem height and leaf blade area was found. The large-
leaved ‘Thésée’ was amongst the shortest cultivars, while the tallest
cultivar ‘Arminda’ was close to the mean in term of blade area.

3.2. Leaf blade, sheath and internode dimensions for the varying
sowing dates

Experiments with varying sowing date were carried out using
the cultivar ‘Soissons’. Fig. 2 shows the vertical profiles I,(N'),
Wy (N'), Isp(N') and [;,(N') for early (S1), normal (S;) and late sow-
ing (S3) treatments grown at normal plant population density (D-;
Fig. 2). The median nje,;s on MS was decreased in the later sowing
dates; Sq: Njear=13, S2: Njear=11 and S3: njeae=10.

There were no clear differences in leaf blade and sheath dimen-
sions between S, and S;, except for the length of the first two
emerged leaf blades. In contrast, early sowing S; resulted in longer
and wider leaf blades (Fig. 2a and b) and longer sheaths (Fig. 2¢) in

the juvenile growth phase. At Sy leaf blade N=2 was much longer
than the ones at S, or S3, but leaf width was almost the same. During
winter, the length of successive leaf blades increased either lit-
tle or not for all sowing dates (Fig. 2a). Differences for adult leaf
blades were much less and vanished completely for the uppermost
three phytomers: comparing S; and Ss, the length of the upper-
most three adult leaf blades (-3 <N’ < —1) and the uppermost two
sheaths (-2 <N’ < —1) were not different (P> 0.4; see Appendix II)
in YO7/08.

The width of adultleafblades(—4 < N’ < —1) tended to be greater
at S3 compared to S; but differences were not significant (P<0.14;
see Appendix II). The most frequent number of elongated MS
internodes (including peduncle) was six for all treatments, but at S,
and S, there were either six or seven elongated internodes, whereas
at S3 there were either five or six. As shown in Fig. 2d, internodes
on MS were longer at S; than S3 (P<0.05; see Appendix II), whereas
the MS peduncle did not differ in length (P> 0.4; see Appendix II).
This led to taller plants at flowering for Sy and S, (h(0)=80.3 cm
and 81.0 cm, respectively) than S3 (h(0)=73.2 cm).

3.3. Leaf blade, sheath and internode dimensions for contrasted
plant population densities

In the juvenile growth phase, there were little changes associ-
ated with plant population density for the normal and late sowing
dates, but at Sq, leaf blades and sheaths (2 <N <5) were longer at
D3 than D, (Fig. 3a; P<0.05; see Appendix III), whereas differences
in A were not significant for all phytomer ranks (see Appendix III).

In the adult growth phase, I;;; and Ay were smaller at higher
plant population density. The uppermost two leaf blades were sig-
nificantly smaller at D3 compare to D;, both in S; and S3. At lower
phytomer ranks, differences in I, and h., were not always sig-
nificant (Fig. 3a and c; Appendix III). Further, h., in the adult
growth phase (-5 <N’ < —1) was significantly different between
plant population density treatments (Fig. 3c; P<0.01; Appendix
IlT), but effects differed according to sowing date: in early sow-
ing plants were taller at low density (Dq: heo(0)=90.0 cm and Ds:
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the 95% confidence interval of mean estimate. Data are given in Appendix III (Supplemental material).

he1(0)=79.1 cm), whereas in late sowing plants were taller at high
density (Dq: he(0)=70.6 cm and D3: he, (0)=79.7 cm).

3.4. Lack of available nitrogen in early spring led to smaller leaf
blades in the adult growth phase

Data from in the experimental year YO7/08 were obtained under
growth conditions with optimal N fertilisation regarding timing
and dosage as described in Section 2. In YO5/06 and Y08/09, the
application of the first N dose in early spring was delayed by approx-
imately three weeks compared to the usual time, so that at the
time of the first N application, the MS had approximately two more
leaves in Y05/06 and Y08/09 compared to YO7/08 (see Fig. 4). The
first two leaves were longer and larger in YO5/06 than Y07/08 due
to the earlier sowing date. However, during winter [, decreased
in Y05/06, whereas A, was in the same magnitude as observed in
Y07/08 and Y08/09. In the adult growth phase, the uppermost leaf
blades (—4 <N’ < —1) were shorter and smaller in Y05/06 and in
Y08/09 compared to YO7/08 (Fig.4; P<0.001; Appendix IV). Further,
in YO5/06, I, and Ay, was decreased in the Ny treatment compared
to N. (Fig. 4; P<0.001; Appendix IV), but nje,¢ on the MS was the
same.

3.5. Differences in leaf dimensions, size and collar height between
main stem and axillary tillers

At all sowing dates, the first three leaf blades appeared on T1,
T2 and T3 were shorter than the corresponding leaf blades on the
MS with the same rank N’ (Fig. 5; P<0.001; see Appendix V). With
increasing phytomer rank N, differences in I,; between MS, T1, T2
and T3 became smaller and the uppermost four adult phytomers
were not different in length (P>0.15; see Appendix V). The same
trend was observed at S, but statistical confirmation of results was
not possible, since only mean data values were available. At S3,
differences in I,; between MS, T1, T2 and T3 were less significant
compared to S; (see Appendix V), but the observed pattern was the
same as for S; and S,.

Further, values for wy,; and A, for the T1, T2, T3 were smaller than
values for the MS (Fig. 5b and c). Differences were maintained for
all phytomers up to the flag leaf at S,, but became smaller starting
from phytomer rank N’ = —5 to the flag leaf at S3 (see Appendix V).
At any given position N, wy,(N') and Ay, (N') were usually smaller
for tillers of higher rank (MS>T1>T2>T3). An exception to this
occurred for S3 (Y08/09; right column), in which wy,(N') A (N') of
T1 were smaller compared to T2 and T3, because of a frost period in
winter thatimpeded and inhibited outgrowth of T1 on many plants.
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sent the 95% confidence interval of mean estimate. Data are given in Appendix IV
(Supplemental material).

At S3, we observed small differences in h(N') between axillary
tillers and MS. In tendency, the MS was taller than axillary tillers,
but differences were not statistically significant (Appendix V).

To test for similarity in architectural traits between T1, T2, T3
and MS we selected data from all experimental years described
in Section 2 and plotted the mean length of the last four adult
leaf blades, sheaths and internodes (—4 <N <-1) of T1, T2 and T3
against the corresponding measured values of the MS (Fig. 6a). Data
points fell close to the 1:1 line. In tendency, values for I, Ly, and
I, for the T1, T2, T3 were smaller than the corresponding values for
the MS (ME = —0.66 cm). This difference did not show a trend with
tiller rank (data not shown). Thus, the length of the blade, sheath
or internode of tillers could be estimated from the corresponding
one of main stem with a low RSME (1.81 cm).

For Ay, we obtained a stronger deviation from the 1:1 line
(RSME = 3.85 cm?2) and Ay, for tillers was in most cases lower than
for MS (ME=-2.86cm?2). Looking at data from different geno-
types and experimental years, no clear trend in decreasing Ay, with
increasing tiller rank (T1 > T2 >T3) compared to MS was found (data
not shown here).

4. Discussion

We investigated the pattern of organ dimensions and size in
relation to the position on the main stem for different growing sea-
sons and cultivars, and compared it to axillary tillers with respect
to analysing whether a simple comprehensive description of the
observed patterns could be proposed. In field-grown wheat, the
typical profile of leaf blade length shows an increase in length
with phytomer rank up to the penultimate leaf blade, with the flag
leaf blade being shorter. Similar patterns have been reported in
several studies (Evers et al., 2007b; Lock, 2003; Gallagher, 1979;
Hotsonyame and Hunt, 1997). There was little or no change with

phytomer rank in leaf blade length during the juvenile phase (in
winter) as also observed in our experiments. Kirby et al. (1982) sug-
gested that temperatures below 8 °C combined with a daylength
shorter that 12 h, lead to stagnation in leaf length for successive
phytomer ranks. The pattern of organ size was found to be quite
stable for the eight wheat cultivars investigated here (Fig. 1a). It
seems that a small number of typical profiles of organ size can be
defined to represent winter wheat cultivars with similar genetic
background grown under similar growth conditions. In our experi-
ments we observed a very high degree of repeatability of the pattern
of organ size between growing seasons for ‘Soissons’. Under compa-
rable growth conditions — optimal N fertilisation and no application
of growth retardants - the size of adult leaf blades was not differ-
ent in experiments performed in two different growing seasons.
Evenif growth retardants(gibbellerin biosynthesis inhibitors in our
experiments) were applied in some experimental years the gen-
eral pattern of leaf blade, sheath and internode length was very
similar to the other years (see Supplemental Fig. 1). The impact of
these growth retardants on winter wheat are mainly a reduction
of internode elongation under very favourable (wet) conditions
yielding to shorter stems and reduced lodging (for review see
Rademacher, 2000).

The typical pattern of organ size is highly related to winter
growth conditions and several authors reported that profiles of leaf
blade length deviate strongly from the usual ones when juvenile
growth occurs under conditions of long photoperiod and/or high
temperature (Borrill, 1959; Gémez-Macpherson et al., 1998; Kirby
etal.,, 1982; Ljutovac, 2002). Such atypical growth conditions occur
in growth chambers, greenhouses or in early autumn sowings. They
reported that, for several grass species — including winter wheat
- leaf blade length increased with phytomer rank in the juvenile
growth phase up to a maximum length at the time of floral initia-
tion, and then decreased in the adult growth phase towards the flag
leaf. In our experiments, early sown plants had longer and wider
juvenile leaf blades compared to late sown plants. On the contrary,
very little variation in the size of the last three to four adult phy-
tomers was observed (Fig. 2); the date of flowering also changed
only very little so that adult phytomer leaves grew approximately
at the same time and under similar conditions in spring indepen-
dently of sowing date. Consequently, size mediated effects (the
length of leaf blade N+ 1 is related to the sheath tube length of the
preceding leaf N) did not appear to be able to propagate the larger
size of the juvenile leaves to adult leaves. That further supports the
coherence of the pattern of organ size between years with similar
growth conditions.

For ‘Soissons’ at high plant population density, we observed
increased blade length — compared to the low density - for juve-
nile leaves starting from phytomer rank N'=-11 in S; and N' = -6
in S3 (Fig. 3a). There - in contrast — the length and width of the
four (S1) and the two (S3) topmost adult leaf blades were reduced
at high density. Comparable effects were observed by Kirby and
Faris (1970) who investigated a range of plant population densities
from 50 to 1600 plants m~2 on barley. An increase in blade length
for juvenile leaves and a decrease in length and width for adult
leaves as a response to high plant population density has also been
reported for maize (e.g. Andrieu et al., 2006). Contrary to wheat,
tillering cannot compensate for the effect of decreased plant pop-
ulation density in maize, so that the effects of plant population
density are more pronounced.

In our experiments, mild nitrogen stress occurred at a relatively
late developmental stage and did not impact the dimensions of
juvenile leaves, due to a low demand of N during winter. The num-
ber of leaves on the main stem was not affected by N stress, but
the dimensions of adult leaf blades were largely reduced (Fig. 4).
We observed a twofold reduction in individual leaf area between
optimal and no further N supply. Apparently, tiller abortion occur-
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Fig. 5. (a) Length of leaf blades I,;; (b) width of leaf blades wy,; (c¢) area of leaf blades Ay,; (d) distance of the collar from the shoot base h¢, vs. phytomer rank counted from
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confidence interval of mean estimate. Data are given in Appendix V (Supplemental material).

ring under N stress - leading to more N for the surviving tillers -
did not fully compensate for the lack of available N so that the sur-
viving tillers were impaired in their growth. Delayed application
of N in spring also led to a reduction in adult leaf blade dimen-
sions (Fig. 4), even if N application occurred before the growth of
these leaf blades. The observed reduction in leaf blade size by N
stress shares similarity with that observed for cold stress in maize
(Louarn et al., 2008, 2010). A cold event at an early developmental
stage resulted in a decreased size of all following leaf blades. Size
mediated effects or a smaller shoot apical meristem (SAM) size may
be the reason for such long-term propagation of growth response
to a constraint in early plant development (Andrieu et al., 2006;
Louarn et al., 2010).

Comparing axillary tillers to the main stem, the lengths of the
uppermost adult leaf blades, sheaths and internodes were almost
the same. This effect was also reported for wheat (Evers et al., 2005;
Kemp, 1981) and rice (Jaffuel and Dauzat, 2005; Tivet et al., 2001).
Due to the synchronisation of floral transition between tillers,
adult phytomers grew almost at the same time and under sim-
ilar growth conditions. However, regarding leaf blade width, we
observed narrower leaf blades for axillary tillers following the ten-
dency MS>T1>T2>T3. The observed difference tended to become
smaller with increasing phytomer rank, so that in some treatments
the flag leaf blades were of the same size for all tillers. The reason for
the decreased leaf width is not known, but one may speculate that it
arises from a smaller size of the SAM, since the SAM of axillary tillers
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Fig. 6. (a) Median length of the uppermost four leaf blades I, (), leaf sheath I, (A) and internodes I;, (O) of axillary tillers (T1-T3) vs. I, Iy, and li;, of the main stem with
the same phytomer rank N'; (b) Median area Ay, of the uppermost four leaf blades of the axillary tillers (T1-T3) vs. Ay of the main stem with the same phytomer rank N’; 1:1
line, root mean squared error (RMSE), mean error (ME) and number of samples (n) are given.

is younger than the one of the main stem. Several authors have
reported an increase in the diameter of the SAM with increasing
age and associated that with an increase in width in barley (Kirby,
1977), rice (Yamazaki, 1963) and maize (Abbe et al., 1941). As adult
leaf blades are narrower on axillary tillers while length is almost
the same, this results in a moderate hierarchy in resources acqui-
sition between main stem and axillary tillers; and we propose that
this may be the reason for the hierarchy in grain production (e.g.
reported by Wood and Thorne, 1985).

Winter wheat shows different plastic responses in the juvenile
and the adult growth phase. Sowing date and density impacts the
number of juvenile and adult leaves. Hence, to predict leaf dimen-
sions and size for winter wheat, simple global equations, such as
proposed by Dwyer and Steward (1986) for maize would be of
limited use. At least, a higher number of parameters would be
required, or sub-models (response functions) to include the regula-
tion of leaf dimensions and size by temperature, light and nitrogen
should be incorporated. Unfortunately, such response functions are
not known at this point in time. Therefore measurements are still
required to describe wheat architecture with architectural models.
In this work, we observed that the size of adult leaves was weakly
related to the size of lower juvenile leaves, thus measurements
should include at least two sampling dates to assess dimensions
and size of: (i) juvenile phytomers before the onset of stem elon-
gation, and (ii) adult phytomers at flowering. Because of the high
similarity in leaf blade, sheath and internode dimensions between
tillers, identical patterns could be used for all tillers, just taking
some decrease in leaf blade width higher tiller rank into account.
Consequently, it would be of little importance to precisely identify
the tillers rank when characterizing organ dimension at flowering.
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Appendix A. Supplementary data

Online we have provided the results of the statistical analysis
using the Wilcoxon Rank-Sum Test. The number of each Appendix
is related to the corresponding Figure in the text.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.fcr.2010.12.004.

References

Abbe, E.C., Randolph, L.F,, Einset, J., 1941. The developmental relationship between
shoot apex and growth pattern of leaf blade in diploid maize. Am. J. Bot. 28,
778-784.

Andrieu, B., Hillier, J., Birch, C., 2006. Onset of sheath extension and duration of
lamina extension are major determinants of the response of maize lamina length
to plant density. Ann. Bot. 98, 1005-1016.

Baccar, R., Dornbusch, T., Abichou, M., Gate, P., Andrieu, B. Description of the effect of
sowing date and density on the phyllochron of winter wheat (Triticum aestivum
L.): a two-phase model determined by photoperiod and final leaf number. Eur.
J. Agron. Submitted for publication.

Bassette, C., Bussiere, F., 2008. Partitioning of splash and storage during raindrop
impacts on banana leaves. Agric. Forest Meterol. 148, 991-1004.

Bertheloot, J., Andrieu, B., Fournier, C., Martre, P., 2008. A process-based model to
simulate nitrogen distribution in wheat (Triticum aestivum) during grain-filling.
Funct. Plant Biol. 35, 781-796.

Borrill, M.A.R.T., 1959. Inflorescence initiation and leaf size in some Gramineae. Ann.
Bot. 23,217-227.

Casey, LA, Brereton, A.J., Laidlaw, A.S., McGilloway, D.A., 1999. Effects of sheath tube
length on leaf development in perennial ryegrass (Lolium perenne L.). Ann. Appl.
Biol. 134, 251-257.

Chelle, M., Andrieu, B., 1998. The nested radiosity model for the distribution of light
within plant canopies. Ecol. Model. 111, 75-91.

Dornbusch, T., Andrieu, B., 2010. Lamina2Shape - an image processing tool for an
explicit description of lamina shape tested on winter wheat (Triticum aestivum
L.). Comput. Electron. Agric. 70, 217-224.

Dornbusch, T., Watt, J., Baccar, R., Fournier, C., Andrieu, B., 2011. A comparative
analysis of leaf shape of wheat, barley and maize using an empirical shape model.
Ann. Bot. in press, doi:10.1093/aob/mcq181.

Dorr, G., Hanan, J., Adkins, S., Hewitt, A., O’'Donnell, C., Noller, B., 2008. Spray depo-
sition on plant surfaces: a modelling approach. Funct. Plant Biol. 35, 988-
996.

Dwyer, L.M., Steward, D.W., 1986. Leaf area development in field-grown maize.
Agron. J. 78, 334-343.

Equiza, M.A,, Tognetti,].A.,2002. Morphological plasticity of spring and winter wheat
in response to changing temperatures. Funct. Plant Biol. 29, 1427-1436.

Evers, ].B., Vos, J., Chelle, M., Andrieu, B., Fournier, C., Struik, P.C., 2007a. Simulating
the effects of localized red:far-red ratio on tillering in spring wheat (Triticum aes-
tivum) using a three-dimensional virtual plant model. New Phytol. 176,325-336.

Evers, ].B., Vos, ]., Fournier, C., Andrieu, B., Chelle, M., Struik, P.C., 2005. Towards a
generic architectural model of tillering in Gramineae, as exemplified by spring
wheat (Triticum aestivum). New Phytol. 166, 801-812.

Evers, ].B., Vos, ]., Fournier, C., Andrieu, B., Chelle, M., Struik, P.C., 2007b. An archi-
tectural model of spring wheat: evaluation of the effects of population density
and shading on model parameterization and performance. Ecol. Model. 200,
308-320.

Evers, ].B., Vos, ]., Yin, X., Romero, P., van der Putten, P.E.L., Struik, P.C., 2010. Simu-
lation of wheat growth and development based on organ-level photosynthesis
and assimilate allocation. J. Exp. Bot. 61, 2203-2216.

Fournier, C., Andrieu, B., Ljutovac, S., Saint-Jean, S., 2003. ADEL-wheat: a 3D archi-
tectural model of wheat development. In: Hu, B.G., Jaeger, M. (Eds.), 2003’
International Symposium on Plant Growth Modeling, Simulation, Visualization,



124 T. Dornbusch et al. / Field Crops Research 121 (2011) 116-124

and their Applications. Tsinghua University Press/Springer, Beijing, PR China,
pp. 54-63.

Friend, D.J.C., 1965. The effects of light and temperature on the growth of cere-
als. In: Milthorpe, F.L, Ivins, ].D. (Eds.), The Growth of Cereals and Grasses.
Butterworths, London, pp. 181-199.

Gallagher, J.N., 1979. Field studies of cereal leaf growth. I. Initiation and expansion
in relation to temperature and ontogeny. J. Exp. Bot. 30, 625-636.

Go6mez-Macpherson, H., Richards, R.A., Masle, ]., 1998. Growth of near-isogenic
wheat lines differing in development - spaced plants. Ann. Bot. 82, 315-322.

Haun, J., 1973. Visual quantification of wheat development. Agron. J. 65, 116-119.

Hotsonyame, G.K., Hunt, L.A., 1997. Effects of sowing date, photoperiod and nitrogen
on variation in main culm leaf dimensions in field-grown wheat. Can. J. Plant Sci.
78, 35-49.

Jaffuel, S., Dauzat, J., 2005. Synchronism of leaf and tiller emergence relative to
position and to main stem development stage in a rice cultivar. Ann. Bot. 95,
401-412.

Kemp, D.R., 1981. Comparison of growth rates and sugar and protein concentrations
of the extension zone of main shoots and tiller leaves of wheat. J. Exp. Bot. 32,
151-158.

Kirby, E.J.M., 1977. The growth of the shoot apex and the apical dome of barley
during ear initiation. Ann. Bot. 41, 1308.

Kirby, E.J.M., Appleyard, M., Fellowes, G., 1982. Effect of sowing date on the temper-
ature response of leaf emergence and leaf size in barley. Plant Cell Environ. 5,
477-484.

Kirby, E.J.M., Faris, D.G., 1970. Plant population induced growth correlations in the
barley plant main shoot and possible hormonal mechanisms. J. Exp. Bot. 21,
787-798.

Koéppen, W.P., 1931. Grundriss der Klimakunde, 2nd ed. Walter de Gruyter, Berlin.

Ljutovac, S., 2002. Coordination dans I'extension des organes aériens et con-

séquences pour les relations entre les dimensions finales des organes chez le
blé. Ph.D. thesis. Institut National Agronomique Paris-Grignon, Paris, France.

Lock, A.A., 2003. The origin and significance of an indent on wheat leaves. J. Agric.
Sci. 141, 179-190.

Louarn, G., Andrieu, B., Giauffret, C.,2010. A size-mediated effect can compensate for
transient chilling stress affecting maize (Zea mays) leaf extension. New Phytol.
187,106-118.

Louarn, G., Chenu, K., Fournier, C., Andrieu, B., Giauffret, C., 2008. Relative contribu-
tions of light interception and radiation use efficiency to the reduction of maize
productivity under cold temperatures. Funct. Plant Biol. 35, 885-899.

Poethig, R.S., 2003. Phase change and the regulation of developmental timing in
plants. Science 301, 334-336.

Rademacher, W., 2000. Growth retardants: effects on gibberellin biosynthesis and
other metabolic pathways. Annu. Rev. Plant Physiol. Plant Mol. Biol. 51,501-531.

Robert, C., Fournier, C., Andrieu, B., Ney, B., 2008. Coupling a 3D virtual wheat plant
model with a Septoria tritici epidemic model: a new approach to investigate
plant-pathogen interactions linked to canopy architecture. Funct. Plant Biol. 35,
997-1013.

Tivet, F.B., Silveira Pinheiro, D.A., Raissac, D.E., Dingkuhn, M.M., 2001. Leaf blade
dimensions of rice (Oryza sativa L. and Oryza glaberrima Steud.). Relationships
between tillers and the main stem. Ann. Bot. 88, 507-511.

Vos, ]., Evers, ].B., Buck-Sorlin, G.H., Andrieu, B., Chelle, M., de Visser, P.H.B., 2010.
Functional-structural plant modelling: a new versatile tool in crop science. J.
Exp. Bot. 61,2101-2115.

Wood, D., Thorne, G., 1985. A study of the relations between growth, development
and tiller survival in winter wheat. In: Day, W., Atkin, R K. (Eds.), Wheat Growth
and Modelling. Plenum Press, New York, pp. 55-58.

Yamazaki, K., 1963. Studies on the leaf formation in rice plants. Il. The development
ofleaves inrelation to their position on a stem. Proc. Crop Sci. Soc. Jpn. 32, 81-88.



List of Publications

PEER REVIEWED JOURNALS

= BACCAR, R., DORNBUSCH, T., ABICHOU, M., GATE, P. AND ANDRIEU, B., 2011 Description of the effect of
sowing date and density on the phyllochron of winter wheat (Triticum aestivum L.): a two-phase model
determined by photoperiod and final leaf nhumber. European Journal of Agronomy. (to be submitted)

= BACCAR, R., FOURNIER, C., DORNBUSCH, T., ANDRIEU, B. AND ROBERT, C. 2011 Modelling the effect of wheat
canopy architecture as affected by sowing density on Septoria tritici epidemics using a coupled epidemic-
virtual plant model . Annals of botany. (in press)

= DORNBUSCH, T., BACCAR, R., WATT, J.,, HILLIER, J., BERTHELOOT, J., FOURNIER, C. AND ANDRIEU, B. 2011.
Plasticity of winter wheat modulated by sowing date, density and nitrogen fertilisation: Dimensions and size of
leaf blades, sheaths and internodes in relation to their position on a stem. Field Crops Research, 121: 116-124.

= DORNBUSCH, T., WATT, J., BACCAR, R., FOURNIER, C. AND ANDRIEU, B., 2010. A comparative analysis of leaf
shape of wheat, barley and maize using an empirical shape model. Annals of botany. doi:10.1093/ach/mcqg181

CONFERENCE PROCEEDINGS

= BACCAR, R., FOURNIER, C., DORNBUSCH, T., ANDRIEU, B. AND ROBERT, C. 2010. Assessing the effect of
canopy architecture as affected by sowing density on epidemics using a virtual wheat plant model coupled with
a Septoria tritici epidemic model. Oral presentation. In: Functional Structural Plant Modelling. Davis, USA.

= BACCAR, R., ABICHOU, M., DORNBUSCH, T., GATE, P. AND ANDRIEU, B., 2009. Factors affecting leaf
emergence rate in winter wheat (Triticum aestivum). Poster. In: Society of Experimental Biology Conference.
Glasgow, UK.

= DORNBUSCH, T., BACCAR, R., ABICHOU, A., FOURNIER, C. AND ANDRIEU, B., 2010. Plasticity of wheat
architecture in response to sowing date and plant population density described with the 3D plant model ADEL
wheat. Poster. In: European Society for Agronomy. Montpellier, France.

177



Résumé

Les pratiques culturales modifient l'architectues douverts de maniére a augmenter
ou diminuer le développement des épidémies maipriEsessus mis en jeu sont complexes ;
des modéles mécanistes simulant l'interaction eitnete et pathogene devraient aider a les
clarifier. Les modéles de Plantes Virtuelles, gernpettent de décrire explicitement la
structure tridimensionnelle de la plante, sembjemticulierement prometteurs pour exprimer
les effets de I'architecture de la plante sur leelidppement des épidémies. L'objectif de cette
étude est d'examiner la possibilité de simulerfeftefle I'architecture des plantes sur le
développement de la maladie en utilisant un modklete Virtuelle.

Dans ce travail, nous nous intéressons au pathesgdbléSeptoria tritici, dans lequel
I'architecture joue un réle important. En effe§ $pores d&eptoria tritici sont propagées par
les éclaboussures de pluie depuis les feuillexti®®s du bas du couvert vers les nouvelles
feuilles saines. Notre travail s’est appuyé surmadele pré-existant d’épidémie de la
septoriose, Septo3D. L'architecture du blé a étdié& pour une gamme de densités et de date
de semis. Les difféerences de phyllochrone entrégetngnts ont été dans une gamme
susceptible de modifier le développement de lacsigysie. Ces variations ont été représentées
par un modele descriptif qui tient compte du nomibeefeuilles final et de la photopériode.
Une description détaillée des variables d'architect I'échelle des organes et du couvert a
fourni une documentation originale et complete layplasticité de I'architecture du blé. Ces
données ont été utilisées pour paramétrer la gwaridu blé dans Septo3D. Globalement,
les traitements étudiés ont conduit a de fortdgmdihces de la densité de végétation au cours
du temps. Les dynamiques de développement de largee ont été suivies pour trois
traitements de densités contrastées. Les cinétidaela maladie simulées par le modeéle
étaient conformes aux mesures expérimentales. @ien 'approche nécessite davantage de
validation, les résultats confirment que I'approcBR&ante Virtuelle apporte un nouvel
éclairage sur les processus et les caractéristipeplantes qui impactent les épidémies. En
conclusion, nous proposons quelques perspectivesuende nouvelles applications et
améliorations de I'approche.

Mots clés : blé d'hiver (Triticum aestivum L.), Septoria tritici, plasticité de
I'architecture du blé, date de semis, densité datpk, interaction plante-pathogéne, modele
de Plante Virtuelle.



Abstract

Agronomic practices modify crop architecture in wakiat may facilitate or hamper
disease development. The processes involved arplevrand mechanistic models simulating
plant-pathogen interaction should help clarifyilgrh. Virtual Plants, i.e. models in which
the three-dimensional structure of the plant idieily described, appear specially promising
to express the effects of the plant architecturéhenepidemic development. The objective of
this study is to examine the ability to simulate tkffect of plant architecture on disease
development using a Virtual Plant model.

The work focuses on the pathosystem wi&epteria tritici, in which architecture
plays an important role because sporesaptoria are propagated from infected leaves to
upper healthy leaves by rain splash. We build pneaexisting model o$eptoria epidemics,
Septo3D. Wheat architecture was examined for agrahgowing date and density treatments.
Differences of phyllochron between treatments wara range sufficient to likely modify
epidemic development; they were well representedalgescriptive model depending on
photoperiod and final leaf number. A detailed digsion of architectural variables at the
organ and canopy scale provided an original andpcenensive documentation of the plastic
response of wheat, which was used for parametgrigia wheat description in Septo3D.
Overall, the investigated treatments resulted nongt differences in the time course of
vegetation densitySeptoria dynamics were monitored in a subset of three rtreats of
contrasted densities. Simulated disease kinetiag wensistent with field measurements.
Although, the approach needs further validatiosults support that virtual plant modelling
provides new insights into the processes and piaits that impact epidemics. We conclude
with prospects for further improvements and appiloce.

Key words: winter wheat (Triticum aestivum L.), Septoria tritici, plasticity of
wheat architecture, sowing date, plant population density, plant-pathogen
interaction, Virtual Plant models.



