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« L’esprit scientifique doit se former contre la 

Nature, contre ce qui est, en nous et hors de 

nous, l’impulsion et l’instruction de la Nature, 

contre l’entraînement naturel, contre le fait 

coloré et divers. » 

 

 

« Rendre géométrique la représentation, 

c’est-à-dire dessiner les phénomènes et 

ordonner en série les évènements décisifs 

d’une expérience, voilà la tâche première où 

s’affirme l’esprit scientifique. » 

 

Gaston Bachelard. La formation de l’esprit 

scientifique, 2004. 
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Figure 1 : Exemples de légumineuses cultivées en Europe. A gauche, le pois (Pisum sativum L.) appartenant 

à la tribu des Vicieae. A droite, la luzerne (Medicago sativa L.), tribu des Trifolieae. 

R. Barillot, 2011 R. Barillot, 2012 



 

 

Introduction générale 

1 

1 Défis agricoles du XXI
ème

 siècle 

 Au cours des soixante dernières années, les systèmes de production agricoles des 

pays industrialisés ont principalement été destinés à assurer l’autosuffisance alimentaire. 

Cette volonté politique a ainsi nécessité de facto le recours à des pratiques agricoles 

intensives permettant d’obtenir d’importants niveaux de production de la part des 

agrosystèmes. Outre l’importante technicité requise de la part de l’ensemble de la filière 

agricole (instituts de recherche, instituts techniques, coopératives, agriculteurs…), 

l’obtention de tels niveaux de rendement a nécessité la conjugaison de nombreux moyens 

tels que la sélection variétale, les intrants chimiques de synthèse (pesticides, apports 

azotés…) ainsi que la mécanisation de la plupart des travaux agricoles consommateurs 

d’énergie fossile. 

 Toutefois, ces systèmes de production fortement anthropisés, de plus en plus 

intensifs et spécialisés, ont conduit à l’apparition d’impacts sur l’environnement jugés 

négatifs par les sociétés humaines e.g. lixiviation de l’azote et eutrophisation des eaux, 

érosion des sols, diminution de la biodiversité, rejet de gaz à effet de serre (Giller et al., 

1997, Tilman et al., 2002). La prise de conscience environnementale actuelle qui s’opère 

au niveau sociétal et politique nécessite donc désormais de repenser les modes de 

production agricole. D’importants et nombreux défis restent néanmoins à relever 

puisqu’il s’agira d’assurer une production agricole de qualité, et suffisante pour faire face à 

l’augmentation de la population humaine à venir (Pisani et Lebiez, 2007). Il s’agira 

également de diminuer l’impact environnemental des activités agricoles, tout en 

maintenant un niveau de rentabilité économique suffisant pour le maintien d’une 

agriculture compétitive (Griffon, 1999, Parmentier, 2007, Chevassus-au-Louis et al., 

2009). De nombreux efforts de recherche ont été ainsi entrepris afin d’explorer des 

systèmes de culture alternatifs capables de substituer une partie des technologies 

agricoles actuelles par l’utilisation de régulations biologiques (interactions entre agents 

biologiques et leurs impacts sur les dynamiques de population) et la production de services 

écosystémiques (services intrants, service de production et services produits hors revenu 

agricole direct) (Le Roux et al., 2008). Il s’agit donc de mettre en place une nouvelle 

technologie fondée sur l’écologie scientifique (Pisani et Lebiez, 2007). 

2 Importance agro-écologique et économique des légumineuses 

 Compte tenu de ce contexte, les légumineuses présentent des propriétés 

biologiques spécifiques leur conférant des atouts majeurs dans la conception d’une 

agriculture capable de répondre aux enjeux définis ci-dessus. Historiquement, ces espèces 

sont présentes dans de nombreuses agricultures ainsi les légumineuses rencontrées dans la 

zone tempérée européenne (e.g. Figure 1) appartiennent principalement à deux tribus, 

relativement proches au niveau évolutif (Duc et al., 2010), les Vicieae (pois, fèves et 

féveroles, vesces) et les Trifolieae (luzernes, trèfles). 



 

 

 
Figure 2 : Evolution des surfaces de trois protéagineux en France : le pois, la féverole et le lupin. D’après 

UNIP 2011. 
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Ces espèces présentent la capacité unique de fixer l’azote atmosphérique (N2) au niveau 

de structures anatomiques spécifiques - les nodosités - formées au niveau racinaire avec 

des bactéries du genre Rhizobium à la suite d’une symbiose. 

 L’introduction de légumineuses dans les assolements agricoles permet donc 

d’améliorer de façon significative l’autonomie en azote des agrosystèmes et ainsi leur 

impact environnemental. En France, on estime la fixation symbiotique des légumineuses à 

520 000 t d’azote pour l’année 2010 (Duc et al., 2010). Une partie de l’azote fixé peut 

également être restituée au sol à l’issue du cycle de croissance des légumineuses via la 

minéralisation des pailles et rhizodépôts. Les légumineuses constituent donc un précédent 

cultural stratégique dans l’élaboration des rotations de cultures. Lorsqu’il n’est pas soumis 

aux processus de lixiviation, l’azote déposé par les légumineuses peut en effet être absorbé 

par le système racinaire des cultures suivantes (e.g. céréales, colza). L’introduction des 

légumineuses dans les rotations semble également augmenter l’efficience de ces cultures 

vis-à-vis de l’azote (Duc et al., 2010). Un avantage supplémentaire des légumineuses 

(fourragères ou destinées à la production de graines) réside dans le fait qu’elles constituent 

une source importante de protéines végétales à caractère nutritionnel élevé, un domaine où 

l’Europe est majoritairement déficitaire (Duc et al., 2010). 

 Paradoxalement, il apparait que moins de 5 % des surfaces arables françaises 

étaient allouées aux légumineuses à graines en 2005, alors que l’Europe est la première 

zone du monde en terme de consommation de matières riches en protéines, notamment 

dans le cadre de la production animale (source : programme UE-GL-Pro 2006). De plus, il 

semble que l’évolution des assolements français observée depuis 2003 ne fournisse pas 

d’indications présageant d’une augmentation des surfaces allouées aux légumineuses 

(Figure 2). Cet état de fait implique donc au niveau européen un recours important aux 

importations de protéines végétales (soja), principalement en provenance du continent 

américain (e.g. Anil et al., 1998). Au-delà de l’impact économique, la réduction des 

surfaces agricoles allouées aux légumineuses semblent également impliquée dans la 

stagnation des rendements de blé en Europe (Brisson et al., 2010). Malgré des progrès très 

sensibles en matière de sélection variétale, le recul de l’utilisation des légumineuses en 

Europe semble être notamment lié à la sensibilité de ces espèces à certains facteurs 

abiotiques, et plus particulièrement à la verse, mais également biotiques, tels que le 

champignon Mycosphaerella pinodes, responsable d’une maladie fongique très 

préjudiciable chez le pois : l’ascochytose. 

 Dans un tel contexte agro-écologique et économique, la compréhension et la 

maitrise du fonctionnement biologique des légumineuses, en interaction avec leur 

environnement, font donc partie intégrante du processus de réintroduction de ces espèces 

dans les agrosystèmes européens. Des axes de recherche ont ainsi été mis en place afin de 

progresser sur la compréhension des déterminants physiologiques et écologiques du 

fonctionnement des légumineuses, ainsi que sur l’identification de systèmes de cultures 

durables intégrant des légumineuses. 



 

 

   

Figure 3 : diversité des associations de cultures. A gauche, un exemple d’agroforesterie : paulownia-blé. Au 

centre, un mélange de trois espèces annuelles : maïs, haricot et tournesol. A droite, une association céréales-

légumineuses d’espèces pérennes : dactyle-luzerne. 
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Introduction générale 

5 

3 Association céréales – légumineuses : intérêts et finalités 

 Les travaux de recherche évoqués ci-dessus ont notamment conduit à un regain 

d’intérêt pour le concept plurimillénaire d’association de cultures, pratique quasiment 

disparue des régions tempérées devant l’intensification de l’agriculture et son degré de 

mécanisation. L’association de cultures se définit comme le mélange d’au moins deux 

espèces différentes sur une même surface, pendant une période significative de leur 

développement (Willey, 1979). De nombreux travaux ont montré que ces cultures 

présentaient des intérêts agronomiques et économiques importants : niveaux de 

productivité élevés et stables (en terme de quantité et de qualité), diminution du recours 

aux pesticides, préservation de la biodiversité, diminution de l’érosion du sol, pour revue 

voir Malézieux et al. (2009). Les associations de cultures se déclinent ainsi sous plusieurs 

formes : association de végétaux ligneux et herbacés (agroforesterie), association de 

cultures annuelles et/ou pérennes etc., chacune d’entre elles pouvant être composée de 

peuplements bi- ou plurispécifiques, mono- ou pluri-variétaux (Figure 3). 

 Parmi les nombreuses combinaisons d’espèces explorées, les associations 

céréales - légumineuses se sont révélées comme étant des agrosystèmes particulièrement 

performants, présentant des niveaux de rendements équivalents ou supérieurs à ceux 

observés en culture pure (Ofori et Stern, 1987). D’autres travaux ont également montré que 

les teneurs en protéines des grains de la céréale sont plus élevées qu’en culture pure 

(Jensen, 1996b, Corre-Hellou et al., 2006). L’implantation des légumineuses en association 

avec une céréale permet également de réduire les risques de verse (rôle de tuteur joué par 

la céréale), de développement des adventices (Hauggaard-Nielsen et al., 2001, Corre-

Hellou et al., 2011) et également de maladies sous certaines conditions (Trenbath, 1993). 

Les associations céréales – légumineuses constituent donc une solution pertinente à la 

réintroduction des légumineuses dans les assolements agricoles alliant ainsi 

productivité et autonomie vis-à-vis des intrants d’azotés. Ces associations se destinent 

ainsi à des finalités multiples. Dans les secteurs où l’élevage domine, les associations sont 

principalement cultivées pour la production de fourrage ou de grains pour 

l’autoconsommation à la ferme. Dans les zones céréalières, elles sont majoritairement 

destinées à la production des grains de céréales ou de protéagineux (ITAB, 2011). 

 Malgré les nombreux bénéfices et finalités mis en évidence, la pratique de 

l’association céréale - légumineuse reste marginale dans la plupart des pays 

industrialisés, et les filières économiques situées en aval de la production ne semblent pas 

être en place. En 2009, la superficie du territoire français occupée par les associations 

céréales - légumineuses s’élevait à 50 000 ha soit 0.18 % de la surface agricole utile. De 

plus, la production est principalement issue de l’agriculture biologique et destinée à 

l’autoconsommation dans les élevages (Guichard, 2009). Afin de promouvoir le recours 

aux associations céréale – légumineuse, il est nécessaire d’en identifier les facteurs 

limitants tant au niveau de la filière qu’au niveau technique. 



 

 

   

Figure 4 : Illustration du développement d’une association blé-pois (photographies verticales du couvert). 

S. Pineau & R. Barillot (2011). 

 
Figure 5 : Schéma des interactions entre plantes de pois et de blé au sein d’une association. Ces interactions 

résultent de l’effet de chacune des espèces sur les ressources du milieu mais aussi des réponses induites par la 

modification des ressources. D’après Louarn et al. (2010). 
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D’un point de vue purement agronomique, une des contraintes fortes réside dans 

l’incertitude, pour l’agriculteur, de prévoir la proportion de chaque espèce à la récolte. En 

effet, si les doses semées sont contrôlées, ce n’est pas le cas de la dynamique de mise en 

place de chacune des espèces. Il apparait donc d’ores et déjà que les caractéristiques 

structurales et fonctionnelles des espèces associées sont des déterminants majeurs de 

l’équilibre entre les processus de compétition (lumière, eau, azote) et de 

complémentarité (e.g. profils racinaires et aériens complémentaires) qui s’opèrent entre 

ces espèces. Cet équilibre est d’autant plus complexe à appréhender qu’il est 

multidimensionnel (accès à la lumière, l’eau, les ressources minérales…) et sous la 

dépendance des facteurs environnementaux. 

4 L’association céréales - légumineuses : un système complexe 

 La morphogénèse de chacune des espèces associées, i.e. l’ensemble des processus 

conduisant à l’acquisition de leur structure physique, conduit à de nombreuses interactions 

intra- et interspécifiques permanentes et dynamiques (Figure 4), évoluant à la fois au 

niveau temporel (période du cycle de développement) et spatial (aérien ou souterrain). Ces 

interactions (Figure 5) sont perçues par l’un et l’autre des partenaires via les modifications 

d’environnement qu’elles engendrent, et notamment à travers leurs effets sur les ressources 

du milieu (Haynes, 1980, Ofori et Stern, 1987, Vandermeer, 1989, Sinoquet et Cruz, 1995). 

En effet, le développement de chacune des espèces entraine une modification du 

phylloclimat, c’est-à-dire des conditions perçues au niveau des organes (Chelle, 2005), 

pouvant ainsi aboutir à une modification du microclimat à l’échelle du couvert 

(température, humidité relative, rayonnement). Ces interactions modifient également 

l’accès et la quantité des ressources du milieu, les principales étant la lumière, l’eau et 

l’azote. 

 L’association d’une céréale et d’une légumineuse peut ainsi déboucher sur des 

situations écologiques contrastées où l’on peut distinguer des processus : i) de 

facilitation : interactions positives, augmentation de la taille des niches écologiques 

(Bruno et al., 2003), ii) de complémentarité : les espèces n’accèdent pas à des ressources 

situées dans les mêmes zones et/ou à des moments différents, augmentation de l’efficience 

d’utilisation des ressources (Huyghe et Litrico, 2008) et iii) de compétition (réponse 

négative chez au moins une des espèces associées). Le gain de productivité et la stabilité 

des associations de cultures reposent donc sur la capacité des espèces associées à être 

complémentaires dans l’exploitation de leur milieu (Louarn et al., 2010). 
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 L’objectif des travaux de recherche menés sur les associations céréales –

 légumineuses consiste donc à identifier et à mettre en place des leviers capables de 

maximiser les processus de facilitation et de complémentarité entre espèces associées, 

et ainsi à minimiser la compétition interspécifique de façon à ce qu’elle soit in fine plus 

faible que la compétition intraspécifique rencontrée en culture pure. La compétition pour 

la lumière et les modalités de son partage au sein des espèces présentes dans le couvert 

constituent, de fait, un axe d’étude nécessaire à la compréhension du fonctionnement des 

associations de cultures et du raisonnement de leur pilotage. Le travail de thèse décrit dans 

ce document s’inscrit dans cette thématique, et a pour objectif général : 

D’analyser le partage du rayonnement dans les associations blé - pois 

L’objet d’étude utilisé au cours de ce travail pour appréhender le fonctionnement des 

associations céréales - légumineuses a été effectivement défini par l’association blé 

(Triticum aestivum L.) – pois (Pisum sativum L.). Parmi les associations 

céréales - légumineuses, le mélange du blé et du pois est en effet fréquemment étudié et 

utilisé en France, le pois étant la légumineuse la plus cultivée (Ney et Carrouée, 2005, Duc 

et al., 2010). Concernant ces deux espèces, un important corpus de données, génétiques, 

(éco-)physiologiques et agronomiques, est de plus disponible dans la littérature, y compris 

en situation d’association (Ghaley et al., 2005, Naudin, 2009, Naudin et al., 2010).  
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1 Partage des ressources et interactions dans les associations blé - pois 

 L’accès aux ressources du milieu peut être symétriquement lié à la taille relative 

des espèces, définie par la distribution spatiale des organes aériens et souterrains 

(Schwinning et Weiner, 1998, Louarn et al., 2010). Le degré de symétrie entre la taille de 

l’individu et sa capacité à préempter une ressource est de plus, dépendant de la nature de 

celle cette dernière. On peut ainsi observer des compétitions, dites asymétriques, dans le 

cas de ressources peu mobiles du sol ou encore pour la lumière. Dans ces situations, la 

ressource est principalement captée par l’individu dominant du couvert. Nous détaillons ci-

dessous deux ressources majeures influençant le développement et la proportion de chaque 

espèce dans le couvert ainsi que sa productivité potentielle : l’azote et la lumière. 

1.1 Azote 

 De nombreux travaux concernant les associations se sont intéressés à la 

complémentarité spatiale et temporelle pour l’azote qui s’opère entre la céréale et la 

légumineuse (Fujita et al., 1992, Jensen, 1996a, Jensen, 1996b, Hauggaard-Nielsen et al., 

2001, Adam et al., 2002, Corre-Hellou et al., 2006, Fustec et al., 2010). En effet, la forte 

compétitivité de la céréale pour l’azote du sol conduit la légumineuse à se reposer quasi-

exclusivement sur la fixation symbiotique. Ces caractéristiques physiologiques conduisent 

ainsi chaque espèce à utiliser des sources d’azote relativement séparées (Louarn et al., 

2010) constituant de facto une forte complémentarité pour l’azote entre céréales et 

légumineuses (séparation de niche). L’équilibre entre espèces reste toutefois fortement 

dépendant de la disponibilité de l’azote présent dans le sol ainsi que des modalités des 

éventuels apports externes d’azote (Naudin, 2009, Naudin et al., 2010). 

1.2 Lumière 

 Ces différentes stratégies d’acquisition de l’azote sont également fortement 

dépendantes de l’accès de chacune des espèces à la ressource lumineuse. La lumière est 

en effet impliquée dans les mécanismes d’assimilation ainsi que dans la fourniture de 

squelettes carbonés, nécessaires au fonctionnement des nodosités développées par les 

légumineuses. Le rayonnement fournit en effet la source d’énergie nécessaire à 

l’accumulation et l’allocation de la biomasse, et ce, dès les stades de développement les 

plus précoces. Au-delà de cet aspect trophique pour le carbone, la lumière constitue 

également un ensemble de signaux, dits photomorphogénétiques, impliqués dans la 

morphogénèse aérienne et souterraine des plantes (Smith, 1982, Varlet-Grancher et al., 

1993b, Ballare et Casal, 2000, Barillot et al., 2010). 

 La compétition pour la lumière et son partage entre les espèces associées 

constituent un point clé de la compréhension du fonctionnement des associations. Il est 

donc primordial d’élucider les mécanismes sous-jacents à la détermination du partage de 

la lumière dans les couverts plurispécifiques tels que les associations blé – pois. 



 

 

   

Figure 6 : Anatomie du blé. A : description des différents axes feuillés. B : définition des phytomères du blé. 

C : description d’un phytomère de blé et de ses composants (Moore et Moser, 1995). 

 

 

 

Figure 7 : Principales étapes du cycle de développement du blé (source : Université de l’Illinois, USA) 
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2 Architecture des plantes et partage de la lumière dans les associations 

 L’interception du rayonnement de l’ensemble du couvert végétal, ainsi que son 

partage entre espèces associées, sont fortement reliés à la structure physique de la 

canopée (Ross, 1981b, Sinoquet et Caldwell, 1995) qui émerge du déploiement de 

l’architecture des individus constituant le couvert (Moulia et al., 1998). Cette 

description multi-échelle de la structure de la canopée révèle l’importance de 

l’architecture des plantes en tant que déterminant de l’interception du couvert ainsi que le 

partage entre individus. Ce concept central d’architecture a été notamment initié dans le 

domaine de la botanique par les travaux de Hallé et al. (1978). Chez les végétaux on 

définira l’architecture des plantes comme l’organisation tridimensionnelle de leur 

structure physique (Reinhardt et Kuhlemeier, 2002). D’un point de vue évolutif, 

l’architecture de l’appareil végétatif des plantes (organismes fixés) reflète ainsi la nécessité 

trophique d’établir une surface d’échange avec l’environnement. Ainsi, d’après 

Bournérias et Bock (2006) : 

« Développer de grandes surfaces de contact avec le milieu environnant permet de pallier 

la dilution de toutes ces sources de matière et d’énergie [e.g. la lumière] indispensables [à 

la croissance des végétaux]. » 

Afin de réguler la quantité de rayonnement absorbée, les plantes vont ainsi présenter une 

très grande variété d’architectures, en fonction des espèces et des environnements dans 

lesquels elles se développent. Trois composantes majeures de l’architecture des plantes 

vont intervenir dans le partage du rayonnement dans un couvert végétal : i) la quantité et la 

distribution spatiale de la surface foliaire développée par chaque espèce, ii) la hauteur 

atteinte par les plantes dans le couvert et iii) l’orientation spatiale des organes végétatifs 

aériens qui définit l’efficacité intrinsèque de ces surfaces à intercepter le rayonnement 

incident (Sinoquet et al., 1990, Sinoquet et Caldwell, 1995, Louarn et al., 2010). 

 Puisque nous avons montré que l’architecture des espèces est un déterminant 

majeur du partage du rayonnement, il convient à présent de caractériser la morphologie 

aérienne du blé et du pois. 

2.1 Morphogénèse et anatomie de l’appareil végétatif aérien du blé et du pois 

2.1.1 Le blé (Triticum aestivum L.) 

 Le blé fait partie de la famille des Poacées. Il s’agit d’une plante monocotylédone 

autogame. Une plante de blé (Figure 6) est composée d’un ensemble d’axes (brin maitre 

et talles) comprenant une partie végétative (pseudo-tiges), une partie reproductrice (l’épi) 

et un système racinaire fasciculé (Gate, 1995). Le blé n’élabore pas de véritables tiges, au 

sens histologique du terme, mais plutôt une «  pseudo-tige » constituée de la gaine de la 

feuille adjacente.  



 

 

 

 

.  

.  

Figure 8 : Anatomie du pois. A : Anatomie d’une variété afila et description d’un phytomère. B : une variété 

de pois feuillue, comportant stipules, folioles et vrilles. C : une variété de pois afila comportant uniquement 

des stipules et vrilles. 

 
Figure 9 : Principales étapes du cycle de développement du pois (Boyeldieu, 1991) 

V. Chevalier (2011) 
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(Munier-Jolain et al., 2005a) 
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Les feuilles sont émises par un méristème caulinaire, situé à la base des axes, et croissent 

successivement dans la pseudo-tige avant d’émerger au sommet de la plante. Chaque axe 

présente une structure modulaire, issue de l’activité itérative des méristèmes, formant ainsi 

un ensemble d’unités morphologiques répétées : les phytomères (Gray, 1849, White, 1979). 

Les phytomères de l’appareil aérien du blé sont ainsi constitués d’un nœud, d’un 

entrenœud, d’un bourgeon axillaire capable d’initier la croissance de talles 

supplémentaires, et d’une feuille (gaine plus limbe, délimités par une ligule). 

 Quatre phases majeures (Figure 7) peuvent être distinguées au cours du 

développement du blé (Gate, 1995). La première phase correspond aux stades d’émergence 

du blé et du déploiement des premières feuilles sur le brin maitre. Dans un second temps, 

lorsque 3 à 4 feuilles sont étalées, le processus de tallage se met en place à partir des 

bourgeons situés à l’aisselle des feuilles. La troisième phase majeure du développement du 

blé consiste ensuite en une forte croissance verticale des tiges induite par l’allongement des 

entrenœuds. Au cours de cette phase, l’inflorescence, initialement située à la base de la 

plante, progresse à travers les gaines avant d’émerger au sommet de la plante, initiant ainsi 

la floraison. La dernière étape du développement comprend les phases de formation et de 

maturation des graines situées dans l’épi. 

2.1.2 Le pois (Pisum sativum L.) 

 Le pois appartient à la famille des Fabacées. C’est une plante dicotylédone 

principalement autogame. Une plante de pois (Figure 8) se compose d’un ou plusieurs axes 

(tige principale et ramifications) comprenant une partie végétative (les tiges), une partie 

reproductrice (les gousses) et un système racinaire pivotant (Munier-Jolain et al., 2005a). 

Contrairement au blé, l’appareil végétatif du pois est mis en place par le fonctionnement de 

méristèmes caulinaires situés à l’extrémité des tiges. Le pois présente également une 

architecture modulaire relativement bien définie. La tige de pois peut donc être 

appréhendée comme un empilement de phytomères comprenant un entrenœud, un 

méristème axillaire capable d’initier la croissance de ramifications supplémentaires, et 

d’une feuille composée. Chez le pois, la feuille a une organisation complexe (Figure 8B et 

C). Les variétés dites feuillues présentent en effet des feuilles constituées d’une paire de 

stipules, d’une ou plusieurs paire(s) de folioles et de vrilles. En revanche, chez les variétés 

dites afila, les folioles sont remplacées par des vrilles. 

 A l’instar du blé, quelques phases majeures du développement de l’appareil 

végétatif du pois (Figure 9) peuvent être identifiées (pour une revue voir Munier-Jolain et 

al., 2005a). La première phase correspond à l’émergence du pois et au déploiement des 

premiers phytomères pré-initiés dans la graine, les deux premiers étant communément 

qualifiés d’écailles (feuilles vestigiales). La phase suivante correspond aux stades 

foliaires : émergence des ramifications et croissance verticale des tiges jusqu’au début de 

la floraison. Contrairement au blé, le pois présente une croissance indéterminée i.e. la 

floraison ne met pas fin au développement végétatif. 



 

 

 

 

Figure 10 : Gauche : l’approche turbid medium permet de représenter la canopée comme un milieu turbide 

homogène. Droite : la lumière se transmet aux couches inférieures du couvert en appliquant la loi de Beer-

Lambert, fonction du LAI et du coefficient d’extinction (k). 

  

Andrieu (2005) 
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Ainsi, avec la progression de la floraison, des organes de nature et d’âge différents 

coexistent sur la plante de pois. Enfin, les dernières étapes du cycle consistent en la 

formation et la maturation des graines situées à l’intérieur des gousses. 

2.2 Modélisation du partage du rayonnement dans l’association 

 Nous avons montré que l’architecture aérienne des espèces, caractérisée ci-dessus, 

est un paramètre majeur du partage de la lumière dans les associations de cultures. Il est 

donc maintenant nécessaire d’identifier une approche pertinente capable de tenir compte i) 

de l’architecture du pois et du blé et ii) du partage de la lumière à l’intérieur de ce type de 

peuplement. 

Bien que le partage du rayonnement dans les associations céréales – légumineuses soit un 

déterminant majeur de leur fonctionnement, ce paramètre reste toutefois difficilement 

accessible aux mesures directes (positionnement des capteurs, nombre de capteurs, 

perturbations de l’architecture des plantes dues aux capteurs…). Ces contraintes ont ainsi 

conduit au développement de modèles permettant d’estimer le partage du rayonnement 

dans des couverts plurispécifiques. Plusieurs approches ont émergé de ces problématiques, 

les deux principales sont présentées ci-dessous. 

2.2.1 Approche turbid medium 

 La majorité des travaux concernant le partage du rayonnement est basée sur une 

approche statistique dite turbid medium (milieu turbide) (Sinoquet et al., 1990, Sinoquet et 

Caldwell, 1995, Tsubo et Walker, 2002, Tsubo et al., 2005, Awal et al., 2006). Cette 

approche considère l’ensemble de la canopée comme un gaz homogène constitué 

d’éléments de dispersion de très petite taille et dans lequel la lumière se propage (Figure 

10). Les éléments de dispersion représentent les parties aériennes des plantes qui sont 

réparties de façon homogène dans le volume de la canopée. Cette représentation du 

couvert permet ensuite de calculer la quantité de lumière transmise vers les couches 

inférieures, en appliquant la loi de Beer-Lambert, décrite comme une exponentielle 

décroissante fonction de la surface foliaire cumulée par mètre-carré de sol (LAI). 

Le développement de cette approche analytique reste toutefois basé sur l’approche 

turbid medium qui nécessite de travailler sur un milieu pouvant être considéré comme 

homogène et continu, et dans lequel les phytoéléments de petite taille sont répartis 

aléatoirement dans l’espace. Or, la validité de cette hypothèse peut être remise en question 

dans le cas des cultures associées. En effet, les associations céréales - légumineuses 

peuvent constituer des canopées hétérogènes (e.g. répartition verticale et horizontale de la 

surface foliaire non uniforme). Ainsi, l’estimation du partage du rayonnement à l’aide de 

modèles basés sur l’approche turbid medium devient plus complexe dans ces situations, 

notamment lorsque les deux espèces présentent des propriétés architecturales différentes 

pouvant de surcroît varier selon dans le temps et l’espace.  



 

 

  

Figure 11 : L’approche plante virtuelle permet de décrire explicitement l’architecture de chaque individu du 

couvert (gauche) et de calculer leur interception en utilisant notamment des modèles de radiosité (droite). 
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Chelle et Andrieu (1998) 
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2.2.2 Approche plante virtuelle 

 En parallèle se développent depuis plusieurs années des approches de modélisation 

dites individu-centré dont le principe consiste à représenter le peuplement comme une 

collection de plantes individuelles, plutôt que comme la duplication d’une plante 

moyenne. De plus, d’autres démarches de modélisation, appelée plante virtuelle, 

permettent également de représenter les individus à travers la description explicite de leur 

architecture. Un des intérêts majeurs de cette approche réside dans la possibilité de tenir 

compte de l’hétérogénéité spatiale des ressources et de la considérer comme élément 

structurant de la mise en place de l’architecture des plantes (Godin, 2000, Verdenal, 2009). 

Ainsi, l’interception du rayonnement peut être évaluée à l’échelle de la plante voire de 

l’organe via par exemple, des modèles de radiosité (Figure 11). 

Nous avons défini précédemment l’architecture des plantes comme la description 

tridimensionnelle de leur structure physique. Toutefois, la modélisation de l’architecture 

pose la question des modes de représentation possibles (Verdenal, 2009), à la fois : 

 Conceptuels : définir les propriétés pertinentes pour décrire la structure physique 

des plantes et, 

 Formels : définir les modes de représentation de l’information (mathématique, 

graphique, numérique) 

Ainsi, les modes de représentation sur lesquels reposent l’approche plante virtuelle sont 

basés sur des concepts proches de la description botanique des plantes, et notamment de 

leur modularité (concept du phytomères). L’approche plante virtuelle repose sur le 

paradigme selon lequel l’architecture peut être décrite par (Godin, 2000) : 

 L’inventaire des composants constituant l’architecture aérienne des plantes 

(décomposition) 

 Les connexions entre ces composants : la topologie 

 Les propriétés géométriques des composants (position spatiale et orientation). 

Les formalismes utilisés pour représenter et mettre en relation (topologie) les constituants 

architecturaux reposent principalement sur l’analogie avec la structure d’arbres multiples 

en mathématique, au sens de la théorie des graphes (Godin et Caraglio, 1998). La 

dynamique de ces arbres est ensuite gérée par des grammaires formelles (e.g. les L-

Systems, Prusinkiewicz et Lindenmayer, 1990) qui définissent les règles d’évolution des 

composants de l’architecture aboutissant ainsi à la simulation de la morphogénèse des 

plantes, ou comme cela a été proposé récemment, de la dynamique des paysages 

fragmentés (Gaucherel et al., 2012). Le couplage avec des méthodes d’interprétation 

graphique a ensuite permis de bénéficier de représentations tridimensionnelles réalistes de 

la structure physique des plantes. 
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D’autres travaux ont par la suite permis de mettre en relation ces modèles architecturés 

avec le fonctionnement physiologique des plantes, donnant ainsi naissance aux modèles 

dits structure – fonction ou Functional Structural Plant Model en anglais (FSPM ; Godin 

et Sinoquet, 2005, Vos et al., 2010, DeJong et al., 2011). Ces modèles sont notamment 

issus de l’introduction de formalismes et de concepts capables de véhiculer et d’intégrer 

l’information issue de l’interaction « facteurs du milieu - structure de la plante » et de la 

mettre en relation avec des modèles de fonctionnement (photosynthèse, transpiration, 

morphogénèse…) qui peuvent également, par rétroaction, affecter la structure des plantes 

(Fournier et Andrieu, 1998, Prusinkiewicz, 2004a, Prusinkiewicz, 2004b, Verdenal et al., 

2008). 

 De par la prise en compte explicite de l’architecture des plantes, les modèles 

structure-fonction fournissent ainsi un cadre conceptuel permettant l’analyse du partage 

du rayonnement dans les associations blé – pois. Bien que cette approche paraisse adaptée 

à l’étude de la compétition pour la lumière et de son partage, peu de travaux l’ont utilisée 

afin de modéliser l’interception du rayonnement dans les associations de cultures, e.g. 

Lamanda et al. (2008) en agroforesterie, Cici et al. (2008) dans un système légumineuse-

adventice, ou encore Sonohat et al. (2002) dans le cas d’une association de plantes 

pérennes (Fétuque élevée – Trèfle blanc). 

3 Objectifs de l’étude 

 Nous avons montré que l’architecture des plantes est un élément déterminant du 

partage du rayonnement dans les associations blé - pois et que plusieurs approches de 

modélisation permettraient d’étudier ces relations entre architecture et interception de la 

lumière. Le travail de thèse présenté ici se propose donc de contribuer à i) élucider le 

déterminisme architectural du partage de la lumière dans les associations blé – pois et 

ii) à évaluer et concevoir une approche de modélisation permettant de caractériser et 

d’étudier le partage de la lumière dans ces couverts. Au vue de ces objectifs, les hypothèses 

suivantes ont été émises au cours de la thèse: 

 Des caractères architecturaux décrits à l’échelle de la plante, voire de l’organe, 

sont des paramètres déterminants dans le partage du rayonnement à l’échelle du 

couvert. 

 La description de la structure physique des plantes, i.e. sans intégrer de façon 

explicite leurs réponses et interactions écophysiologiques, fournit un cadre 

d’analyse pertinent des modalités du partage de la lumière. 

 Un simulateur de la morphogénèse aérienne du pois et du blé constitue un cadre 

conceptuel adapté à l’étude du partage du rayonnement au sein du couvert. 

 Le simulateur est un outil heuristique capable de faire émerger des éléments liés à 

la construction d’idéotypes de plantes adaptées aux cultures plurispécifiques. 
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Sur la base de ces hypothèses, nous tenterons d’apporter des éléments de réponses aux 

questionnements suivants : 

 Quelle approche pertinente pour évaluer et introspecter le déterminisme 

architectural du partage de rayonnement dans les associations blé – pois. ? 

 Quels sont les paramètres architecturaux du blé et du pois susceptibles d’affecter 

le partage du rayonnement ? Comment les affectent-ils ? 

 L’impact des paramètres architecturaux est-il constant au cours de la dynamique 

du développement de l’association ? 

 Ces paramètres architecturaux sont-ils variables entre génotypes ? Entre 

conditions environnementales? 

Ces éléments illustrent ainsi la dualité du travail proposé ici qui a nécessité d’aborder la 

problématique à travers deux approches distinctes mais complémentaires : i) une approche 

écophysiologique voire agronomique, permettant d’identifier les problématiques et 

objectifs en rapport avec les modalités du partage de la lumière dans les associations blé –

 pois, et ii) une seconde démarche destinée à concevoir et mettre en place un cadre 

d’analyse, basé sur la modélisation, capable de répondre aux objectifs fixés. 

La structure de ce document tient donc compte de l’ensemble des éléments évoqués ci-

dessus et retrace également le raisonnement suivi au cours du travail de thèse. 

 

 Le premier chapitre est dédié à l’analyse des approches de modélisation utilisées 

pour évaluer le partage du rayonnement dans les associations blé – pois. 

 Le second chapitre est consacré à l’acquisition et à la caractérisation de 

l’architecture de divers génotypes de pois. Le travail de thèse s’est en effet plus 

particulièrement focalisé sur le pois, pour lequel peu de travaux et d’outils sont 

disponibles quant à la modélisation de son architecture aérienne. Ce chapitre a 

également permis d’identifier des paramètres de l’architecture aérienne du pois 

susceptibles de modifier le partage de la lumière dans l’association. 

 L’objectif du troisième chapitre était ensuite de i) caractériser la morphogénèse 

aérienne du pois en conditions non contrôlées et ii) à en évaluer la plasticité entre 

des conditions de culture pure et d’association avec du blé. Cette expérimentation a 

notamment inclus trois génotypes de pois présentant des caractères morphologiques 

contrastés. 

 Enfin, le quatrième chapitre est dédié à la construction d’un modèle architecturé 

de pois, L-Pea. Le modèle L-pea a par la suite été associé à un modèle 

architecturé de blé (Fournier et al., 2003) afin de reproduire la dynamique de 

croissance de l’association. Ce simulateur a été utilisé afin d’étudier la sensibilité 

du partage de la lumière dans les associations blé – pois en réponse à des 

variations d’architecture appliquées chez le pois et lez blé. 

 Enfin, la discussion générale synthétise les conclusions et perspectives 

développées au cours de ces différents travaux.  
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Les chapitres I à IV sont rédigés sous formes d’articles scientifiques en anglais, certains 

étant acceptés, d’autres en révision ou en cours de soumission. De plus, un court 

paragraphe est également présent à la fin de chaque chapitre afin de synthétiser les 

principaux résultats et d’expliciter la façon dont ils sont articulés avec la suite du 

document.  
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Synthèse 

 L’objectif de ce premier chapitre a consisté à évaluer les approches de 

modélisation utilisées pour estimer le partage du rayonnement dans les associations blé –

 pois. Ce travail a ainsi permis i) d’identifier une approche pertinente permettant de 

répondre aux objectifs de la thèse et ii) d’évaluer les variations de structure de canopées 

d’associations céréales – légumineuses ainsi que leurs effets sur le partage du 

rayonnement. Les résultats ont ainsi montré que la prise en compte explicite de 

l’architecture aérienne des plantes était nécessaire dans le but d’estimer le partage du 

rayonnement au sein de couverts hétérogènes (e.g. forte structuration verticale de la 

surface foliaire). Ce chapitre a ainsi permis d’établir que l’approche plante virtuelle était 

la plus adaptée au regard des objectifs fixés pour le travail de thèse. Une telle approche 

nécessite donc d’accéder de façon explicite aux paramètres architecturaux des modèles 

de représentation des plantes mais également de pouvoir estimer leur impact sur 

l’interception du rayonnement au sein de couvert pouvant présenter de fortes 

hétérogénéités. 

Il s’agit donc maintenant de caractériser et modéliser la morphogénèse du pois et du blé 

afin de simuler le partage du rayonnement dans l’association et de comprendre les le 

déterminisme architectural de son partage entre espèces associées. Contrairement au 

blé, peu de travaux et d’outils sont disponibles quant à la modélisation de l’architecture 

aérienne du pois. La suite du travail de thèse est ainsi plus particulièrement focalisée sur la 

morphogénèse du pois. 
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Synthèse 

 Ce second chapitre a permis i) de caractériser la morphogénèse et l’architecture 

aérienne du pois afin de, ii) développer un modèle de plante virtuelle statique permettant 

de reconstruire numériquement l’architecture du pois, iii) d’évaluer l’effet de la 

variabilité de l’architecture du pois issue de différents génotypes sur le partage de la 

lumière, et iv) d’identifier des paramètres architecturaux déterminant dans le partage du 

rayonnement au sein d’association blé - pois. Ce travail, réalisé sous certaines hypothèses 

(pois cultivés en plantes isolées sous serre, caractérisation de l’architecture par 

digitalisation à intervalles de temps déterminés, variabilité des maquettes de blé limitée…), 

met ainsi en évidence la nécessité de mettre en place un simulateur afin de modéliser la 

dynamique de la morphogénèse aérienne du pois et du blé. Pour ce dernier, un modèle 

architecturé est d’ores et déjà disponible dans la littérature (Fournier et al., 2003). Un tel 

simulateur permettrait en effet de répondre aux objectifs fixés pour la thèse i.e. 

appréhender le déterminisme architectural du partage de la lumière dans les associations 

blé - pois. 

Pour cela il est au préalable nécessaire de construire un modèle architecturé de la 

morphogénèse aérienne du pois. Le chapitre suivant est donc dédié à caractériser la 

morphogénèse aérienne de génotypes de pois cultivés en cultures pures ou en association 

avec du blé.  
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ABSTRACT 

Nowadays, there is an increasing interest in growing cereal-legume intercrops. The complex 

interactions that occurred within the canopy of a mixture are affected by the functional and 

structural characteristics of the component species. The morphogenetic rules that build up the 

species architecture are therefore of major interest as they determine the intensity of the inter-

specific competition for resources. However, species morphogenesis has been mainly 

described in mono-specific growing conditions although plastic responses could occur when 

grown in multi-specific stands. The aim of the present study was therefore to characterize the 

variability of the morphogenesis of three contrasting pea cultivars grown either in pure stands 

or mixed with wheat. This was achieved through a field experiment where the development of 

the stands as well as the morphogenesis of the pea cultivars was measured both for sole crops 

and mixtures. The present results show that most of the assessed parameters of pea 

morphogenesis (phenology, branching, final number of vegetative organs and their kinetics of 

appearance) were mainly dependent on the considered genotype thus highlighting the 

importance of the choice of cultivars in intercropping systems. However, the plasticity of pea 

morphogenesis was low between sole and mixed stands except for plant height and branching 

of the late cultivar. The information provided in the present study at both stand and plant scale 

can therefore be used for the building and parameterization of structural-functional models 

that would allow to improve our understanding of the functioning of cereal–legume 

intercrops.
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1 Introduction 

 In Europe, there is a strong need for growing legume species in order to reduce 

dependency on imported vegetable proteins (Duc et al., 2010). Moreover, thanks to their 

ability to fix the atmospheric N2, legume species can improve the sustainability of cropping 

systems by decreasing the use of nitrogen fertilizers and through a diversification of crop 

successions (Crews et Peoples, 2004, Duc et al., 2010). Currently, pea (Pisum sativum L.) 

is the principle source of vegetable proteins in Europe although the potential productivity 

has not been reached , mainly due to a strong sensitivity to foliar diseases and lodging 

(Ney et Carrouée, 2005). The increasing interest in growing cereal - legume intercrops, 

such as wheat – pea mixtures, represents an alternative way to reintroduce pea crop in 

agrosystems. These mixtures are assumed to provide high and stable yields (Ofori et Stern, 

1987, Jensen, 1996b, Corre-Hellou et al., 2006). Such advantages result from a trade-off 

between complementary (e.g. separate root and canopy areas) and competition processes 

(for light, water, nitrogen and other nutrients) that occur between the component crops. 

These complex interactions depend on the pedo-climatic context, agricultural practices and 

also on the functional and structural characteristics of the component species (Corre-

Hellou et al., 2006, Launay et al., 2009, Louarn et al., 2010, Naudin et al., 2010). 

 The latter point can be driven through the choice of cultivars to be mixed which 

therefore appears as a determinant parameter of i) the proportion of each component 

species at harvest and ii) the mixture productivity. Cultivars are usually discriminated 

according to their earliness, sensitivity to diseases or potential yield, but in the particular 

case of multi-specific stands, the above-ground architecture of the cultivar; given by the 

geometry, optical properties and topology of the phytoelements (Godin, 2000); should also 

be taken into account. Indeed, plant architecture defines the plant interface with the biotic 

(e.g. with Mycosphaerella pinodes, Béasse et al., 2000, Le May et al., 2009) and abiotic 

factors (e.g. light, Ross, 1981b, Varlet-Grancher et al., 1993a). In the case of multi-specific 

stands, the complementarity between the architecture of the mixed species represents a 

crucial issue. For instance, the level of complementarity between the above ground 

architecture of the component species determines their respective ability to compete for 

light that in turn drives the production and allocation of biomass (Sinoquet et Caldwell, 

1995). For pea, several genes involved in the set up of the above ground architecture have 

been identified (for a review see Huyghe, 1998). These studies have led to the breeding of 

several pea cultivars with contrasting architectures that therefore constitute as much as 

potential combinations for wheat – pea intercrops. Characterizing the morphogenesis; 

defined as the sequence of developmental and growth processes bringing to the acquisition 

of architecture; of these various pea genotypes is therefore of major interest for the 

improvement of the management of intercropped stands. Several parameters can be used to 

characterize pea architecture including those related to the leaf area and its spatial 

distribution which strongly determine plant ability to compete for light. 
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The amount and distribution of foliar area are related to the number of developed stems 

and the production of leaves that occurred during the initiation of a phytomer by the apex. 

A phytomer being defined as a basic unit repeated along the stem and including an 

internode, a node, a leaf and an axillary bud (Gray, 1849, White, 1979). The sharing of 

resources within multi-specific stands also depend on the respective height reached by the 

component species (Sinoquet et Caldwell, 1995, Schwinning et Weiner, 1998, Louarn et 

al., 2010, Barillot et al., 2011, Barillot et al., 2012a). Although these architectural 

parameters are key factors of the mixture development, they have been mainly described in 

mono-specific growing conditions (for a review see Munier-Jolain et al., 2005a). However, 

the morphogenesis of plant can exhibit strong plastic responses when facing environmental 

variations as it can occur between mono- and multi-specific stands. 

 The aim of the present study was therefore to characterize the variability of the 

morphogenesis of three contrasting pea cultivars grown either in pure stands or mixed with 

wheat. This was achieved through a field experiment where the growth and phenology of 

pea cultivars was measured regularly during their growing cycle. This study provides 

information at both stand and plant scale in order to improve our understanding of the 

functioning of cereal–legume intercrops. 

2 Materials and methods 

2.1  Plant material and growing conditions 

 A field experiment was carried out in 2010-2011 at Brain-sur-l’Authion, western 

France (47°26’N, 00°26’W) in a clay soil (51% clay, 26% silt and 23% sand). Daily mean 

air temperature, precipitations and Photosynthetically Active Radiation (PAR) were 

recorded by an automatic standard agro-meteorological station located close to the 

experimental field. 

 Winter wheat (Triticum aestivum L.) cv. Cézanne and three cultivars of winter field 

pea (Pisum sativum L.) cv. Lucy (hr type), AOPH10 (hr type) and 886/01 (HR type) were 

sown on 28
th

 November 2010 in sole crops (SC) and intercrops (IC). Flowering of HR 

cultivars is sensitive to the photoperiod. Sowing density of SC was 250 plant m
-2

 for 

wheat. Optimal densities of pea cultivars were chosen in regard of their ability for lateral 

development and the risk of lodging. As a consequence, SC composed of pea cultivars 

Lucy and AOPH10 were sown at 80 plant m
-2

 whereas cultivar 886/01 was sown at 

40 plant m
-2

. Intercrops followed a substitutive design where the two species were mixed 

within the row. Wheat and pea crops grown in IC were sown at half of their respective 

density in pure stands. The experiment was arranged in a randomized complete block 

design with three replicates. The size of each plot was 1.2 x 10 m. 

 In all plots, pests and weeds control was carried out with pesticides. Stands of sole 

wheat were fertilized with 14 g N m
-2

 whereas pea SC and wheat – pea IC were not 

supplied with external nitrogen. 

 



 

 

 

  

Table 1: Harvest time, expressed in growing degree day (DD) from emergence (base, 0°C), of species 

grown in sole crop (SC) and intercrops (IC). 

Species Genotype 

Time of 

harvest in SC 

(DD) 

Time of harvest in IC (DD) 

Pea Lucy 1900 2275 

Pea AOPH10 1985 2275 

Pea 886/01 2130 2275 

Wheat Cézanne 2275 2275 

 
Figure 1: Meteorological conditions during the growing season 2010-2011 at Brain-sur-l’Authion, France. 

Daily mean air temperatures and rainfall are shown in A. Vertical arrows represent a water supply of 

30mm by irrigation. Daily cumulated PAR (Photosynthetically Active Radiation) is shown in B. The 

horizontal arrow represent the growing period of pea and wheat stands. 
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2.2 Plant sampling and measurement of pea morphogenesis 

 The above ground biomass and maximal height of SC and IC stands were measured 

during the growing cycle at 645, 1525 Growing Degree Day (GDD) from emergence (base 

temperature 0°C) and at last, at crop maturity (Table 1). Samplings were carried out on 

0.75 m
2
. The morphogenesis of five pea plants per plot was characterized for each 

vegetative axis i.e. main stems and lateral branches. Measurements were performed for a 

single branch (randomly selected) at each nodal position of the main stem. Vegetative axes 

were grouped according to their topological order i.e. main stems were denoted axis-0, 

branches that emerged from the first phytomer (vestigial leaf) were referenced as axis-1 

and so on. 

 

For each order of axis, the kinetics of phytomer appearance (unfolding leaf visible to the 

naked eye) were measured and fitted with the Schnute’s non-linear model (Schnute, 1981) 

using the least-square method. The model is written as: 

𝑌 = [𝑦𝑚𝑎𝑥
𝐵  ∗  

1 − 𝑒−𝐴(𝑡)

1 − 𝑒−𝐴(𝑡𝑚𝑎𝑥)
]

1/𝐵

+ 𝜀𝑖  

Where Y is the number of visible phytomer variable; estimated parameters were A and B 

which implicitly define the shape of the curve; tmax is the last value of the time (t) domain 

for which the model is fitted, corresponding to the end of the vegetative development of 

the stem; and parameter ymax is the value of Y at tmax. Parameters were optimised using the 

Levenberg-Marquardt iterative method with automatic computation of the analytical partial 

derivatives. The first derivatives of Schnute adjustments were also used in order to 

estimate the rates of phytomer emission of the pea cultivars. 

2.3  Statistical analyses 

 Data analyses were performed by using analysis of variance (ANOVA). Effects of 

growing conditions and pea cultivars were assessed by using the Tukey’s HSD test. The 

normal distribution of the residuals of Schnute’s adjustments was tested using the Shapiro–

Wilk test. Significance threshold was fixed at 0.05 probability level for all statistical tests. 

Statistical analyses were performed with R (R Development Core Team, 2011). 

3 Results and discussion 

 Environmental conditions during crop growth are summarized in Figure 1. Daily 

average air temperature ranged from -4°C to 27°C on 31
st
 January and 27

th
 June 

respectively (Figure 1A). Irrigation supplied 30 mm of water on 21
st
 April and 27

th
 May 

2011. Daily cumulated Photosynthetically Active Radiation (PAR), Figure 1B, ranged from 

2.70 to 108.70 moles m
-2

 on 31
st
 December 2010 and 25

th
 June 2011 respectively. 

  



 

 

 
Figure 2: Accumulation of above ground biomass as a function of thermal time from emergence (base 

temperature = 0°C). Sole crops are shown in closed symbols and intercrops in open symbols. Pea cultivars 

are in solid lines: Lucy is denoted by circles (            ,            ) AOPH10 by squares (            ,               ), 

886/01 by diamonds (         ,  ,         ) ). Wheat is in dotted lines with triangles (             ) in sole crops, and 

with the corresponding pea cultivar symbol in intercrops (             with ‘Lucy’,                                                                             

with ‘AOPH10’ and             with ‘886/01). 

 

Figure 3: Observed height of canopies during the growing cycle. Sole crops are shown in closed symbols and 

intercrops in open symbols. Pea cultivars are in solid lines: Lucy is denoted by circles (             ,             ), 

AOPH10 by squares (             , ,          ), 886/01 by diamonds (            ,             ).Wheat is in dotted lines with 

triangles (            ) in sole crops, and with the corresponding pea cultivar symbol in intercrops (               with 

‘Lucy’,             with ‘AOPH10’ and             with ‘886/01). 
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3.1  Growth of sole and intercropped stands 

3.1.1 Biomass accumulation 

 The above ground biomass of the species increased from 645 to 1525 GDD (Figure 

2). Wheat SC showed the highest amount of biomass during the growing cycle and finally 

reached 1830 g m
-2

 of biomass. The above ground biomass accumulated by the three pea 

cultivars in SC ranged from 880 to 1275 g m
-2

. ‘886/01’ was the cultivar that exhibited the 

lowest biomass in SC throughout the growing cycle although this amount of biomass was 

obtained with 50 % less plants than the other cultivars. Indeed the cultivar 886/01 was 

sown at 40 and 20 plant m
-2

 in SC and IC respectively. The architectural analysis 

performed in the following sections of the paper will then provide information on how 

cultivar 886/01 balanced its lower initial density. Intercropped wheat (IC stands) 

accumulated in average 1230 g m
-2 

of biomass regardless of the component pea cultivar 

and therefore contributed to the main part of the mixture biomass (in average 3.75 times 

the biomass of pea). Indeed, pea grown in IC stands produced 220 to 325 g m
-2

 of biomass 

regardless of the cultivar. These results appeared to be representative of the development of 

sole and intercropped pea stands as the dynamics of biomass accumulation are closed to 

the results reported by Naudin et al. (2010) in wheat – pea mixtures with different cultivars 

grown in contrasting pedo-climatic conditions. Moreover, these authors as well as other 

studies (Jensen, 1996b, Corre-Hellou et al., 2006) showed that the contribution of each 

component species to the biomass of the mixture was dependent on the amount of available 

nitrogen which enhances the growth of the cereal species. Supplementary studies should 

therefore be conducted in order to characterize the morphogenesis of wheat and pea grown 

in mixtures under contrasting levels of nitrogen fertilisation thus providing information on 

how nitrogen affects plant morphogenesis and by the way the interspecific competition. 

 The harvest of IC stands (Table 1) was performed at wheat maturity i.e. at 2275 

GDD whereas the harvest of pea grown in SC occurred earlier (from 1900 to 2130 GDD) 

and was dependent on the cultivar. Indeed, the physiological maturity of pea varied among 

the cultivars according to their earliness which is assumed to be mainly driven by their 

sensitivity to the photoperiod that in particular involves the Hr gene (Murfet, 1973). 

Cultivars Lucy and AOPH10 are hr types and are thus unaffected by the day-length 

whereas cultivar 886/01, which is a HR type, needs a longer photoperiod to reach 

flowering. Cultivar 886/01 therefore reached its maturity later than hr cultivars as the 

photoperiod starts to increase from the months of February-March in Western Europe 

(Figure 1). The maturity of cultivar 886/01 and that of wheat was therefore reached in a 

similar period of time (2130 and 2275 GDD respectively). Within the framework of wheat 

– pea intercropping, HR pea therefore appeared as suitable cultivars allowing to the two 

component species to reach their physiological maturity simultaneously, whereas gaps of 

maturity as encountered with hr cultivars represent a strong practical constraint at harvest 

(Louarn et al., 2010).  



 

 

 

Figure 4: Lateral branching of pea cultivars (n=15 plants for each condition). A: number of lateral 

branches developed by the pea cultivars Lucy, AOPH10 and 886/01 grown in sole crops (SC) or in 

intercrops (IC).B: time of branching expressed in thermal time from crop emergence. Branches were 

distinguished according to their nodal position on the main stem. Axis-1: branches emerged at the first 

node, Axis-2: second node and Axis-3: third node. 
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3.1.2 Plant height 

 Wheat plants grown in SC and IC stands exhibited similar height along the 

developmental cycle and reached a maximum of 0.95 m (Figure 3). Wheat grown in IC 

was taller than pea from the early stages of development whatever the pea cultivar. The 

height reached by the pea cultivars appeared to be variable, depending on the cropping 

system (SC or IC stand). The canopy height of sole pea crops reached a maximum of 0.83 

to 0.94 m for ‘Lucy’ and ‘AOPH10’ respectively. Height of sole pea finally decreased 

dramatically at the end of the growing cycle due to plant lodging. However, the height of 

pea cultivars grown in IC stands stayed higher than 0.70 m meaning that pea plants grown 

in IC were staked by wheat stems thus avoiding their lodging. The height reached by each 

species in the canopy is an important feature of the stand that affects and emerges from the 

competition processes occurring between plants. For instance, the species height ratio has 

been widely shown to affect light sharing in a mixture (e.g. Sinoquet et Caldwell, 1995, 

Louarn et al., 2010, Barillot et al., 2011, Barillot et al., 2012a). Moreover, Corre-Hellou et 

al. (2011) reported that the high sensitivity of pea to lodging causes significant yield losses 

as well as an enhanced growth of weed. Intercropping cereals and legumes is therefore an 

interesting way to reintroduce legume species within European agrosystems while settling 

the problems encountered in pure stands. 

3.2 Morphogenesis of the pea cultivars 

3.2.1 Lateral branching of pea plants 

 The number of branches produced by individual pea plant as well as their nodal 

position is shown in Figure 4A. Cultivars Lucy and AOPH10 grown in SC developed in 

average 3 to 4 branches corresponding to axis-1 and -2. Cultivar 886/01 in SC was the 

most branching with about 6 branches per plant and developed a significantly higher 

number of branches from the second phytomer of the main stem (p-value < 0.001). For this 

latter cultivar, its ability to develop lateral branches appeared to balance its low sowing 

density (40 and 20 plant m
-2

 for SC and IC respectively). Indeed, although sown at half 

density, cultivar 886/01 accumulated a similar amount of biomass than the cultivars Lucy 

and AOPH10 (Figure 2). Most of lateral branches emerged from the first and second 

phytomer of the main stems (axis-1 and -2) whatever the cropping system (SC and IC) 

whereas very few branches (9 in all, regardless of the cultivar) were produced on the third 

phytomer. As reported by Jeudy and Munier-Jolain (2005) the position of branches on the 

stem is mainly determined by the hormonal balance as well as the light microclimate. It 

therefore appears that the physiological and environmental conditions were similar for pea 

grown in SC and IC. 

Compared to SC conditions, cultivars Lucy and AOPH10 grown with wheat (IC stands) 

decreased their mean number of lateral branches by 11 and 22% respectively. 



 

 

 

Figure 4 (Bis): Lateral branching of pea cultivars (n=15 plants for each condition). A: number of lateral branches 

developed by the pea cultivars Lucy, AOPH10 and 886/01 grown in sole crops (SC) or in intercrops (IC).B: time of 

branching expressed in thermal time from crop emergence. Branches were distinguished according to their nodal 

position on the main stem. Axis-1: branches emerged at the first node, Axis-2: second node and Axis-3: third node. 

 
Figure 5: Typical kinetic of phytomer appearance on a vegetative stem of the pea cultivars. Observed values are in 

closed symbols. Non-linear adjustment (solid line) was performed using Schnute’s equation. 
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For these cultivars, it was however not possible to detect significant differences in the 

number of branches produced between the two cropping systems, probably due to the high 

variability observed. The most important decrease was observed for cultivar 886/01 which 

produced 40% less branches whatever the considered axis in IC compared to SC stands (p-

value < 0.01 and < 0.05 for axis-1 and axis-2 respectively). Branching has been shown to 

be dependent on the genotype, environmental factors such as low temperature (Jeudy et 

Munier-Jolain, 2005) and plant density (Spies et al., 2010). In the present study, 

contrasting abilities for branching were indeed found between the two genotypes Lucy - 

AOPH10 and 886/01. Unlike cultivar 886/01 which was sensitive to the cropping system, 

the number of branches developed by the cultivars Lucy and AOPH10 was similar between 

plants grown in SC and IC meaning that other parameters were driving the production of 

branches. Some authors like Casal et al. (1986) and Ballaré and Casal (2000) showed that 

the tillering of several grass species is also affected by the quantity (PAR) and quality 

(Red/Far red ratio) of light perceived by the axillary buds. In the present study, we can 

therefore hypothesize that light quantity and quality were similar within Lucy SC – Lucy 

IC and AOPH10 SC – AOPH10 IC canopies. This means that the replacement of a 

“Lucy/AOPH10” plant (in SC) by a wheat plant (in IC) lead to similar modifications of the 

light microclimate. This may be the result of similar architectural patterns between the two 

mixed species in terms of leaf area, height, geometry and/or optical properties. On contrast, 

the number of branches was significantly reduced when cultivar 886/01 was grown in IC 

compared with SC. As this cultivar has a late development (HR type), we can hypothesize 

that at the beginning of branching, the wheat component was more developed (in IC) than 

a neighbour ‘886/01’ pea plant would have been in SC, thus modifying the light perceived 

by axillary buds. 

 In average, lateral branches emerged between 275 and 420 GDD regardless of the 

cultivar and cropping system (Figure 4B). Branches developed on the second phytomer of 

the main stem (axis-2) appeared 70 GDD earlier than those located on the first node (axis-

1). Indeed, in most cases, the first phytomer (carrying the first vestigial leaf) is located a 

few millimetres under the ground which may mechanically delay the emergence of 

branches, depending for instance on the sowing depth or soil structure which also affect the 

quantity of light perceived by the axillary bud (Jeudy et Munier-Jolain, 2005). Figure 4B 

also shows that cultivar Lucy developed its branches earlier than ‘886/01’ (p-value < 0.01) 

while ‘AOPH10’ had an intermediary behaviour. There were however no significant 

differences in the time of branch emergence between SC and IC stands meaning that this 

parameter of pea morphogenesis is mainly dependent of the genotype. 

3.2.2 Rate of phytomer appearance and final number of phytomers 

 The kinetic of phytomer appearance was assessed for main stems and a randomly 

selected branch at each nodal position. Phytomer appearance on the vegetative stems 

followed sigmoïd-type dynamics as illustrated in Figure 5. 



 

 

Table 2: Parameters (A*10
-3

, B and tmax) of Schnute adjustments made on the kinetics of phytomer appearance for each pea cultivars (Lucy, AOPH10, 866/01) grown in sole crops 

(SC) or in intercrops (IC). Schnute’s adjustments were performed for each vegetative axis (0: main stem, 1: branch developed on the first node of the main stem, 2: second node, 

3: third node). Indicated values are the mean ± SD. Goodness of fit is also given by RMSE values. (n=15 plants for each cultivar and cropping system) 

Axis Parameter 

Stand 

Lucy SC Lucy IC 
AOPH10 

SC 
AOPH10 IC 886/01 SC 886/01 IC 

0 

A (*10
-3

) 4.57 ± 3.35 5.10 ± 4.43 3.87 ± 4.03 4.95 ± 3.13 3.18 ± 2.20 4.11 ± 2.10 

B 0.25 ± 0.19 0.23 ± 0.19 0.28 ± 0.19 0.21 ± 0.17 0.29 ± 0.17 0.24 ± 0.18 

tmax 775 ± 368 679 ± 267 1015 ± 398 716 ± 292 711 ± 225 599 ± 111 

1 

A (*10
-3

) 2.42 ± 1.44 2.83 ± 0.96 4.24 ± 4.58 2.51 ± 2.07 2.24 ± 1.52 1.93 ± 1.78 

B 0.18 ± 0.12 0.13 ± 0.10 0.17 ± 0.22 0.24 ± 0.20 0.16 ± 0.13 0.25 ± 0.17 

tmax 1267 ± 205 1264 ± 120 1152 ± 327 1259 ± 240 1258 ± 170 1305 ± 190 

2 

A (*10
-3

) 2.27 ± 1.14 3.20 ± 0.86 2.35 ± 1.20 2.82 ± 0.98 1.06 ± 0.79 2.18 ± 1.27 

B 0.23 ± 0.17 0.13 ± 0.04 0.18 ± 0.08 0.18 ± 0.10 0.33 ± 0.11 0.22 ± 0.10 

tmax 1285 ± 154 1180 ± 194 1276 ± 224 1257 ± 182 1412 ± 163 1241 ± 243 

3 

A (*10
-3

)    6.06 ± 0 1.59 ± 0.09  

B    0.002 ± 0 0.17 ± 0.04  

tmax    890 ± 0 1293 ± 53  

Table 3: Rate of phytomer emission of each pea cultivars (Lucy, AOPH10, 866/01) grown in sole crops (SC) or in intercrops (IC). Maximum rate of phytomer emission (Vmax, 

phytomer degree day
-1

) and time at which it was reached (XVmax, GDD) are shown (mean ± SD). ). n=15 plants for each cultivar and cropping system. 

Axis Parameter 
Stand 

Lucy SC Lucy IC AOPH10 SC AOPH10 IC 886/01 SC 886/01 IC 

0 
Vmax 0.02 ± 0.01 0.02 ± 0 0.04 ± 0.05 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 

XVmax 694.08 ± 589.37 411.67 ± 57.33 715.67 ± 526.14 619.57 ± 563.70 699.67 ± 530.86 579.46 ± 407.62 

1 
Vmax 0.03 ± 0 0.03 ± 0.01 0.07 ± 0.09 0.03 ± 0.01 0.05 ± 0.03 0.03 ± 0.01 

XVmax 937.67 ± 232.89 843.67 ± 136.16 1131.00 ± 402.00 955.44 ± 381.67 1204.33 ± 346.08 1183.22 ± 336.11 

2 
Vmax 0.02 ± 0.01 0.03 ± 0 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0 

XVmax 848.69 ± 345.23 692.25 ± 102.28 859.89 ± 137.23 677.67 ± 117.47 1294.08 ± 394.49 863.22 ± 203.89 
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These dynamics were fitted with Schnute’s function (Table 2). The first three parameters of 

the Schnute’s function, A, B and tmax, respectively ranged from 1.06 to 5.10 x 10
-3

, 0.13 to 

0.33 and 599 to 1305 GDD. The shape parameters A and B of the Schnute’s functions fitted 

on axis-2 of cultivar 886/01 appeared to be significantly different between ‘Lucy’ and 

‘AOPH10’ (p-value < 0.05) whatever the considered stand. Moreover, parameter A of 

cultivar Lucy and 886/01 was statistically higher for the main stems compared to branches 

(p-value < 0.05 and < 0.01 respectively). For most of the plants, the duration of phytomer 

emission (parameter tmax, expressed from stem emergence) appeared to be dependent 

neither on the cultivar nor on the cropping system. Parameter tmax of the main stems of 

‘AOPH10’ appeared to be higher than the other cultivars (p-value < 0.05), this was in 

particular the case in IC stands. Moreover, parameter tmax of main stems was significantly 

lower than for branches whatever the cultivar (p-value < 0.001). 

 The first derivative of the Schnute adjustments (Table 3) allowed to assess the 

maximum rate of phytomer appearance (Vmax) as well as the time at which it was reached 

(Xvmax). The maximum rate of phytomer appearance ranged from 0.02 to 0.07 

phytomer degree day
-1

. Due to the high variability observed no significant differences were 

found among the cultivars and cropping systems. The maximum rate of phytomer 

appearance was reached between 410 and 1300 GDD from stem emergence. Parameter 

Xvmax of main stems was similar for all cultivars whatever their cropping system. 

Moreover, cultivar 886/01 reached its Vmax statistically later than the other cultivars, in 

particular for axis-2 (p-value < 0.001). To conclude, few statistical differences were found 

between the parameters belonging to the different genotypes and cropping systems. 

Moreover, these parameters cannot be directly related to a biological meaning, in particular 

parameter A and B. Nevertheless, these results mean that the kinetics of phytomer 

production can be analysed or modelled by using Schnute’s functions with similar 

parameters for the three pea cultivars and whether they are grown in sole stands or mixed 

with wheat (except for ymax which will be discussed below). Turc and Lecoeur (1997) also 

reported similar rates of leaf primordium initiation and emergence for contrasting plant 

growth rates, cultivars and sowing densities in spring pea cultivars. These parameters were 

however well correlated with cumulated degree days.  



 

 

  

 

Figure 6: Plant frequency according to their final number of phytomers. Results are shown for the pea cultivars Lucy, 

AOPH10 and 886/01 grown in sole crops (SC) or in intercrops (IC), n=15 plants for each condition. Main stems are denoted 

Axis-0 and branches were distinguished according to their nodal position on the main stem. Axis-1: branches developed at 

the first node, Axis-2: second node and Axis-3: third node. 
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 The last parameter of the Schnute adjustments to be analysed is the final number of 

phytomer (ymax). Pea cultivars grown in the different cropping systems reached a various 

number of phytomers, ranging from 1 to 31 (Figure 6). More than 20% of the overall 

branches developed by pea plants stopped their growth early with few phytomers (between 

1 to 5 phytomers). This was in particular the case for main stems. Indeed, more than 70% 

of the main stems of cultivars Lucy and 886/01 grown in SC and IC stopped their growth 

with less than 10 phytomers. These results show that the canopy of the three pea cultivars 

was mainly composed of branches. As reported by Jeudy and Munier-Jolain (2005), the 

development of branches is increased in winter pea cultivars because of the frost damage 

experienced by the apex of the main stem that occurred under low temperatures. Such 

conditions were indeed encountered during the first months of the growing cycle 

(December-February, Figure 1) and the emergence of lateral branches started at the 

beginning of February (275 GDD, Figure 4). As a consequence, stems with more than 15 

phytomers were mainly branches developed on the first and second phytomer of main 

stems (Figure 6). This behaviour was however significantly different in the case of cultivar 

AOPH10 (p-value < 0.01) for which 30% of the main stems produced more than 20 

phytomers. Branches of cultivar 886/01 developed more phytomers than ‘Lucy’ and 

‘AOPH10’ whatever the cropping systems, this was in particular the case for those located 

at the first phytomer of the main stem (p-value < 0.01). Finally, the final number of 

phytomers reached on vegetative axes appeared to be dependent on the genotype. In 

contrast, the number of initiated phytomers was similar whether pea plants were grown on 

pure stands or mixed with wheat.  



 

 

  

 
Figure 7: Emergence time of the first flower of pea cultivars of the pea cultivars Lucy, AOPH10 and 886/01 grown 

in sole crops (SC) or in intercrops (IC). Main stems are denoted Axis-0 and branches were distinguished according to 

their nodal position on the main stem. Axis-1: branches developed at the first node, Axis-2: second node and Axis-3: 

third node. (n=15 plants for each condition). 
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3.2.3 Beginning of the reproductive stages: flowering 

 The reproductive development of pea cultivars was characterized by measuring the 

nodal position of the first flower as well as its emergence time. The beginning of flowering 

occurred between 950 and 1400 GDD for AOPH10 IC and 886/01 in SC and IC 

respectively (Figure 7). For each pea cultivar and cropping system, vegetative axes (main 

stems and branches) exhibited their first flowers at similar times. As reported by Jeuffroy 

and Sebillotte (1997), we also found similar time of flowering between main stems and 

basal branches although they were emitted later. Flowering of cultivar 886/01 occurred 

significantly later (1400 GDD) compared to ‘Lucy’ and ‘AOPH10’ (p-value < 0.001). 

Flowering is a crucial stage of the growing cycle that has been widely studied and used in 

order to model the growth of pea. For instance, Truong and Duthion (1993) showed that 

the time of flowering is a function of the leaf appearance rate and the position of the node 

bearing the first flower. 

The position of the first flower (Figure 8) was located between the 9
th

 and the 28
th
 

phytomer among the different plots. Branches emitted from the first and second phytomer 

(axis-1 and -2) of the cultivar 886/01 developed their first flowers at higher phytomer 

positions than the other cultivars (p-value < 0.001). As it was the case for the time of 

flowering, the nodal position of the first flower was similar between plants grown in pure 

or mixed stands whatever the cultivar. Some authors also reported that for a given 

genotype, the position of the first flowering node was constant over various conditions 

(Roche et al., 1998, Munier-Jolain et al., 2005b). However, we found that the first 

flowering node varied both among the genotypes and the position of branches on the main 

stem. Although numerous branches were produced by the pea cultivars, the analysis of the 

number of phytomers emitted by these vegetative axes reveals that few of them were fully 

developed and had reached flowering (from 55 to 100%). 

4 Conclusion 

 To our knowledge, the present study is the first that compares the morphogenesis of 

pea grown in sole stands and in a mixture with wheat. This characterization was conducted 

at the stand scale but also at plant scale in order to assess the plasticity of the 

morphogenesis of the pea cultivars. On the one hand, the present results show that most of 

the assessed parameters of pea morphogenesis (phenology, branching, final number of 

vegetative organs and their kinetics of appearance) were mainly dependent on the 

considered genotype. This emphasizes the importance of the choice of cultivars in 

particular for intercropping systems as it determines the level of competition and 

complementarity between the component species. We can however hypothesize that, in our 

growing conditions, the growth habits of each of the pea cultivars did not lead to 

contrasting levels of competition when mixed with wheat. 

  



 

 

  

 

Figure 8: Plant frequency according to the first flowering node of the stems (NF: non-flowered). Results are shown for the pea 

cultivars Lucy, AOPH10 and 886/01 grown in sole crops (SC) or in intercrops (IC), n=15 plants for each condition. Main stems 

are denoted Axis-0 and branches were distinguished according to their nodal position on the main stem. Axis-1: branches 

developed at the first node, Axis-2: second node and Axis-3: third node. 
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Indeed, the component species of each mixture exhibited similar accumulation of biomass 

whatever the pea cultivar. On the other hand, the plasticity of pea morphogenesis was low 

between sole and mixed stands except for plant height and branching of the late cultivar 

886/01. We can thus hypothesize that i) the morphogenesis of pea is mainly determined by 

the genotype and is therefore not very plastic and/or ii) the architecture of pea and wheat 

are quite similar so that the environmental conditions perceived by plants in the canopy 

(phylloclimate, Chelle, 2005) are similar between sole pea crops and wheat – pea mixtures. 

Functional – structural models (Vos et al., 2010, DeJong et al., 2011), are able to take into 

account the explicit architecture of plants and its interactions with physiological processes 

and environmental conditions. Such models therefore constitute suitable tools for assessing 

these hypotheses and can in particular be used to characterize the microclimate perceived 

by plants located in mono- and multi-specific stands. The information provided in the 

present study on the plasticity of pea morphogenesis can therefore be used for the building 

and parameterization of such models. 
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Synthèse 

 L’objectif du troisième chapitre a consisté à i) collecter des données sur la 

morphogénèse aérienne de différents génotypes de pois en conditions non contrôlées 

(expérimentation au champ), et ii) à évaluer la plasticité de ces génotypes de pois entre des 

conditions de culture pure et d’association avec du blé. Les résultats ont révélé une 

variabilité génotypique importante en termes de précocité, développement de ramifications 

et phytomères. En revanche, il semble que les règles de morphogénèse du pois puissent 

être en grande partie transposables entre conditions de culture pure et d’association. 

Toutefois, un paramètre majeur se distingue entre ces deux types de couvert : la hauteur 

atteinte par le pois (forte verse en culture pure). 

Le chapitre suivant est dédié à la construction d’un modèle architecturé de pois. Dans 

cette optique la quantification des processus morphogénétiques du pois consiste donc en 

une étape primordiale. Ces résultats permettront également d’alimenter le modèle avec des 

informations issues de génotypes différents, rendant ainsi compte de la variabilité 

génotypique de l’architecture aérienne du pois.  



 

 

 



 

 

Chapitre IV 

 L-Pea: a 3D architectural model of pea development 

for assessing the effects of architectural parameters 

on light partitioning within wheat - pea mixtures. 

 

Romain BARILLOT, Christian FOURNIER, Pierre HUYNH, Abraham J. 

ESCOBAR-GUTIÉRREZ and Didier COMBES 

 

Ce chapitre fera l’objet de la soumission de deux articles scientifiques : l’un dédié à la 

présentation du modèle architecturé de pois, et l’autre destiné aux travaux relatifs à la 

réponse du partage de la lumière en fonction de l’architecture des plantes. 
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ABSTRACT 

 Light partitioning within wheat-pea mixtures is a determinant factor for the proportion 

of the component species in the stand and their potential productivity. The interception of 

light by wheat and pea is highly related to their above-ground architecture. However, the 

relationships between the architectural parameters of the component species and light 

partitioning have been little studied. Such an analysis requires the development of 

architectural plant models as they provide an explicit description of the physical structure of 

plants. Unlike for pea, there is already a dynamic and non-plastic model of wheat architecture 

available in the literature (Adel-Wheat). 

The aim of the present study was therefore twofold. First, we developed a dynamic and 

architectural model of pea morphogenesis, hereafter called L-Pea. In a second step, a virtual 

mixture of wheat and pea was built up in order to assess the effects of architectural variations 

on light partitioning within virtual wheat – pea mixtures. To this end, architectural parameters 

of both models were modified in order to quantify their impact on light partitioning 

throughout the growing cycle of the mixture. 

L-Pea model was implemented in the L-Py and Openalea platforms using the L-systems 

formalism and Python language. The model accounts for the aerial morphogenesis of pea 

through a vegetative and growth module. Based on results obtained in field conditions, the 

first module describes the initiation of stems, branches as well as the organs which compose 

the phytomers. The second module is devoted to simulate the growth of the vegetative organs 

which were initiated in the vegetative module. The kinetic of organ elongation (stipules, 

internodes, petioles) is assumed to follow the non-linear β growth function. Parameters of the 

β function were derived from a specific experiment carried out in controlled conditions. 

A tripartite simulator was then built up from L-Pea, ADEL-Wheat and CARIBU, a radiative 

transfer model. The architectural parameters of both models, selected as a function of their 

contribution to the Leaf Area Index (LAI), height and geometry, were then modified in order 

to generate contrasting architectures of wheat and pea. 

By scaling-down our analysis at plant scale, we showed that architectural parameters can 

significantly affect light partitioning. In particular, the number of branches and the internode 

length appeared as crucial factors that determine the ability of the component species to 

compete for light. The present results also show that the architectural parameters have 

contrasting effects on light partitioning depending on the considered species and stage of 

development. The present study provides information for building up the architecture of 

ideotypes suited to multi-specific stands.  
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1 Introduction 

 The overall interception of radiation by vegetal stands and its partitioning among 

intercropped species are highly related to the physical structure of the canopy (Ross, 1981b, 

Sinoquet et Caldwell, 1995, Barillot et al., 2012a) emerging from the architecture of the 

individuals growing within the stand (Moulia et al., 1998). Plant architecture is defined as the 

resultant of i) the inventory of the plant components (decomposition information), ii) the 

topological relations between these components, and iii) their geometry, given by the organ 

shape, orientation and spatial position (Godin, 2000). Such a multiscale description of the 

canopy structure reveals the importance of the architectural parameters as underpinning 

factors that determine light partitioning within mixed cropped systems. 

 Contrasting architectures among plants emerge from their genetic variability and 

phenotypic plasticity, the latter resulting from the environmental conditions and the gene -

 environment interactions. In the case of wheat – pea mixtures, Barillot et al. (2012b) reported 

that contrasting architectures of pea (Pisum sativum L.); in terms of height, kinetics of 

development and final number of branches and phytomers; mainly arose from the genotypic 

variability rather than from plasticity between sole and intercrop conditions. Moreover, this 

variability in the architectural parameters of pea showed to significantly affect light 

partitioning of virtual wheat – pea mixtures (Barillot et al., 2012a). Regarding wheat 

(Triticum aestivum L.), the variability of its architecture has been described for various 

cultivars, sowing dates and row orientation, plant density, and nitrogen fertilization regime 

(Evers et al., 2007, Baccar et al., 2011, Dornbusch et al., 2011). Nevertheless, the effects of 

contrasting architectural patterns of both wheat and pea on the level of competition for light 

within mixtures have not been studied. The present work focused on the architectural 

parameters that composed the Leaf Area Index (LAI), height and geometry of plant, three 

variables which are known to affect light capture (e.g. Sinoquet et Caldwell, 1995, Barillot et 

al., 2011, Bertheloot et al., 2011, Barillot et al., 2012a). 

 In the present state of our knowledge, and due to experimental and cost constraints, 

light partitioning within wheat – pea mixtures cannot be assessed directly by radiation sensors 

(Sonohat et al., 2002). The only current and feasible alternative is the modelling approach 

which involves various concepts and formalisms. For instance, Corre-Hellou et al. (2009) 

adapted the crop model STICS (Brisson et al., 2009) in order to simulate nitrogen 

accumulation and crop growth in pea – barley intercrops based on the turbid medium 

paradigm. Other approaches, such as the Functional – Structural Plant Models (FSPMs, Vos et 

al., 2010, DeJong et al., 2011), have been proved to be well suited for studying light 

partitioning within contrasting canopies (Barillot et al., 2011). FSPMs allow to take into 

account the explicit architecture of plants and its dynamical interactions with physiological 

processes and environmental conditions. As a consequence, these models can be considered as 

pertinent frameworks for assessing the effects of architectural parameters on light partitioning 

among the component species of intercropping systems.  



 

 

  

 

Figure 1: Conceptual representation of L-pea model 
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A dynamic and 3D architectural model of wheat development (Adel-Wheat) has already been 

proposed by Fournier et al. (2003). In previous studies, we built up virtual plants of pea based 

on digitizations performed at particular stages of development (Barillot et al., 2011, Barillot et 

al., 2012a). However, to our knowledge, an equivalent model for pea has not been developed 

up to now. 

 The aim of the present study is twofold. First, we developed a dynamic and 

architectural model of pea development, hereafter called L-Pea. This model is mainly based 

on the results described in Barillot et al. (2012b). In a second step, L-Pea and Adel-Wheat 

models were coupled in order to assess the effects of architectural variations on light 

partitioning within virtual wheat – pea mixtures. To this end, architectural parameters of both 

models were modified in order to quantify their impact on light partitioning throughout the 

growing cycle of the mixture. Architectural parameters were chosen as a function of their 

contribution to the Leaf Area Index (LAI), height and geometry of plant. 

2 Model description 

2.1  Functional aspects of plant morphogenesis 

 In the present model, the development of pea architecture is modelled as a function of 

the growing degree day (GDD) cumulated since sowing (base temperature = 0°C). L-pea 

model is based on thermal time, as heat units have shown to be relevant references when 

dealing with plant development including pea. Indeed, Turc and Lecoeur (1997) showed that 

the rates of primordium initiation and production of expanded leaves in pea presented similar 

responses to air temperature. At each time step of the model, the increment of thermal time 

can be constant or provided by the meteorological data recorded during an experiment. This 

option thus allows to model the development of pea architecture as a function of 

meteorological variations. Thermal time is thus driving the phenology of pea which is first 

described in a vegetative module (Figure 1). The elongation and coordination of the organs 

generated by the vegetative module are then handled by a growth module. L-Pea model is also 

coupled with an environment module that enables to compute light interception at each 

thermal time step. The model is designed to generate stands of user-defined size given by the 

length and width of the plot, inter-row length and plant density. The stand can be set to be 

mono- or multi-varietal provided that the input parameters for each cultivar and their 

proportion in the stand are defined. We also implemented an optional rule which allow to 

account for the variability measured on a given parameter (e.g. phyllochron, number of 

branches…). The variability results from a selection made on a Gaussian distribution given by 

the mean value and standard deviation of the parameter. 

 The structure of L-pea model is based on the concept of plant modularity in order to 

represent their morphogenesis. Indeed, the development of the above ground architecture of 

plant can be described as a collection of basic units repeated along the stems.  



 

 

 
Figure 2: simplified representation of the L-system functioning 
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These units are called phytomers and include an internode, a node, a leaf and an axillary bud 

(Gray, 1849, White, 1979). The initiation of these phytomers results from the functioning of 

the shoot apical meristem located at the extremity of the stems. This process is repeated 

throughout the growing cycle in a more or less regular way thus defining the plastochron 

(Lyndon, 1998). 

2.2 Tools and theoretical concepts of L-systems 

 The iterative functioning of plants described above constitutes a key paradigm of the 

architectural plant models such as the Lindenmayer systems (Lindenmayer, 1968). The model 

of pea development proposed in the present article was developed on the L-Py platform 

(Boudon et al., 2012) where the L-system formalism (Lindenmayer, 1968, Prusinkiewicz et 

Lindenmayer, 1990) is coupled with an open source and dynamic programming language 

called Python. The principle of the L-system consists in describing the plant architecture as a 

network of elementary subunits called modules which in fine represent [virtual] organs 

(Fournier et al., 2007). This network of modules is assimilated to a string of characters using 

the L-system formalism. The dynamic of plant morphogenesis is then handled by the central 

concept of the L-system which consists in the rewriting of the string of characters 

(Prusinkiewicz et Lindenmayer, 1990, Verdenal, 2009). In the end, a L-system is a 

mathematical object constituted by i) an alphabet of the different modules, ii) an axiom 

describing the initial state of the system and iii) production rules which specify the procedure 

of rewriting. Moreover, specific characters allow to account for a part of the architecture 

topology, in particular like square brackets (“[“, “]”) used for specifying branches. Finally, the 

rules for the geometrical interpretation of the string are embedded in the L-systems in order to 

provide a graphical representation of the plant architecture which is generated as a mock-up. 

 For illustration, a simplified example of L-system is shown in Figure 2 where the apex 

(A) gives rise () to an internode (I), a leaf (L), an axillary bud (B) and an on-going apex (A). 

The production rules enable the rewriting of the string of character at steps 2 and 3 while the 

interpretation rules provide a graphic representation of the L-system. 

2.3 Vegetative module 

 The vegetative module mainly accounts for the production of phytomers by the stems. 

The ability of pea to produce lateral branches as well as their spatial orientation are also 

handled by the model. The input parameters used in this module are detailed in Table 1. 

 



 

 

 

Table 1: Parameters of the model 

Module Function Parameters Unit Value Source 

Vegetative Phyllochron phyll* phytomer°C day
-1

 
0.017 ± 0.003 

*Can be adapted to the stem order 
Barillot et al. (2012b) 

  phyto_max phytomer Function of the stem order Barillot et al. (2012b) 

 Branching nb_branch branch Function of the nodal position Barillot et al. (2012b) 

  bud_break C day Function of the nodal position Barillot et al. (2012b) 

 Tropism e µmol m
-2

 s
-1

 0.05 + 0.2(1 − 𝑃𝐴𝑅) +  0.25(1.15 − 𝑅 𝐹𝑅⁄ ) Gautier et al. (2000) 

Growth Organ length Lfinal mm Function of the organ + nodal position Fitted to data (Table 2) 

  tbase C day Function of the organ Fitted to data (Table 2) 

  tmax C day Function of the organ Fitted to data (Table 2) 

  tend C day Function of the organ Fitted to data (Table 2) 

 Stipule width k mm 0.57 Fitted to data 

 Senescence lifespan C day 480 Adapted from Lecoeur (2005) 

Light Red/Far Red (ζ) a unitless 3.09 Escobar et al. (2009) 

  b unitless 1.59 Escobar et al. (2009) 

  c unitless 0 Escobar et al. (2009) 

  d unitless 1.12 Escobar et al. (2009) 

  x1 unitless 0 Escobar et al. (2009) 

  x2 unitless 2 Escobar et al. (2009) 
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2.3.1 Phyllochron 

 In L-Pea model, the development of stems has been implemented as a function of 

the rate of phytomer appearance (phyllochron). At each time step, the optimal number of 

phytomers (Nphyto) of plant p and stem s is estimated as a linear function of the thermal 

time: 

where Nphyto is the optimal number of phytomer at a given thermal time (GDD, Growing 

Degree Day); parameter phyll is the rate of phytomer appearance (phytomer C° day
-1

); 

GDD is the thermal time from emergence and phyto_max is the maximum number of 

phytomers. Parameters phyll and phyto_max are input parameters of the model which can 

be specified for each plant (p) and stem (s) i.e. main stems and each order of lateral 

branches. At each time step, the model assesses if the current number of phytomers on a 

given stem is lower than Nphyto. If this condition is satisfied, then the apex initiates the 

production of one or more phytomer(s). 

The initiation of a phytomer by the apex (A) is then associated to the production () of the 

vegetative organs following the rule: 

A (stateA)  I(stateI)[S(stateS)][S(stateS)] [P(stateP)] [B(stateB)] A(stateA) 

where I refers to an internode, S to the two stipules (left and right), P to a petiole and B to 

an axillary bud. The arguments in brackets are objects, in the computer science meaning, 

which bear the state of each organ e.g. identification information (the cultivar, plant, stem 

order and phytomer to which they belong), their age, length or the amount of intercepted 

light. 

2.3.2 Branching 

 Branching is also handled by the model through two main input parameters (Table 

1) which are i) the number of axillary buds (B) located at each nodal position (nb_branch) 

and ii) the time of bud break (bud_break). To be precise, axillary buds should be rather 

called “active buds” as they do not represent the actual number of buds on a nodal position 

but only the buds which actually lead to the development of a branch. These “axillary 

buds” are then set inactive until bud break after which they initiate the development of a 

lateral branch by following the functioning of main stems. This is achieved by turning an 

inactive module B in A: 

B(stateB)  A(stateA)  

𝑁𝑝ℎ𝑦𝑡𝑜𝑝,𝑠 =  min (𝑝ℎ𝑦𝑙𝑙𝑝,𝑠 ∗ 𝐺𝐷𝐷,  𝑝ℎ𝑦𝑡𝑜_𝑚𝑎𝑥𝑝,𝑠) Equation 1 



 

 

 

Figure 3: Stem tropism. A: only 10% of light is reaching the apex whereas on B, 90 % of the area 

of the apex is illuminated thus leading to contrasting orientation of stems 

  

A B 
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2.3.3 Stem tropism 

 The spatial orientation of stems is described through a curvature function. Instead 

of fixing the curvature, the orientation of stems was implemented using a tropism model 

(Prusinkiewicz et Lindenmayer, 1990) which consecutively reorientates the internode 

segments according to: 

𝜑 = 𝑒|𝐻⃗⃗ ∗ 𝑇⃗ | Equation 2 

where φ is the angle between two consecutives internode segments, 𝐻⃗⃗  the orientation of a 

segment before turning, 𝑇⃗  the tropism direction and e an elasticity coefficient that controls 

the magnitude of the tropism. As proposed by Gautier et al. (2000) for another legume 

species (clover), 𝑇⃗  was orientated upwards. The coefficient e is then estimated as a linear 

function of the Photosynthetically Active Radiation (PAR) and Red/Far Red ratio (R/FR) 

which are perceived on the stem extremity i.e. by the apex: 

𝑒 = 0.05 + 0.2(1 − 𝑃𝐴𝑅) +  0.25(1.15 − 𝑅 𝐹𝑅⁄ ) Equation 3 (Gautier et al., 2000) 

 In a dense canopy, where the competition for light is high, there is i) a low amount 

of PAR reaching the apex and ii) a low R/FR ratio due to a strong absorption of the Red 

wavelengths by the neighbouring leaves (Smith, 1982). As a result, the elasticity 

coefficient e is high and thus the stems are reorientated towards the vertical direction 

(Figure 3A). In contrast, within open canopies, the apex perceived a large amount of PAR 

with a high R/FR ratio. In that case, the stems grow more laterally and thus occupy a larger 

space (Figure 3B). 

2.4 Growth module 

 The growth module accounts for the kinetics of organ elongation as well as their 

final length. Leaves are also submitted to the senescence process. Details on the parameters 

used are given in (Table 1). 

2.4.1 Organ growth kinetics 

 The growth of the main aerial vegetative organs i.e. internodes, leaves (stipules in 

the case of semi-leafless cultivars) and petioles is assumed to follow a β growth function 

(Yin et al., 2003): 

𝐿 =  {
𝐿𝑓𝑖𝑛𝑎𝑙 (1 +

𝑡𝑒𝑛𝑑 − 𝑡

𝑡𝑒𝑛𝑑 − 𝑡𝑚𝑎𝑥
) (

𝑡 − 𝑡𝑏𝑎𝑠𝑒

𝑡𝑒𝑛𝑑 − 𝑡𝑏𝑎𝑠𝑒
)

𝑡𝑒𝑛𝑑−𝑡𝑏𝑎𝑠𝑒
𝑡𝑒𝑛𝑑−𝑡𝑚𝑎𝑥

  , for 𝑡 < 𝑡𝑒𝑛𝑑

𝐿𝑓𝑖𝑛𝑎𝑙                                                                                     , for 𝑡 ≥  𝑡𝑒𝑛𝑑

 Equation 4 

where Lfinal (mm) is the final organ length, t (°C day) the age of the organ, tbase the 

beginning of organ growth (°C day), tmax (°C day) the time at which the maximum rate of 

organ elongation is reached and tend (°C day) the duration of organ elongation. 
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Moreover, the parameter tbase enables to account for the coordination between the organs 

that belong to the same phytomer by specifying the beginning of their growth from the 

initiation of the phytomer. The final length reached by organs (Lfinal) is implemented in the 

model as a function of the phytomer rank. 

2.4.2 Senescence 

 In L-pea model, shoot senescence only concerns leaves (stipules) and is 

implemented following the concept of leaf lifespan. Values of leaf lifespan were derived 

from Lecoeur (2005). Leaves are thus removed through senescence once their lifetime has 

elapsed (Table 1). 

2.5 Geometrical interpretation of the model 

 Rules for the geometrical interpretation are implemented in the model in order to 

allow the virtual reconstruction of each organ. Internodes and petioles were associated to 

generalized cylinders. Stipules were reconstructed from a library of about 200 geometrical 

objects stemming from photographs used to extract the stipule shape. At each time step of 

the model, the geometrical objects are resized according to the organ length which is 

calculated from Equation 4. The parameters required for this equation are directly obtained 

from the modules (objects) associated to each organ at the time of their production by the 

apex (L-system rule described in the phyllochron subsection). Finally, the width of stipules 

(Wstipule) is derived from allometric rules: 

where k is the allometric coefficient and Lstipule is stipule length. 

3 Material and methods 

 Initial values of the input parameters required by L-Pea model were obtained in two 

separate experiments during which the morphogenesis and growth of pea were 

characterized. 

3.1 Phenology and architecture 

 Most of the data used in the vegetative module of L-Pea model (Table 1) was 

obtained from a field experiment conducted in 2010-2011 at Brain-sur-l’Authion, Western 

France (47°26’N, 00°26’W). Details on the experiment and methodology are given in 

Barillot et al. (2012b). Briefly, this study provides information on the morphogenesis of 

three pea cultivars (Lucy, AOPH10 and 886/01) grown either in sole crop or in mixture 

with wheat. In the present study, L-Pea model was parameterized with the measurements 

performed on cultivar Lucy grown in mixture with wheat. 

 For each plant, the number of visible phytomers (unfolding leaf) was recorded for 

each vegetative axis (main stems and branches) throughout the growing cycle. 

𝑊stipule = 𝑘 ∗ 𝐿stipule Equation 5 



 

 

 

Figure 4: Normalized elongation of vegetative organs as a function of thermal time. The simultaneous 

growth of stipules (circles), internodes (squares) and petioles (triangles) are shown for three consecutive 

phytomers. Kinetics were obtained from the adjustments of the β function on measurements of organ 

elongation (parameters are available in Table 2). 

  

Table 2: Parameters of the β growth function fitted to the growth of the vegetative organ of pea. Parameters 

have been normalized by the time of emergence of the first organ (tbase of stipules). 

 Vegetative organ 

β growth parameters 

(°C day)* 
Internode Petiole Stipule 

tbase 34.88 18.38 0 

tmax 87.71 112.80 71.28 

tend 171.51 171.04 197.66 

* Last parameter of the β function (Lfinal) is described in Figure 5. 
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The delay between two successive visible leaves was thus defining the phyllochron. This 

result was then used for estimating the parameter phyll used in the vegetative module 

(Equation 1). The final number of phytomers (phyto_max) was also measured from this 

experiment and parameterized for main stems and lateral branches. Measurements carried 

out in Barillot et al. (2012b) were finally used to implement the number of branches 

produced at each nodal position (nb_branch) as well as their time of emergence 

(bud_break). 

3.2 Growth of the vegetative organs 

 The growth of the vegetative organs of cultivar Lucy was assessed in a specific 

experiment carried out in a growth cabinet in 2012 in Angers, France (47°27’N, 00°32’W). 

Seeds of cultivar Lucy were sown in 2L individual plastic pots filled with soil. In order to 

ensure pea nodulation, each plant was inoculated with a solution of Rhizobium 

leguminosarum P221 at 2.2x10
9 
bacteria L

-1
. Pea plants were then moved to a growth 

cabinet with 80% relative humidity and watered when necessary. Plants were grown under 

250 µmol m
-2

 s
-1

 of PAR with a 16 h photoperiod provided by metal halide lamps (HQI 

400 W, Osram, France). The temperature in the growth cabinet was maintained at 22°C and 

18°C for day and night respectively. 

 Measurements of internode, stipule and petiole length were performed daily on 10 

plants from their emergence to the end of their vegetative growth (in average 1100 GDD). 

Kinetics of organ elongation (normalized by their final length) were then individually fitted 

with a non-linear function inspired from the β integral (Equation 4) using GraphPad Prism 

(GraphPad Software, La Jolla California USA). This experiment was also carried out on a 

leafy cultivar (US13), in order to characterize the growth of leaflets. These results are 

however not included in the present study. 

Normalized parameters of the β function adjustments (Equation 4) are detailed in Table 2 

for each vegetative organ, thus characterizing their coordination. The results of the 

experiment showed that the development of phytomers was initiated by the emergence of 

stipules (tbase = 0 °C day) which started to grow earlier than petioles and internodes (Table 

2). Indeed petioles and internodes initiated their growth 18.38 and 34.88 GDD after the 

stipules respectively. These results also show that about three phytomers were growing 

simultaneously on the stems (Figure 4). 

  



 

 

 

Figure 5: final length of vegetative organs as a function of the phytomer rank 

 

 

 

 

 

 

  
Figure 6: Illustrations of a virtual wheat – pea mixture in a horizontal (A) and vertical (B) view. The gradient 

of colour is a function of the light intercepted by organs (from blue to red). 

A B 
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 The final length reached by organs (Lfinal) is shown in Figure 5 as a function of the 

phytomer rank. The vertical distribution of the final length of stipules and petioles showed 

a triangular profile with maximum values (51 and 74 mm respectively) reached in the 

upper part of the stem. In average, the final length of internodes reached 25.5 mm and was 

more uniformly distributed compared to petioles and stipules.  

 Finally, the results obtained on stipule growth were used to estimate the allometric 

relation between their length and width (parameter k, Equation 5). The relation was 

performed on all stipules whatever their developmental stage: 

where Wstipule and Lstipule are the width and length of the stipule respectively. 

4 Modelling light partitioning within wheat – pea mixtures 

4.1 ADEL-Wheat model 

 Virtual wheat plants were obtained from a dynamic and 3D architectural model of 

wheat development which does not account for the phenotypic plasticity (Fournier et al., 

2003). This model is available on the Openalea platform (Pradal et al., 2008). The dataset 

was derived from an experiment carried out by Bertheloot et al. (2009) where wheat 

(cultivar Caphorn) was grown in field conditions under low nitrogen fertilization at a 

density of 250 plants m
-2

. 

 According to the literature (e.g. Corre-Hellou et al., 2006, Naudin et al., 2010), 

increasing the nitrogen availability in a cereal - legume mixture enhances the dominance of 

the cereal species over the legume. In order to have a substantial proportion of pea at 

harvest, wheat – pea mixtures are usually grown under low nitrogen conditions. The input 

parameters of both ADEL-Wheat and L-Pea models which were used to build up the 

virtual mixtures are thus closed to the agronomic practices encountered in Western Europe. 

4.2 Virtual wheat – pea mixtures: coupling L-Pea with ADEL-Wheat model 

 L-pea model was then implemented into the Openalea platform in order to generate 

the virtual wheat – pea mixtures (Figure 6). Wheat and pea mock-ups were merged in 

scene graphs using the PlantGL graphic library (Pradal et al., 2009). Simulations were 

processed from 0 to 2000 GDD with a time step of 50 GDD. Inter-row space of mixtures 

was 0.17 m with a final density of 125 plants m
-2 

for wheat and 45 plants m
-2

 for pea i.e. 

50 % of the optimal density of each crop as encountered in agricultural practices in 

Western Europe (Corre-Hellou et al., 2006). The component species were mixed within 

each row in virtual mixtures of 0.14 m
2
 (18 and 6 plants of wheat and pea respectively). 

  

𝑊stipule = 0.57 ∗ 𝐿stipule,  (R2 = 0.95) Equation 6 



 

 

 

 

  

Table 3: Architectural parameters selected for modifying the species LAI, height and 

geometry. 

 Variable 

Species LAI Height Geometry 

Wheat Tillering Internode length - 

Pea Branching Internode length Leaf inclination 

 

Figure 7: Vertical profile of the final length of internodes of wheat and pea as used in the reference 

simulation. Internode length of wheat is defined for main stem (T0) and four tillers (T1 to T4). 
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4.3 Light partitioning within virtual wheat – pea mixtures 

 Virtual wheat – pea mixtures were coupled with a radiative transfer model that 

allows to estimate the dynamic of PAR partitioning at each step of the growing cycle. 

Calculation of light interception was provided by the nested radiosity model Caribu 

developed by Chelle and Andrieu (1998). Computations were performed considering only 

diffuse radiations according to the Uniform OverCast (UOC) sky radiation distribution 

(Moon et Spencer, 1942). Diffuse radiations were approximated by a set of light sources on 

a sky vault discretized in 20 solid angle sectors using the spherical coordinates, including 5 

zenith angles (18, 36, 54, 72, 90 degrees) and 4 azimuths. Light interception was computed 

for each direction and then integrated over the sky vault by summing up the weighted 

values coming from the 20 directions. The R/FR ratio needed for the calculation of the 

tropism of pea stems (Equation 3) was estimated using the functional relations between the 

photon flux coming from the Morphogenetically Active Radiation (MAR) and the 

transmitted PAR as proposed by Escobar-Gutiérrez et al. (2009): 

𝑅
𝐹𝑅⁄ =  [𝑐𝑏 + (𝑑𝑏 − 𝑐𝑏)  ∗  

1 − 𝑒−𝑎(𝑃𝐴𝑅−𝑥1)

1 − 𝑒−𝑎(𝑥2−𝑥1)
]

1/𝑏

 Equation 7 

where parameters a and b implicitly define the shape of the curve; x1 and x2 are 

respectively the minimum and maximum values of PAR for which the model is fitted and 

parameters c and d are the values of the R/FR ratio at x1 and x2 respectively (see Table 1). 

4.4 Building contrasting wheat and pea architectures 

 The architectural parameters of both models were modified in order to quantify 

their impact on light partitioning throughout the growing cycle of the mixture. 

Architectural parameters were selected as a function of their contribution to the Leaf Area 

Index (LAI), plant height and geometry (Table 3). 

The architectural parameters of both models were first set so that there is the slightest 

possible difference of LAI and height dynamics between wheat and pea. This first 

simulation is hereafter called reference simulation (Figure 7 and Table 4). All simulations 

were carried out by modifying one parameter at a time, which represents a total of 21 

simulations (Table 4). To this end, both L-pea and ADEL-Wheat models were modified so 

that the random selections made on the parameters of the models were identical among the 

successive simulations. Different plants of pea and wheat were therefore selected in order 

to constitute the mixture and were then reproduced at each successive simulation, the only 

difference being the tested architectural parameter. 

 Variations by 25 and 50 % of the architectural parameters were then applied on the 

basis of the reference simulation. Variations of LAI were obtained by increasing and 

decreasing the lateral development of wheat and pea (tillering and branching respectively). 

Similar modifications of the final length of internodes were performed in order to affect 

plant height. 



 

 

 

Table 4: Variations of the input parameters of ADEL-Wheat and L-Pea models used in the 

experimental design. 

 Wheat  Pea 

Variation Tillering 
Internode length 

(mm) 

 

Branching 
Internode 

length (mm) 

Leaf 

inclination 

(°) 

+ 50 % 

+ =  = = = 

= +  = = = 

= =  + = = 

= =  = + = 

= =  = = + 

+ 25 % 

+ =  = = = 

= +  = = = 

= =  + = = 

= =  = + = 

= =  = = + 

Reference 4 See Figure 7 
 

4 
See Figure 

7 

45 

- 50 % 

- =  = = = 

= -  = = = 

= =  - = = 

= =  = - = 

= =  = = - 

- 25 % 

- =  = = = 

= -  = = = 

= =  - = = 

= =  = - = 

= =  = = - 
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In previous studies (Barillot et al., 2011, Barillot et al., 2012a), leaf inclination was 

suspected to have minor effects on light partitioning within virtual wheat – pea mixtures 

compared to the species LAI and height. In order to validate this assumption, light 

partitioning was also estimated within mixtures where leaf inclination of pea was increased 

or decreased by 25 and 50 %. 

The effects of each architectural parameter (simul) on plant LAI, height, geometry and later 

on light partitioning were compared to the reference simulation (Ref) by calculating the 

relative variations: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =  (𝑅𝑒𝑓 − 𝑆𝑖𝑚𝑢𝑙) 𝑅𝑒𝑓⁄  Equation 8 

  



 

 

 

Figure 8: Dynamics of LAI (A), plant height (B) and Light Interception Efficiency (LIE, C) of the reference 

simulation as a function of thermal time. The dynamics are shown for the overall mixture as well as for the 

component species (pea and wheat). 
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5 Effects of species architecture on light partitioning 

5.1 Reference simulation 

 Dynamics of the species LAI, height and light interception for the reference 

simulation are shown in Figure 8. The development of the LAI of both mixture and 

component species (Figure 8A) followed typical sigmoidal kinetics (e.g. Corre-Hellou et 

al., 2009) from 200 to 2000 GDD after sowing. The mixture reached a maximum of 

6.30 m
2
 m

-2
 of LAI at 1400 GDD. After 1700 GDD, the senescence of wheat and pea 

leaves gave rise to a decrease in the mixture LAI up to 4.45 m
2
 m

-2
 at 2000 GDD. As 

expected, the contributions of both component species to the LAI of the mixture were 

similar throughout the growing cycle. Indeed, the LAI developed by pea was slightly 

higher than that of wheat in the early stages of development and the dominance of wheat in 

terms of LAI did not exceed 0.66  m
2
 m

-2 
between 1000 and 2000 GDD. 

 The vertical dominance of the species (Figure 8B) followed similar dynamics as 

those observed for LAI. Indeed, pea was taller than wheat from 400 to1000 GDD although 

its height remained constant at 0.33 m from 800 GDD. This steady state is explained by i) 

the death of the main stem which frequently occurs in winter pea cultivars (Barillot et al., 

2012b) thus causing the cessation of vertical growth and ii) the growth delay of branches 

which overtopped the main stems from 1100 GDD. The development of branches therefore 

led to the resumption of the vertical growth of pea up to 0.70 m. The height of wheat also 

remained 0.11 m from 400 to700 GDD i.e. during the tillering stage. Then, the elongation 

of internodes was responsible for the linear vertical growth of wheat up to a maximum of 

0.70 m at 1400 GDD. As a consequence, wheat was the tallest of the two species from 

1100 to 1800 GDD. 

Light Interception Efficiency (LIE) of the mixture rapidly increased from 200 to 

1000 GDD (Figure 8C). After 1200 GDD, the LIE of the canopy was stabilized and 

intercepted more than 90 % of the incident light. As a consequence of a combined 

dominance on wheat in terms of LAI and height, pea captured in average 62 % of the light 

intercepted by the overall mixture up to 1100 GDD. Then, wheat exhibited a vertical 

dominance over pea up to 1700 GDD (Figure 8B). As a result, the contribution of wheat to 

the interception of light by the mixture was in average 57 % during this period of time. 

5.2 Variations of LAI and height in response to the architectural alterations 

5.2.1 LAI 

 The modifications made on the architectural parameters of both pea and wheat 

resulted in contrasting LAI compared to the reference simulation. Figure 9 shows the 

relative variations in the LAI of pea and wheat.  



 

 

 

Figure 9: Relative variations in pea (up) and wheat (down) LAI estimated from the reference simulation. The 

variations were obtained through a modification of i) the number of branches or tillers (squares) and ii) 

internode length (triangles). The gradient of colours indicates the amplitude of the modifications applied on 

the architectural parameters. 

 

  



 

 

155 

Chapitre IV 

 The modifications related to the number of branches of pea dramatically affected 

the LAI from the early stages of development (400-500 GDD). Moreover, similar absolute 

variations in LAI were observed after an increase or a decrease of the number of branches. 

As expected, the highest variations of LAI were observed when the number of branches 

was increased or decreased by 50 % (+0.50 and – 0.52 respectively). In a lesser extent, 

Figure 9 also reveals that the modifications of the final length of internodes affected the 

LAI of pea. This effect was particularly marked during the latest stages of the growing 

cycle, mainly due to the foliar senescence which decreased the contribution of leaf to the 

LAI. Indeed, the relative variation in LAI reached at most ± 0.28 at 2000 GDD 

consecutively to an increase or a decrease of the internode length by 50 %. This 

emphasises that variations of internode length can significantly affect the LAI of pea, 

although the effects are lower than those resulting from the modifications of the number of 

branches. Barillot et al. (2012a) also reported that the internodes can constitute up to 10 % 

of the green area of pea. 

 The architectural modifications made on wheat also led to strong relative variations 

in LAI although the amplitude was lower than for pea (Figure 9). Moreover, changes in the 

number of tillers started to alter the LAI of wheat from 600-650 GDD. Maximum relative 

variations of 0.30 and -0.37 in wheat LAI were observed at 850 GDD and respectively 

resulted from an increase and a decrease of the tillers by 50%. The relative variations in 

LAI rapidly decreased from 900 GDD for wheat plants altered in the number of tillers. 

From 1450 GDD, these plants even reached the same levels of LAI as those of the 

reference simulation. This was the result of the foliar senescence that occurred on each 

stem of wheat. As mentioned for pea, modifications of internode length also affected the 

relative variations in wheat LAI mainly from 1000 GDD. Indeed, altering the final length 

of internodes by -50 or +50 % led to maximum relative variations of -0.14 and 0.13 

respectively. 

5.2.2 Height 

 As expected, modifications of internode length induced strong variations of plant 

height for both pea and wheat species (Figure 10). Similar absolute variations in pea and 

wheat height were observed after an increase or a reduction of the internode length. 

 Modifications of the final internode length of pea resulted in strong variations of 

height throughout the growing cycle. Maximum relative variations were observed at 

1800 GDD (0.47) and 1850 GDD (– 0.47) consecutively to an increase and decrease by 

50 % of the internode length respectively. The number of branches did not affect pea 

height, except when branches were reduced by 50 %. Indeed, pea plants were temporarily 

shorter than those of the reference simulation from 1150 to 1600 GDD. This was related to 

the removal of the earlier branches that constitute the top of the canopy at 1000 GDD 

(Figure 8).  



 

 

 

Figure 10: Relative variations in pea (up) and wheat (down) height estimated from the reference simulation. 

The variations were obtained through a modification of i) the number of branches or tillers (squares) and ii) 

internode length (triangles). The gradient of colours indicates the amplitude of the modifications applied on 

the architectural parameters. 
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Then, due to the growth of the following branches, pea plants reached a similar height to 

those of the reference simulation (relative variation was close to zero from 1700 GDD). 

 For wheat, the effects of internode length on plant height were observed later than 

for pea (1100 GDD). This was related to the elongation of wheat internodes which started 

from 1000 GDD. Maximum relative variations were observed at 1400 GDD (0.33) and 

1500 GDD (-0.31) consecutively to an increase and decrease by 50 % of the internode 

length respectively. The modifications performed on the number of tillers did not cause any 

significant variation in plant height. 

5.3 Effects of the architectural modifications on light partitioning 

 Scaling-down to the architectural parameters allowed us to directly assess their 

effects on light partitioning. The architectural modifications applied on branching, 

internode length and leaf inclination had contrasting effects on light partitioning among 

wheat and pea (Figure 11). Interestingly, the modifications carried out on the architectural 

parameters led to asymmetric responses of light partitioning whereas they symmetrically 

affected the LAI and plant height (Figure 9 and Figure 10). Indeed, Figure 11 shows that 

increasing or reducing the value of the architectural parameters (branching, height, and leaf 

inclination) did not result in similar absolute variations of light partitioning but rather 

defined asymmetric responses.  

5.3.1 Branching 

 Alterations of the ability for lateral development (production of branches and 

tillers) conducted to higher variations of light partitioning when they were carried out on 

pea. This was in particular the case when the number of branches was reduced. These 

architectural modifications decreased dramatically the proportion of light intercepted by 

pea from the early stages of development (500 GDD). In that case, the light captured by 

pea continued to decline throughout the growing cycle and was minimal between 1000 and 

1500 GDD i.e. during the period of time when wheat was the dominant species in terms of 

LAI (Figure 8A). Therefore, a reduction in the branches of pea by 25 and 50 % 

respectively caused a maximum loss of light interception of 17 and 53 % at 1250 GDD 

(Figure 11, right column). In contrast, increasing the number of branches resulted in lower 

variations of light partitioning than those caused by the reduction of branches. Moreover, a 

similar gain of light capture was observed consecutively to an increase of branches by 25 

or 50 %, both led to a maximum gain of light capture by 20 % at 1400 GDD. Although the 

branches of pea were increased in these simulations, it did not appear to be sufficient to 

balance the domination of wheat in light capture at this stage of development, as wheat still 

intercepted 54 % of the light cptured by the overall mixture. 

  



 

 

 
Figure 11: Dynamics (left) and relative variations (right, estimated from the reference simulation) of light partitioning 

(%PAR) among pea and wheat. Values of light partitioning are complementary between pea and wheat and those of relative 

variations are opposite. The number of branches, internode length and leaf inclination (only for pea) were altered for both 

pea (circles) and wheat (triangles) following the gradient of colours. 
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 Compared to the modifications of branches in pea, the number of tillers of wheat 

led to slight relative variations of light partitioning (at most 15 %). The variations of wheat 

LAI that were observed in Figure 9 (30-35 %) had therefore little effects on light 

partitioning meaning that other determinant parameters were involved. 

5.3.2 Internode length 

 Modifications of internode length appeared to have the most dramatic effects on 

light partitioning compared to branching (at most a gain in light capture of 81 % and a loss 

of 65 %). For both pea and wheat, longer internodes resulted in a strong increase of light 

interception compared to the reference simulation. These effects were observed from 

500 GDD for pea and 1000 GDD for wheat (beginning of internode elongation of wheat). 

A strong asymmetry was found in the variations of light partitioning between plants 

subjected to an increase of their internode length and those whose internodes were reduced, 

especially from 1500 GDD. From this stage of development, the effects of internode length 

which had led to a gain of light interception by pea (longer internodes for pea and shorter 

for wheat) started to decline up to 2000 GDD, whereas those which enhanced light 

interception of wheat were maintained. 

 Increasing the internode length of pea or reducing those of wheat led to the highest 

variations of light capture. Figure 9 also shows that similar variations of light partitioning 

could result from an increase of the internode length of pea or an equivalent reduction of 

wheat internodes. For instance, at 1500 GDD, pea increased its capture of light by i) 81 % 

with 50 percent longer internodes and ii) 75 % when wheat internodes were shortened by 

50 %. In contrast, increasing the internode length of wheat did not bring a similar gain of 

light interception as an equivalent reduction of pea internodes. Wheat was the most 

dominant species for light capture when internodes of pea were shortened by 25 and 50 % 

(respectively up to 76 and 85 % of light captured by wheat). Increasing internode length of 

wheat by 50 % resulted in a similar gain in light interception than decreasing those of pea 

by 25 %. 

5.3.3 Leaf inclination of pea 

 Alterations of the inclination of pea leaves clearly had minor effects on light 

partitioning compared to those applied on branching and internode length. Nevertheless, 

increasing leaf inclination by 50 %, i.e. leaves become more erected, appeared to affect 

light partitioning as it decreased light capture of pea by 18 % at most. 

5.4 Light partitioning as a function of the ratios of the species LAI and height 

 The results described above have shown the dynamic of light partitioning in 

response to contrasting plant architectures. As illustrated in Figure 9 and Figure 10, the 

architectural alterations induced a large range of variation of the component species LAI 

and height. 



 

 

  

Table 5: Particular stages of the development of wheat and pea 

Growing Degree Day 
Species 

Wheat Pea 

500 4 unfolded leaves 4 unfolded leaves 

850 End of tillering 
End of branching 

Branch elongation 

1000 
Beginning of stem 

elongation 
Branch elongation 

1500 Beginning of flowering Flowering 

2000 Grain filling - maturity Maturity 
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The following section is thus aimed to analyse the relationships between light partitioning 

and the variations of both ratios of species LAI and height. To this end, five particular 

stages of development were selected (Table 5). The first dates represent the vegetative 

stages of the two species and their lateral development (branching, tillering). Then phases 

of vertical elongation were selected as well as the flowering period of wheat and pea. 

Relationships between light partitioning and the species LAI and height were finally 

studied in the last stages of development (2000 GDD). For each of these stages of 

development, Figure 12 shows the relation between light partitioning and i) the ratio of 

LAIpea / LAIwheat and ii) the ratio of Heightpea / Heightwheat. 

 At 500 GDD, the architectural modifications which were performed mainly 

affected pea height (Figure 9 and Figure 10). Therefore, the ratio of the component species 

LAI did not show strong variations in response to the architectural modifications (except 

when the number of branches was reduced by 50 %). The ratio of LAI stayed in favour of 

pea (3.31 ± 0.37) which intercepted 75 % of the light captured by the overall mixture. In 

contrast, variations of internode length of pea led to different height ratios ranging from 1 

to 1.92. Light partitioning appeared to be linearly correlated to the height ratio from this 

early stage of development. Indeed, short internodes of pea favoured the capture of light by 

wheat whereas increasing internode length reinforced the dominance of pea (up to 78 % of 

light interception). In spite of the modification of internode length, pea stayed the 

dominant species, mainly due to its larger LAI compared to wheat. 

 At 850 GDD, wheat and pea developed contrasting levels of LAI in response to the 

architectural variations and were exhibiting equivalent ratios of height to those described at 

500 GDD (Figure 12). This resulted in strong variations of light partitioning as pea 

intercepted from 51 to 71 % of the light captured by the mixture. At 850 GDD, the 

component species had completed their lateral development, so any modification in the 

number of branches or tillers affected the balance of LAI between wheat and pea. Whether 

the architectural variations were applied on pea or wheat, the ratios of LAI were similar, 

although they are obviously affected in opposite ways. As shown at 500 GDD, light 

partitioning was also affected by the height ratio between the component species. As wheat 

had not started to elongate, the modifications of internode length applied on wheat did not 

modify its height and had therefore no effect on light partitioning. 

 The relation between light partitioning and the ratio of LAI appeared to be no 

longer linear at 1000 GDD (Figure 12). On the one hand, decreasing the number of 

branches or tillers by 50 % affected the ratio of LAI (0.55 and 1.37 respectively) which 

strongly impacted light partitioning (39 % of light captured by pea in the first case against 

61 % in the last one). On the other hand, increasing the number of branches and tillers still 

modified the ratio of LAI but it only resulted in slight variations of light partitioning. The 

sharing of light among the component species was however linearly related to the 

variations of the height ratio which originated from the modifications of the internode 

length of pea. 



 

 

  

 

Figure 12: relation between light partitioning (%PAR) and the species ratios of LAI (left) and height (right) 

at five particular stages of development. Variations of the ratios of LAI and height resulted from architectural 

alterations applied on pea (circles) and wheat (triangles) following the gradient of colours. 
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Indeed, pea intercepted from 28 to 69 % of the incident light when its internodes were 

modified by ±50 %. 

 During flowering (1500 GDD), a non-linear relationship was also observed 

between the ratio of LAI and light partitioning among wheat and pea (Figure 12). This was 

in particular the case for the modifications applied on the number of branches developed 

by pea. The ratio of LAI between the component species remained constant whatever the 

initial number of tillers developed by wheat, mainly due to foliar senescence. However, the 

beginning of internode elongation of wheat generated contrasting vertical dominance with 

pea (height ratio ranged from 0.63 to 1.20). At this developmental stage, the modifications 

applied on internode length led to similar variations of the height ratio and light 

partitioning whatever they were made on pea or wheat. The height ratio strongly affected 

light partitioning which ranged from 15 to 70 % of the light captured by pea. 

 The effect of the variations of the species LAI on light partitioning continued to 

decline at maturity (2000 GDD, Figure 12). The ratio of LAI ranged from 0.48 to 1.45 but 

only increased light interception of pea by 10 %. Variations of the height ratio at this stage 

of development were similar to those observed at 1500 GDD. These variations ranged from 

0.56 (after decreasing the internode length of pea by 50 %) to 1.52 (after increasing the 

internode length of pea by 50 % or when wheat internodes were reduced by 50 %). 

However, the relation with light partitioning also appeared to become non-linear, in 

particular for the strongest alterations of internode length (± 50 %) 

6 Discussion 

 Light partitioning in multi-specific stands is a crucial issue for managing the 

balance between the component species as well as determining the final yield of the 

mixture (Ofori et Stern, 1987, Keating et Carberry, 1993, Sinoquet et Caldwell, 1995, 

Malézieux et al., 2009, Louarn et al., 2010). The present study was therefore directed at 

assessing the effects of architectural parameters on light partitioning within wheat – pea 

mixtures. This was achieved by using the approach of Functional Structural Plant Models 

(FSPM) that allows to take into account the explicit architecture of plants in relation with 

their functioning and environment (for a review see DeJong et al., 2011), light in the 

present study. Such an approach also presents the advantage to provide direct access to the 

architectural parameters identified for modification. Indeed, statistical models providing a 

simplified description of the canopy (e.g. the turbid medium approach, Rimmington, 1985, 

Faurie et al., 1996, Lantinga et al., 1999, Sinoquet et al., 2000, Tsubo et Walker, 2002) 

would have only allowed to assess the effects of integrated parameters i.e. LAI and plant 

geometry and in some cases the LAI distribution and plant height . Therefore these 

statistical models cannot be used to infer the response of light partitioning to the variation 

of architectural parameters described at plant scale.  
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Moreover, FSPMs have been shown to be more suitable tools for estimating light 

interception in heterogeneous canopies compared to the turbid medium approach that uses 

the Beer-Lambert-law (Sonohat et al., 2002, Combes et al., 2008, Barillot et al., 2011). 

Heterogeneous stands can result from non-random dispersion of foliage or canopies with a 

strong vertical structure. Such conditions can be encountered in multi-specific stands or 

after architectural modifications, such as those performed in the present study. FSPMs 

could also be used for further analysis of plant growth in complex conditions that are not 

accessible to conventional experimentation. Virtual plant models generally required 

numerous input parameters that in particular implied measurements of plant geometry 

using the 3D digitizing for instance (Moulia et Sinoquet, 1993). Such models also 

conducted to longer computation times than simplified approaches. However, in order to 

tackle such limitations, Louarn et al. (2012) proposed an intermediate approach based on 

simple envelope reconstructions of plants and which can infer light partitioning in 

mixtures, provided that height and vertical leaf area distribution gradients are 

characterised. 

6.1 L-pea model 

 The present study has therefore required to develop an architectural and dynamic 

model of the aerial development of pea, a 3D model of wheat being already available in the 

literature (Fournier et al., 2003). L-pea model accounts for the vegetative development of 

pea mainly based on data derived from an experiment carried out in wheat – pea mixtures 

(Barillot et al., 2012b). The growth of the vegetative organs was characterized from a 

specific experiment conducted in controlled conditions. As shown in a previous study 

(Barillot et al., 2012b), pea exhibited low plasticity of its morphogenesis under different 

growing conditions. We therefore assumed that the characterization of the organ growth in 

controlled conditions did not affect the underlying hypothesis of the model. Moreover, L-

Pea model was used in a comparative study for the assessment of the architectural 

parameter effects on light partitioning. 

 The present model was developed using a deterministic approach which was 

considered to be efficient for assessing the effects of architectural parameters on light 

partitioning. Indeed, architectural modifications performed with a more mechanistic model, 

which for instance account for feedbacks between plant growth and its environment, can 

result in smoothed responses of light interception because of the compensation processes 

occurring in plants. Such responses, which can result from self-regulated processes 

(Verdenal et al., 2008), would have made it difficult to assess the effects of individual 

architectural parameters on light capture. Nevertheless, the tropism of stems, implemented 

as a function of the quantity and quality of light, is a part of the model that accounts for 

plant responses to their environment.  
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Compared to a fixed curvature of stems, we assumed that accounting for stem tropism 

provides better perspectives for the model in particular for studying the effects of the 

sowing density which is known to affect branching (Casal et al., 1986, Spies et al., 2010) 

As mentioned earlier, the response of the stem to light environment was implemented in L-

Pea model using the study of Gautier et al. (2000) on clover. Supplementary experiments 

should therefore be conducted in order to characterize the tropism of pea stems (e.g. 

location of the site of perception, duration of the signal necessary to induce a 

photomorphogenetic response, etc.). Although not used in the present study, L-pea model 

can also handle the intra-specific variability of pea provided that the average value and 

standard deviation of the parameters are given. As a consequence, virtual stands generated 

by the model are not composed of a repetition of a mean plant but rather reflect the 

variability of the studied population. Depending on the user aim, L-pea model can also 

operate in a more mechanistic approach for studying the functioning of pea (e.g. 

photosynthesis) in relation with its physical structure and environment. This can be easily 

achieved as parameters and functions of the model are accessible and can be modified in 

order to implement new functions or input data. The object-oriented development of the 

model also provides an efficient tool for taking into account the feedbacks between plant 

growth and environment. Indeed, each organ carries information on its own state (age, 

position, length, light captured…) which therefore enables to regulate the organ growth 

according to the amount of intercepted light or other environmental factors e.g. Tardieu et 

al. (1999) for a model of leaf expansion. 

6.2 Architecture and light partitioning 

 The present study provides novel information on the sensitivity of light partitioning 

to the architecture of the component species by scaling-down our analysis to plant scale. 

This characterization was also conducted throughout the growing cycle of the mixture 

which allows to dynamically assess the effects of the architectural parameters on light 

partitioning. Some previous studies were also aimed to analyse the relationships between 

light partitioning and the simplified or explicit architecture of component species (Sinoquet 

et Caldwell, 1995, Louarn et al., 2012). However, these studies focused on integrated 

parameters (height, LAI, geometry) which do not allow to discriminate the effect of 

explicit architectural parameters defined at plant scale. For instance, internode length 

affects both plant LAI and height. In a similar way, LAI can be affected by several 

architectural parameters (e.g. branching or leaf length). In contrast with previous studies, 

the results shown in the present work were not obtained by modifying one architectural 

parameter while maintaining the others constant throughout the growing cycle. The 

alterations were made on a single architectural parameter at a time, but the other 

parameters of the model were still following their dynamic, as specified by the hypotheses 

of the model.  
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The effects of single-parameter on plant architecture and light partitioning were then 

compared to a reference simulation designed to provide equivalent dynamics of LAI and 

height between pea and wheat. This reference simulation therefore constituted a theoretical 

case that does not necessarily reflect the behaviour of wheat – pea mixtures grown in field 

conditions. 

 As reported in several studies (Sinoquet et Caldwell, 1995, Barillot et al., 2011, 

Barillot et al., 2012a, Louarn et al., 2012), the present results also confirmed that light 

partitioning is highly related to the ratio of the component species LAI and height. 

However, this relation appeared to be dependent on the considered species (wheat or pea) 

and was not constant throughout the growing cycle. Light partitioning in the early stages of 

development was strongly related to the contribution of the component species to the LAI 

of the mixture. Species with high ability for branching therefore exhibited high 

competitiveness for light capture. As the mixture was growing, the component species 

started to interact and the inter-specific competition [for light] began thus enhancing the 

importance of the species height. Moreover, when the species started their vertical growth 

(internode elongation), the relation between light partitioning and the ratio of the 

component species LAI became no longer linear. These non-linear relationships reveal that 

the architectural variations that affected the LAI of developed plants had lower effects on 

the partitioning of light than in the earlier stages of development and was rather related to 

the height ratio. In the late stages of the growing cycle, the height reached by each species 

of the mixture strongly determined their ability to capture light. These results are consistent 

with a previous study carried out on virtual wheat – pea mixtures derived from the 

digitization of several pea cultivars grown in greenhouse conditions (Barillot et al., 2012a). 

 The present study also showed that leaf inclination could affect light partitioning 

but in a lower extent than alterations of branching or internode length. These results 

therefore strengthen the hypothesis risen in previous studies on digitized wheat – pea 

mixtures (Barillot et al., 2011, Barillot et al., 2012a). However, Sarlikioti et al. (2011b) 

reported that leaf inclination in tomato impacted the distribution of light interception rather 

than its total light interception. As shown by Barillot et al. (2012a) for pea, the present 

study illustrated that LAI and plant height are strongly related to the number of lateral 

branches and internode length respectively. The number of branches (for pea) or tillers (for 

wheat) was a determinant parameter of the species LAI from their emergence to the 

beginning of foliar senescence. The latter appeared to significantly decrease the LAI of the 

component species in particular for wheat. As a consequence, alterations of the number of 

tillers had lower effects on light partitioning than those performed on the number of 

branches of pea. Moreover, light partitioning was found to be highly sensitive to the 

internode length of the component species. This was in particular the case for pea as the 

alterations of internode length resulted in a large range of light partitioning levels which 

may lead to asymmetric competition for light (Schwinning et Weiner, 1998, Louarn et al., 

2010). 
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Although they were significant, the effects of wheat internode length on light capture were 

less marked. Internode elongation of wheat started later than for pea thus leading to lower 

competitiveness for light capture. Cici et al. (2008) also reported that in chickpea, changes 

in the internode length did not lead to the highest competitiveness against sowthistle 

compared to phyllochron variations. On contrast, Lemerle et al. (2001) reviewed that 

wheat plants with longer internodes would have an enhanced competitive ability for light 

capture against weeds. It therefore appears that the assessment of the effects of an 

architectural parameter (e.g. branching, internode length or leaf inclination) on light 

partitioning must be carried out in regard of i) the whole plant structure (i.e. the other 

architectural parameters), as well as ii) the component species morphogenesis. Indeed, 

determinant parameters that are known to affect the interception of light in pure stands 

(e.g. number of tillers or internode length) do not necessarily have the same quantitative 

effects in multi-specific stands, depending on the behaviour of the component species. 

 The present results show that branching and internode length have contrasting 

effects on LAI and plant height depending on the species and stage of development. 

Similar conclusions have therefore been observed on the way that these two architectural 

parameters affected light partitioning. Generally, the modifications performed on the 

architecture of pea caused higher variations of light partitioning than those applied on 

wheat. Supplementary simulations should therefore be conducted in order to assess the 

effects of other architectural parameters of wheat e.g. leaf and sheath length which would 

also affect the LAI and plant height. Moreover, the modifications performed on branching 

and internode length resulted in symmetric absolute variations of LAI and height 

respectively. However, they triggered asymmetric variations of light partitioning meaning 

that i) other ranges of variation of the architectural parameters should be tested in order to 

better explore the responses of light partitioning and ii) interactions with other parameters 

should be taken into account e.g. leaf area distribution and clumping (Ross, 1981c, 

Lantinga et al., 1999). 

7 Conclusion 

 The present study provides quantitative information on the effects of LAI and plant 

height on light partitioning within wheat – pea mixtures. By scaling-down our analysis at 

plant scale, we showed that branches as well as internode length are crucial architectural 

parameters that determine the ability of the component species to compete for light. These 

two architectural traits therefore appeared as important levers for driving competition for 

light within wheat – pea mixtures. To this aim, we should consider and take advantage of 

the studies that have already been done by geneticists and breeders on such architectural 

traits (e.g. for pea, Arumingtyas et al., 1992, Kusnadi et al., 1992). Further simulations 

should however be conducted in order to assess the effects of other architectural 

parameters on light partitioning such as leaf size, rate of senescence or the dynamic of 

morphogenesis. 
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Increasing the number of parameters would then require to perform a sensitivity analysis 

that enables to hierarchize the parameters while accounting for their interactions. 

The present study required to develop a 3D and dynamic architectural model of pea which 

is, to our knowledge, the first available one in the literature. This has led to the 

construction of a complex modelling framework integrating the architectural models of pea 

and wheat as well as a light model based on the radiosity approach. Further works on L-

Pea model could also be conducted in order to implement the reproductive stages of pea 

(Truong et Duthion, 1993, Roche et al., 1998) as well as the development of the root 

system which is also an important parameter of the component species competitiveness for 

the capture of water and nitrogen (e.g. Ozier-Lafontaine et al., 1998, Corre-Hellou et al., 

2006). Such a framework could also be used to assess the functioning of wheat – pea 

mixtures in regard with the dispersion of diseases as epidemiological models are available 

for wheat and pea grown in pure stands (e.g. Le May et al., 2005, Robert et al., 2008). This 

virtual environment therefore appeared to be suitable for building-up the architecture of 

ideotypes suited to multi-specific stands. 
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Synthèse 

 Ce quatrième chapitre a été dédié à la construction d’un modèle architecturé de 

pois, L-Pea, intégrant i) les conclusions issues du premier chapitre, ii) l’approche de 

modélisation développée au cours des 2
ème

 et 3
ème

 chapitres et iii) les résultats sur la 

morphogénèse aérienne du pois issus des données présentées lors du 3
ème

 chapitre. Sur la 

base des conclusions issues du second chapitre, nous avons poursuivi l’analyse du 

déterminisme architectural du partage de la lumière dans les associations blé – pois. 

L’architecture des plantes virtuelles de blé et de pois a ainsi été modifiée au niveau de 

paramètres impactant le LAI, la hauteur et les propriétés géométriques, permettant ainsi de 

quantifier l’impact de ces paramètres sur l’interception du rayonnement de chacune des 

espèces. Ces travaux ont montré que des paramètres architecturaux définis à l’échelle de la 

plante (e.g. ramifications, entrenœuds…) sont des éléments déterminants de la capacité des 

plantes à intercepter le rayonnement dans une association blé - pois. L’originalité de cette 

étude a également résidé dans l’analyse dynamique de l’effet de ces paramètres 

architecturaux sur le partage du rayonnement, fournissant ainsi des éléments de réflexion 

sur la conception d’idéotypes adaptés aux cultures multispécifiques. 
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Figure 1 : Analyse multi-échelle du partage de la lumière dans les associations blé-pois. L’interception du rayonnement réalisée au 

niveau du peuplement ainsi que son partage entre espèce sont liés à la structure physique des individus du couvert. Des paramètres 

architecturaux définis à l’échelle de la plante (ramifications, entrenœuds…) sont donc des paramètres déterminant du partage du 

rayonnement entre espèce, affectant ainsi directement la productivité de l’association. 
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 Les objectifs du travail de thèse entrepris ici se proposaient de contribuer i) à 

l’analyse du déterminisme architectural dans le partage de la lumière dans les associations 

blé – pois et ii) au développement d’un simulateur de la morphogénèse aérienne des 

plantes capable de répondre à ces objectifs. Le travail de modélisation réalisé au cours de 

la thèse a été ainsi principalement destiné à mettre en place un modèle architecturé de 

l’appareil aérien du pois, afin de recréer une association virtuelle blé - pois [après couplage 

à un modèle de blé, (Fournier et al., 2003)] permettant d’estimer le partage du 

rayonnement. 

1 Synthèse des principaux résultats 

 Par ailleurs, les résultats présentés dans ce document se proposent de contribuer à la 

caractérisation i) de la morphogénèse aérienne du pois dans plusieurs conditions de 

culture (serre, conditions non-contrôlées, plantes individuelles ou en culture pure ou 

associée avec du blé) ainsi que ii) de la structure physique de la canopée des 

associations blé - pois. 

 Ce dernier point a notamment révélé une forte variabilité de la structure de la 

canopée (plus ou moins homogène) constituée par les associations céréales – légumineuses 

(Barillot et al., 2011). Ces résultats apportent des informations utiles dans les processus de 

décision concernant le choix des approches de modélisation du partage de la lumière 

dans les associations céréales - légumineuses. 

 Nous avons ainsi considéré l’approche plante virtuelle comme étant la plus 

pertinente dans la perspective d’analyser les modalités du partage du rayonnement dans 

l’association blé - pois. A cet effet, il a été nécessaire de construire des modèles 

architecturés des plantes, qu’ils soient statiques (issus de la digitalisation du pois et du 

blé) ou dynamiques (L-Pea pour le pois). L’originalité du travail de thèse réside donc 

dans : 

 Le développement d’un modèle 3D de la morphogénèse aérienne du pois, qui 

est à notre connaissance le premier disponible dans la littérature. 

 La construction d’un simulateur intégrant trois modèles : pois, blé et 

rayonnement. 

Ces étapes ont permis d’apporter des éléments de réponse à des problématiques 

d’ordre écophysiologique, agronomique telles que : 

 L’étude de la dynamique du partage du rayonnement en fonction de 

paramètres architecturaux définis à l’échelle de la plante. 

Nous avons ainsi montré, à travers une analyse multi-échelle Figure 1, que certains 

composants de l’architecture aérienne des plantes (e.g. longueurs des entrenœuds, nombre 

de ramifications) impactent significativement la quantité de lumière interceptée par 

chacune des espèces du couvert. 
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Ces paramètres architecturaux ont révélé une forte variabilité génotypique chez le pois. 

De plus, l’impact de variations des paramètres architecturaux du pois et du blé sur le 

partage du rayonnement s’est avéré comme étant fonction du stade de développement des 

plantes, de l’espèce concernée, et des autres composants architecturaux au sein non 

seulement d’une même plante mais également entre plante voisines. Dans la perspective 

du pilotage du fonctionnement de couverts plurispécifiques, ces résultats permettent 

d’identifier des leviers capables d’affecter le partage du rayonnement. Ainsi, les travaux 

décrits dans cette thèse fournissent des éléments de réflexion quant à la sélection de 

génotypes/idéotypes adaptés aux associations de cultures via l’intégration de critères 

morphologiques déterminant pour le partage du rayonnement. Par ailleurs, les 

paramètres architecturaux identifiés ont notamment fait l’étude de travaux relevant du 

domaine de la génétique, et sont donc pour la plupart accessibles aux sélectionneurs 

variétaux (e.g. pour le pois, voir la revue de Huyghe, 1998). 

2 Le modèle ou un modèle ? 

 Tout au long de ce document, nous avons mentionné de manière univoque les 

termes de modèle, de simulateur. Or, derrière ces notions de modélisation se cachent une 

grande diversité d’approches, de formalismes et de formes (graphiques, analytiques, 

informatiques…). A mon sens, un modèle est une représentation plus ou moins 

simplifiée de la réalité, destinée à reproduire un phénomène dans le but de 

l’appréhender. Un modèle est donc issu de la simplification, de l’abstraction d’un 

phénomène, il est donc de facto soumis à la subjectivité de son concepteur/utilisateur. 

Ainsi, il s’agit de bien distinguer les propriétés du modèle de celles de la réalité. Ces 

éléments font ressortir que le choix des formes, paradigmes et formalismes d’un modèle 

doit résulter des objectifs qui lui sont assignés. En conséquence, l’objectif ultime n’est 

pas nécessairement d’aboutir à l’intégration de l’ensemble des processus liés à l’objet 

d’étude dans le modèle. 

La démarche de modélisation résulte donc d’une réflexion scientifique, issue de 

l’observation de faits concrets, puis de l’abstraction de mécanismes sous-jacents dans 

l’objectif de comprendre, transposer, prédire ou encore faire émerger des propriétés 

relatives au fonctionnement de l’objet d’étude. Ainsi, la conception de modèle se rapproche 

des étapes de la formation de l’esprit scientifique tel qu’il est défini par Bachelard (2004) : 

Dans sa formation individuelle, un esprit scientifique passerait donc par les trois états 

suivants […] : 

1) L’état concret où l’esprit s’amuse des premières images du phénomène […]. 

2) L’état concret-abstrait où l’esprit adjoint à l’expérience physique des schémas 

géométriques et s’appuie sur une philosophie de simplicité […]. 

3) L’état abstrait où l’esprit entreprend des informations volontairement soustraites à 

l’espace réel, […], en polémique ouverte avec la réalité première […].  
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 Ces travaux de thèse ont conduit au développement d’un modèle, et non du modèle, 

de morphogénèse aérienne du pois (L-Pea). Ce modèle a été construit avec la perspective 

d’appréhender les relations entre architectures des plantes et partage de la lumière dans les 

associations blé - pois. L-Pea est donc un modèle à dominante déterministe et dont 

l’algorithmique est basée sur la description modulaire des plantes (Prusinkiewicz et 

Lindenmayer, 1990), permettant donc d’évaluer l’effet intrinsèque de paramètres 

architecturaux sur le partage du rayonnement. Le simulateur « tripartite » (blé-pois-

rayonnement) mis en place au cours de cette thèse a donc constitué un outil heuristique 

permettant d’évaluer des hypothèses inaccessibles à l’expérimentation physique, pour 

des raisons techniques et/ou de temps. 

3 Perspectives 

 Le simulateur développé au cours de cette thèse constitue principalement une 

première approche permettant d’initier d’autres travaux de recherche. A ce titre, le 

modèle L-Pea ainsi que le simulateur de l’association blé - pois sont librement accessibles 

à la communauté scientifique via le site web https://gforge.inria.fr/projects/openalea/. A ce 

titre, le code du modèle du modèle L-Pea est disponible en Annexe de ce document. 

Concernant les travaux présentés dans ce travail de thèse, il convient par la suite d’évaluer 

les résultats obtenus en environnement virtuel, par la mise en place d’expérimentations 

physiques impliquant des associations blé - pois en conditions non contrôlées, et destinées 

à confirmer l’effet des paramètres architecturaux sur le partage du rayonnement dans le 

couvert. Toutefois, les résultats issus de ces simulations ont tout de même corroborés les 

conclusions avancées au cours du 2
ème

 chapitre. De plus, il apparait nécessaire d’étudier 

d’autres paramètres architecturaux que ceux étudiés et notamment ceux en lien avec 

l’aspect dynamique de la morphogénèse. Ces analyses plus avancées des relations entre 

architecture des plantes et partage du rayonnement devront notamment s’attacher à 

caractériser l’agrégation foliaire (clumping en anglais). En effet, ce paramètre est un 

indicateur de l’efficience d’interception du couvert et de la complémentarité de la 

distribution spatiale du feuillage des espèces associées (Ross, 1981c, Sonohat et al., 2002). 

 Par ailleurs, la thèse s’est focalisée sur les modalités architecturales i.e. physiques 

du partage de la lumière dans les associations, et non sur la compétition interspécifique 

pour cette ressource. Nous avons tenu à faire la distinction entre ces deux termes puisque la 

notion de compétition aurait nécessité de caractériser les réponses structurales et/ou 

fonctionnelles des plantes, induites par des modifications de l’accès à la ressource 

lumineuse consécutives au développement de chaque espèce. 
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A ce titre, le développement du simulateur de l’association blé - pois pourra notamment 

être poursuivi par l’intégration de fonctions permettant de tenir compte des effets de la 

compétition pour la lumière sur : 

 Le fonctionnement photosynthétique des plantes. Cet aspect peut intégrer tout 

ou partie du processus photosynthétique i.e. assimilation du carbone, 

accumulation de biomasse et son allocation entre organes puits et source. Cet 

aspect trophique apparait ainsi déterminant dans la perspective d’améliorer 

notre compréhension des processus pilotant la proportion et de la productivité 

de chaque espèce dans les associations. 

 La photomorphogénèse des plantes. En effet, comme nous l’avons mentionné 

en introduction de ce document, le développement des plantes modifie le 

microclimat et notamment la qualité de la lumière entendue par sa composition 

spectrale. Les réponses photomorphogénétiques (indépendantes de la 

photosynthèse) sont impliquées dans de nombreux processus de développement 

des plantes e.g. germination des graines, phototropisme, ontogénèse, floraison, 

horloge circadienne, sénescence…(Casal et Alvarez, 1988, VarletGrancher et 

al., 1993, Rousseaux et al., 1996, Ballare et Casal, 2000, Christie et Briggs, 

2001). Ainsi, la vitesse d’allongement foliaire de certaines graminées semble 

sensible à la quantité d’énergie reçue dans le domaine du bleu (Gautier et 

Varlet-Grancher, 1996) concomitantes à des modifications de l’état stomatique 

et hydrique de la plante (Barillot et al., 2010). Le recours au modèle de 

radiosité Caribu (Chelle et Andrieu, 1998), couplé aux architectures du pois et 

du blé fournit ici un cadre conceptuel pertinent pour étudier/intégrer la 

photomorphogénèse des plantes via par exemple, la réalisation de cartographie 

spatiale de la qualité du rayonnement dans le couvert. 

L’algorithmique, ainsi que les formalismes employés pour développer le modèle L-Pea 

(programmation orientée-objet, L-System, modularité), constituent donc des atouts dans la 

perspective d’intégrer les réponses et rétroactions de la morphogénèse des plantes telles 

que citées ci-dessus. De plus, la capacité du modèle L-Pea à i) tenir compte de la variabilité 

observée sur un paramètre morphogénétique (voir chapitre 4), ii) à intégrer dans le 

peuplement différents génotypes de pois avec, iii) des proportions différentes de chaque 

espèce, constitue un cadre d’analyse performant, permettant d’étudier l’effet de la 

variabilité génétique et de différentes pratiques culturales sur le développement de 

l’association. 

 A plus long terme, la modélisation du fonctionnement des associations nécessitera 

également l’intégration des processus d’acquisition de l’ensemble des ressources du 

milieu, et notamment des ressources azotées qui constituent un point clé de l’équilibre et 

de la stabilité des associations. Cette étape devra ainsi tenir compte de la morphogénèse de 

l’appareil racinaire des espèces et du fonctionnement symbiotique de la légumineuse. La 

prise en compte des facteurs biotiques semble également être une perspective d’utilisation 

du modèle. 
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De tels travaux permettraient d’étudier la dispersion des maladies dans les couverts 

plurispécifiques. De plus, des modèles épidémiologiques prenant en compte l’architecture 

des plantes sont disponibles dans la littérature e.g. Le May et al. (2009) pour l’ascochytose 

du pois, et Robert et al. (2008) et Baccar et al. (2011) pour la septoriose du blé.  
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4 Conclusion 

 Le choix de la formulation des associations blé – pois ou plus généralement 

céréales – légumineuses est une problématique complexe devant intégrer les ressources et 

caractéristiques pédoclimatiques du milieu, le choix des espèces et variétés, ou encore la 

fertilisation azotée (Louarn et al., 2010). Le choix des espèces et variétés, c’est-à-dire de 

leur caractéristiques fonctionnelles et structurales, constitue un des leviers importants de 

l’équilibre des espèces dans le couvert ainsi que de sa productivité. 

Nous avons montré, par simulation, que l’architecture des plantes était un paramètre 

déterminant du fonctionnement des associations à travers ses effets sur le partage du 

rayonnement entre espèces. Les résultats présentés dans ce document apportent également 

des éléments de réflexion dans la construction d’idéotypes architecturaux destinés à piloter 

le partage de la lumière. 

Ce point soulève toutefois la question complexe et non-intuitive du partage optimal dans 

les associations de cultures (50-50, 70-30… ?). À mon sens, aucune réponse absolue et 

définitive ne peut être formulée ici, tant elle dépend de nombreux paramètres tels que les 

objectifs de production ou encore le rôle de la légumineuse dans le couvert (production de 

graines, fourrage, plante de service). Louarn et al. (2010) apportent également des 

éléments de réponse sur ces notions d’équilibre dynamique entre espèces associées : 

Les bases écologiques et physiologiques des interactions entre espèces […] permettent de 

dégager certaines règles d’assemblage [e.g.] le maximum de production est atteint en 

choisissant les espèces maximisant l’interception et l’utilisation des ressources dans 

l’espace et dans le temps. 

L’enjeu pour la recherche est donc aujourd’hui d’apporter des éléments tangibles (création 

variétale, indicateurs de fonctionnement des plantes, aide à la décision…) pour la 

conception et la gestion de systèmes de cultures, tels que les associations céréales –

 légumineuses, qui puissent répondre aux attentes socio-économiques et écologiques 

actuelles (cf. introduction générale). 

Par cette thèse, je me propose ainsi de contribuer à la démarche de réflexion et de 

conception portée sur ces agrosystèmes performants et durables. 
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 Annexes 

 

 Le code informatique du modèle simulant l’architecture aérienne du pois (L-Pea) 

développé au cours de cette thèse, est présenté en annexe de ce document. Le modèle est 

composé de trois principaux modules correspondant à des fichiers séparés : 

 Tout d’abord le fichier lpea.lpy qui contient le cœur du programme i.e. les 

différentes fonctions et classes, ainsi que les règles de production et d’interprétation 

du L-System. 

 Un fichier de paramètre : lpy.cfg. Ce fichier contient l’ensemble des paramètres 

requis pour utiliser le modèle. Ces paramètres sont accessibles et modifiables de 

façon indépendante du code principal, facilitant ainsi l’utilisation du modèle. Les 

paramètres peuvent également être spécifiés pour plusieurs génotypes. 

 Et enfin le fichier PeaConfig.py. Ce dernier fichier permet de lire les paramètres 

renseignés dans lpy.cfg et de les compiler dans un dictionnaire qui est injecté dans 

le code principal. 

1 Code principal : lpea.lpy 

import time 

from random import randint, seed, random, gauss, sample 

from math import exp, log 

from copy import deepcopy 

from openalea.plantgl.all import Sphere 

 

# Personal libraries 

from agronomicplot_IC import * 

from share_time_lpy import * 

from PeaConfig import * 

 

params = PeaConfig() # Loads parameters of pea cultivars 

share_time_lpy.time_DD = None 

######## Classes and Functions ######### 

seed() 

t0 = time.time() 

 

def StartEach(): 

    if share_time_lpy.time_DD == None: # Stand generation 

      useGroup(1) 

      share_time_lpy.time_DD = 0 

    else: 

      useGroup(2) 

      share_time_lpy.time_DD += params.dt 

def End(): 

  global t0 

  print 'Time', time.time()-t0 



 

 

#def EndEach (lstring) : 

  #print lstring 

 

def calc_phyllo(cv,axis): 

  # Phyllochrone 

  mu,SD_a,ymax,SD_ymax = (i for i in params.pheno['phyll'][cv][axis]) 

  phyllo = (gauss(mu,SD_a) if eval(params.var) == True else mu) 

  phyto_max = max(1,(abs(int(gauss(ymax,SD_ymax) if eval(params.var) == 

True else ymax)))) 

  return phyllo,phyto_max 

 

def optimal_phyto (stateA): 

  # Computes the optimal number of phytomer as a linear function of DD 

  opt_phyto = min(stateA.phyllo * stateA.t,stateA.phyto[1]) 

  return opt_phyto    

 

def calc_age_phyto (n, opt_phyto, stateA): 

  # Computes age of phytomers that must be created and returns a list 

  apex_age = stateA.t 

  phyllo = stateA.phyllo 

  l_age =[] 

  for pid in range (opt_phyto-n+1, opt_phyto+1): 

    age = apex_age - (pid / phyllo) 

    l_age.append(age) 

  return l_age 

 

class Organ_base: 

  # Basic properties of organs 

  def __init__(self,age, name, cv, plt, axis, curr_phyto,max_phyto, 

level=0): 

    self.t = age 

    self.name = name 

    self.cv = cv 

    self.plt = plt 

    self.axis = axis 

    self.phyto = [i for i in (curr_phyto,max_phyto)] # [current phyto id, 

final number of phyto]     

    self.level = level 

    self.par = 0 

    if name in ('A','E','I','S','Lft','P'): 

      (self.organA, self.organE, 

self.organPhyto)[{'A':0,'E':1,'I':2,'S':2, 'Lft':2,'P':2}[name]]() 

   

  def organA(self): 

    # Set reproductive nodes 

    flower_params = 

params.pheno['time_flower'][self.cv][int(float(self.axis))] 

    if len(flower_params) !=0: 

      mu = flower_params[0] 
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      SD = flower_params[1] 

      self.phyto_flower = int((gauss(mu,SD) if eval(params.var) == True 

else mu))     

    else: 

      self.phyto_flower = "" 

   

  def organE(self): 

    # Set maximal length of scales 

    L_max = params.growth['L_max'][self.cv] 

    mu = L_max[self.name][self.phyto[0]-1][0] 

    SD = L_max[self.name][self.phyto[0]-1][1] 

    self.Lmax = abs((gauss(mu,SD) if eval(params.var) == True else mu)) # 

Abs to avoid negative length 

    def organPhyto(self): 

    # Set organ growth rules and maximal length (according to their 

relative position on vertical axis) 

    params_beta = params.growth['beta'][self.cv][self.name] 

    self.Tb = float(params_beta[0]) 

    self.Tmax = float(params_beta[1]) 

    self.Tend = float(params_beta[2]) 

    # L_max 

    rel_phyto = (float(self.phyto[0]) / float(self.phyto[1]))*10 # *10 in 

order to avoid a decimals 

    i = int((rel_phyto-rel_phyto%2)/2 + ((rel_phyto%2) >0) - 1) # Index 

of the list used to select the class of relative phytomere 

    if self.name not in ('Lft','P'): 

      mu = params.growth['L_max'][self.cv][self.name][i][0] 

      SD = params.growth['L_max'][self.cv][self.name][i][1] 

      self.Lmax = (gauss(mu,SD) if eval(params.var) == True else mu) 

    else : # Lft and Petiole have levels 

      mu = params.growth['L_max'][self.cv][self.name][self.level-1][i][0] 

      SD = params.growth['L_max'][self.cv][self.name][self.level-1][i][1] 

      self.Lmax = (gauss(mu,SD) if eval(params.var) == True else mu) 

 

class phyto(Organ_base): 

  # Creates phyto objects 

  def __init__(self,age,name,stateA,level=0): 

    Organ_base.__init__(self, age, name, stateA.cv, stateA.plt, 

stateA.axis, stateA.phyto[0],stateA.phyto[1],level) # Inheritance of the 

organ base class  

    if name in ('I','S','Lft'): 

      (self.organI, self.organS, 

self.organLft)[{'I':0,'S':1,'Lft':2}[name]](stateA) 

     

  def organI (self, stateA): # Internode 

    self.orient = randint(0,20) # Stem twist 

    self.tropism = tropism(stateA.cv, stateA.par) # PAR is fix in Lpy 

whereas caribu is used in Openalea 

   



 

 

  def organS (self, stateA): # Stipules 

    self.LR = 0 # Marker for left or right stipule 

    self.orient = 50 

   

  def organLft (self, stateA): # Leaflets 

    self.orient = -90 

class branch(Organ_base): 

  # Creates branch objects 

  def __init__(self, age, name, stateA,bid): 

    Organ_base.__init__(self, age, name, stateA.cv, stateA.plt, 

stateA.axis, stateA.phyto[0],stateA.phyto[1]) # Inheritance of the organ 

base class  

    self.orient = randint(0,360) # Random azimuth of emergence 

    self.order = stateA.phyto[0] # Node supporting the branch 

    self.id = bid # Branch id in case of multiple braanches 

    # Defines time of branch break 

    emerg = params.branch['emerg'][stateA.cv][self.order-1][bid-1] # 

Selects mean and SD of a given branch emergence 

    mu = emerg[0] 

    SD = emerg[1] 

    self.bbreak = (gauss(mu,SD) if eval(params.var) == True else mu) 

    self.activity = True 

 

def nb_branch(cv,ind_phyto): 

  # Computes the number of branches to be emitted 

  # TODO : PRENDRE EN COMPTE LES PROBA DE RAMIFS SECONDAIRES 

  if eval(params.var) == True: 

    branches = 0 

    proba_b = random() + .0000001 # Avoid probability 0 

    curr_branchfreq = params.branch['branchfreq'][cv][ind_phyto] # Loads 

branching cumulated frequences of a given node   

    for i in range(1,len(curr_branchfreq)): 

        if proba_b >=  curr_branchfreq[i-1] and proba_b < 

curr_branchfreq[i] : 

          branches = i-1 

          break 

    branches = int(round(branches + (branches * params.mult_branch))) 

  else: 

    branches = params.branch['Nodes_mean'][cv][ind_phyto] 

  return branches 

 

def nb_org_comp(phyto,cv): 

  # Number of leaflet by phytomer 

    rel_phyto = (float(phyto[0]) / float(phyto[1]))*10 # *10 in order to 

avoid a decimals 

    i = int((rel_phyto-rel_phyto%2)/2 + ((rel_phyto%2) >0) - 1)# Index of 

the list used to select the class of relative phytomere 

    org_comp = params.growth['org_comp'][cv][i] 

    return org_comp 
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def color(t): 

  # To use for senescence 

  return 1 

#  if t<600: 

#    return 1 

#  elif 600<=t<1500: 

#    return 2 

#  else: 

#    return 3 

 

def growth_function (state): 

  # Beta function for organ growth 

  if state.name in ('I','S','P'): 

    L = abs(state.Lmax*(1+(max(0,(state.Tend-state.t))/(state.Tend-

state.Tmax)))*(min(1,(state.t-state.Tb)/(state.Tend-

state.Tb))**((state.Tend-state.Tb)/(state.Tend-state.Tmax)))) 

  else : 

    L = state.Lmax*exp(-exp(1.5-0.04*state.t)) 

  scale_fact = params.scale_fact # Factor of conversion  (if scale_fact = 

1, unit = mm) 

  L = (L + 0.1) * scale_fact # Increment of 0.1 in order to avoid very 

small objects 

  return L 

 

def tropism (cv, PAR): 

  # Orients stems according to the PAR and R/FR ratio perceived by the 

apex 

  PAR = 0.2 

  fonct_rel = params.fonct_rel[cv] 

  x1,x2,a,b,c,d = (i for i in fonct_rel) 

  zeta = pow(pow(c,b) + (pow(d,b) - pow(c,b)) * ((1-exp(-a*(PAR - 

x1)))/(1-exp(-a*(x2 - x1)))),(1/b)) # R/FR ratio computed from fonctional 

relationships with PAR 

  elasticity = 0.05 + 0.2 * (1-PAR) + 0.25 * (1.15 - zeta) # Capacity of 

the stem to follow a tropism (vertical vector by default) 

  return elasticity 

 

# Stand generation (units : meter) 

lengthp = .1 

widthp = .1 

sowing_density = 90 

plant_density = 90 

inter_row = 0.17 

stand = params.stand 

nb_plant,position,intra_row = 

agronomicplot_IC(lengthp,widthp,sowing_density,plant_density,inter_row,st

and) 

# Multicultivar stands 

nb_cv = len(params.cultivar) 



 

 

pop = [] 

for cv in range(nb_cv): 

  pop += [ cv for i in range(params.cultivar[cv][1]*10)] # Population of 

1000 individus 

pop = sample(pop,nb_plant) 

 

############# AXIOM ########################## 

 

Axiom:  Sd(pop) Soil (lengthp, widthp) Label  

 

derivation length: 2 + 1 

 

############# PRODUCTION ##################### 

 

production: 

 

group 1: 

Sd(pop): # Stand generation 

  for i in xrange(len(pop)): 

    cv = params.cultivar[pop[i]][0] # Gets cultivars name through their 

index 

    phyllo, phyto_max = calc_phyllo(cv, 0) # Phyllochrone rules 

    stateA = Organ_base(0,'A',cv, i+1, 0, 0, phyto_max) 

    stateA.phyllo = phyllo 

    x,y,z=  position[i][0],position[i][1],position[i][2] 

    nproduce  [@M(x,y,z) A(stateA)] 

endgroup 

 

group 2: # Pea development 

A(stateA): # Apex 

  DD = share_time_lpy.time_DD 

  stateA.t += params.dt 

   

  # Compares actual and potential number of phytomers 

  curr_phyto = stateA.phyto[0] 

  opt_phyto = optimal_phyto (stateA) 

  diff_phyto = opt_phyto - curr_phyto 

  if diff_phyto >=1: # Must create one or more phytomers 

    l_age = calc_age_phyto (int(diff_phyto), int(opt_phyto), stateA) # 

Computes age of the phytomers that are going to be created 

    for i in range(0,len(l_age)): # Loop for each phytomers 

      stateA.phyto[0] += 1 

       

      if stateA.axis == 0 and stateA.phyto[0] <=2: # First two scales 

        stateE = Organ_base(l_age[i], 'E', stateA.cv, stateA.plt, 

stateA.axis, stateA.phyto[0],stateA.phyto[1]) 

        nproduce E(stateE) 

      else : # True phytomers 

        # Internode 
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        stateI = phyto(l_age[i],'I', stateA) 

         

        # Stipules 

        stateSL = phyto(l_age[i],'S', stateA) 

        stateSR = deepcopy(stateSL) # Right stipule 

        stateSR.LR =1 

        stateSR.orient = 130  

         

        nproduce I(stateI)[S(stateSL)][S(stateSR)] 

         

        # Leafy cultivars 

        if params.geom['leaflet'].has_key(stateA.cv) and stateA.phyto[0] 

> 2: # Computes leafet number for true phytomers 

          # Number of leaflet levels 

          org_comp = nb_org_comp(stateA.phyto,stateA.cv) 

          for org in range(org_comp): 

            #Petiole 

            stateP = phyto(l_age[i],'P', stateA,org+1) 

            # Leaflets 

            stateLftL = phyto(l_age[i],'Lft', stateA,org+1) # Left 

leaflet 

            stateLftR = deepcopy(stateLftL) # Right leaflet 

            stateLftR.orient = 90 

             

            nproduce [P(stateP)[Lft(stateLftL)][Lft(stateLftR)] 

          for org in range (org_comp): 

            nproduce ] 

         

        # Semi leafless cultivars 

        else: 

          # Petiole 

          stateP = phyto(l_age[i],'P', stateA,1) 

          nproduce [P(stateP)] 

       

      # Branching module 

      if stateA.phyto[0] <= params.branch['max_node'] and stateA.axis == 

0 : # Branching nodes id 

        nb_branches = nb_branch(stateA.cv, stateA.phyto[0] -1) # -1 as 

the list begins at 0 in create_ramif 

        # Appends the returned number of axillary buds 

        for j in range (1,nb_branches+1): 

          stateB = branch(l_age[i],'B',stateA,j) 

          nproduce [B(stateB)]  

      # Reproductive stages 

      if stateA.phyto[0] >= stateA.phyto_flower: 

        statePd1 = Organ_base(l_age[i], 'Pd', stateA.cv, stateA.plt, 

stateA.axis, stateA.phyto[0],stateA.phyto[1]) 

        statePd2 = Organ_base(l_age[i], 'Pd', stateA.cv, stateA.plt, 

stateA.axis, stateA.phyto[0],stateA.phyto[1]) 



 

 

        statePd1.Lmax = 35 

        statePd2.Lmax = 15 

        statePd1.orient = [180,20] 

        statePd2.orient = [180,60] 

        stateF = Organ_base(l_age[i], 'F', stateA.cv, stateA.plt, 

stateA.axis, stateA.phyto[0],stateA.phyto[1]) 

        stateF.Lmax = 15 

        nproduce [Pd(statePd1)[F(stateF)] [Pd(statePd2)[F(stateF)]]] 

     

    # Last produce : last phyto which supports the apex 

    if stateA.phyto[0] < stateA.phyto[1]: 

      produce A(stateA) 

    # Apex death 

    else: 

      pass 

  # No phytomer production 

  else: 

    produce A(stateA) 

 

B(stateB): # Branch 

  DD = share_time_lpy.time_DD 

  stateB.t += params.dt 

   

  if stateB.bbreak <= DD and stateB.activity == True: # Branch start 

    b_axis = str(stateB.order) + '.' + str(stateB.id) 

    phyllo, phyto_max = calc_phyllo(stateB.cv, stateB.order)  # 

Phyllochrones rules of the branch 

    stateA = Organ_base(params.dt,'A',stateB.cv, stateB.plt, b_axis, 0, 

phyto_max) # Creates a new apex 

    stateA.phyllo = phyllo 

    stateB.activity = False # Turn off bud activity 

    produce B(stateB) A(stateA) 

  else: 

    produce B(stateB) 

 

E(stateE): # Scale 

  stateE.t += params.dt 

  produce E(stateE) 

 

I(stateI): # Internode 

  stateI.t += params.dt 

  produce I(stateI) 

S(stateS): # Stipule: 

    stateS.t += params.dt 

    produce S(stateS) 

 

Lft(stateLft): # Leaflet 

  stateLft.t += params.dt 

  produce Lft(stateLft) 
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P(stateP):# Petiole 

  stateP.t += params.dt 

  produce P(stateP) 

 

F(stateF): # Fleur 

  stateF.t += params.dt 

  if stateF.t < float(params.pheno['time_pods'][stateF.cv]): 

    produce F(stateF) 

  else: # Flower to pod 

    statePod = Organ_base (0,'Pod', stateF.cv, stateF.plt, stateF.axis, 

stateF.phyto[0], stateF.phyto[1]) 

    statePod.Lmax = 45 

    produce Pod(statePod) 

 

Pd(statePd): # Pedoncule floral 

  statePd.t += params.dt 

  produce Pd(statePd) 

 

Pod(statePod): # Pod 

  statePod.t += params.dt 

  produce Pod(statePod) 

 

endgroup 

 

############# INTERPRETATION ##################### 

 

interpretation: 

 

maximum depth : 2 

 

Trop(e): 

  produce @Ts(e) 

 

A(stateA): # Apex 

  diam = 1.5 * params.scale_fact 

  s=Sphere(diam,4,4) 

  produce SetColor(6)@g(s,1) 

Soil (lengthp,widthp): 

  # Units : mm 

  l = lengthp*1000 

  w = widthp*1000 

  soil_size = Scaled(Vector3(l,w,0),params.sol[0].geometry) 

  produce SetColor(4)@M(0,0,0)@g(soil_size) 

   

Label: 

  txt = '  Thermal Time: ' + str(share_time_lpy.time_DD) + ' Degree day' 

  produce SetColor(0)@M(0,0,0)@L(txt) 

 

B(stateB): # Branch  



 

 

  # B represented as a small cylinder that orients branches 

  branchtaxy = stateB.orient 

  diam = params.growth['diam'][stateB.cv] * params.scale_fact 

  produce SetColor(0)/(branchtaxy) +(70) F(0.10,diam) 

 

E(stateE): # Scale 

  length = growth_function(stateE) 

  diam = params.growth['diam'][stateE.cv] * params.scale_fact 

  produce SetColor(color(stateE.t)) F(length,diam) 

 

I(stateI): # Internode 

  if stateI.t >=stateI.Tb : # Coordination rule 

    length = growth_function (stateI) 

    nodetaxyI = stateI.orient 

    e = stateI.tropism 

    diam = params.growth['diam'][stateI.cv] * params.scale_fact 

     

    if stateI.phyto[0] == 1: # Orient first phyto 

      produce SetColor(color(stateI.t)) @Gc Trop(e) / (nodetaxyI) + (15) 

F(length,diam) @Ge 

    elif stateI.phyto[0]%2==0: # even id phyto  

      produce SetColor(color(stateI.t)) @Gc Trop(e) / (nodetaxyI) - (30) 

F(length,diam) @Ge 

    else: # odd id phyto  

      produce SetColor(color(stateI.t)) @Gc Trop(e) / (nodetaxyI) + (30) 

F(length,diam) @Ge 

 

S(stateS): # Stipule 

  if stateS.t >=stateS.Tb and stateS.t <= 

params.pheno['senes'][stateS.cv]: # Coordination rule  + senescence 

    length = growth_function (stateS)  

    orient = stateS.orient 

    incl = params.geom['incl'][stateS.cv] 

    geom = 

(params.geom['sl'][stateS.cv],params.geom['sr'][stateS.cv])[stateS.LR == 

1] 

    if stateS.phyto[0]%2==0: # even id phyto 

      produce SetColor(color(stateS.t)) /(orient) &(incl) @g(geom,length) 

    else:# odd id phyto 

      produce SetColor(color(stateS.t)) \(orient) &(incl) @g(geom,length) 

   

Lft(stateLft): # Leaflet 

  if stateLft.t <= params.pheno['senes'][stateLft.cv]: # Coordination 

rule + senescence 

    length = growth_function (stateLft) 

    orient = stateLft.orient 

    geom = params.geom['leaflet'][stateLft.cv] 

    produce SetColor(color(stateLft.t)) +(orient) /(90) @g(geom,length)  
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P(stateP): # Petiole 

  if stateP.t >=stateP.Tb and stateP.t <= 

params.pheno['senes'][stateP.cv]: # Coordination rule + senescence 

    length = growth_function (stateP) 

    c=Cylinder (0.5,length) 

    #@g(c)f(length) 

    diam = 0.5 * params.scale_fact 

    if stateP.level ==1 and stateP.phyto[0]%2==0:# even id phyto  

      produce SetColor(color(stateP.t)) /(90) ^(60) F(length,diam) 

    elif stateP.level ==1 and stateP.phyto[0]%2!=0:# odd id phyto 

      produce SetColor(color(stateP.t)) \(90) ^(60) F(length,diam) 

    else: # Secondary petiole 

      produce SetColor(color(stateP.t)) ^(40) F(length,diam) 

 

F(stateF):# Fleur 

  length = growth_function (stateF) 

  flower = params.geom['flower'][stateF.cv] 

  produce SetColor(0) @g(flower,length) 

 

Pd(statePd):# Pedoncule floral 

  length = growth_function (statePd) 

  diam = 0.3 * params.scale_fact 

  c=Cylinder (diam,length) 

  orient1 = statePd.orient[0] 

  orient2 = statePd.orient[1] 

  if statePd.phyto[0]%2==0:# even id phyto 

    produce SetColor(color(statePd.t)) /(orient1) ^(orient2) 

@g(c)f(length) 

  else :# odd id phyto 

    produce SetColor(color(statePd.t)) \(orient1) ^(orient2) 

@g(c)f(length) 

Pod(statePod): 

    pod = params.geom['pod'][statePod.cv] 

    length = growth_function (statePod) 

    produce SetColor(3)^(40) @g(pod[0].geometry,length) 

endlsystem 

2 Paramètres du modèle : lpea.cfg 

# Config file containing the parameters for running L-Pea with multiple 

cultivars 

# Each specific section must be repeated for each cultivar 

 

[GLOBAL] 

# Set global variables 

# L1 : increment of time used in L-Pea (in Degree Day) 

# L2 : Tuples of [cultivar, proportion in the stand] 

# L3 : optional : geom object used for soil representation 

# L4 : Scale factor for plant size (default = 1 -> unit = mm) 



 

 

# L5 : Type of stand: SC or IC. SC = Sole crop, IC = Intercrop and thus a 

gap is added between plants in order to place the component species 

dt = 50 

Cultivar = [['Lucy',100]] #,['US',50]] 

geom_sol=sol.geom 

scale_fact = 0.1 

stand = IC 

mult_branch = 0 

var = False 

 

### GEOM SECTION ### 

# One line for each geom 

# Provide a leaflet geom ('geom_Lft') for leafy cultivars 

# Last line : mean inclination of stipule (degree) 

[Lucy_GEOM] 

geomsti_L=01-01-L.geom 

geomsti_R=01-01-R.geom 

geom_flower=corpisum2.geom 

geom_pod=goussepisum.geom 

incl=45. 

 

### PHENOLOGIE ### 

[Lucy_Phyllochrone] 

# Analytical description of phytomer emission by apex 

# L1 : [Mean slope of linear regression, SD, Mean max_phyto(including 

scales), SD] for each axis 

phyll = 

[[0.0165,0.00148,9.0667,1.569],[0.0183,0.0027,19.3333,2.2998],[0.0171,0.0

036,14.7692,6.75]] 

 

[Lucy_Reproductive_stages] 

# L1 : Mean and SD of the first phytomer with flowers for each axis (in 

Degree Day) 

# L2 : Time for a flower to turn on a pod (in Degree Day) 

Flowers = [[],[14, 2],[16, 0.7]] 

Pods = 400 

[Lucy_Senescence] 

# Lifespan of stipules and petioles (DD) 

senes = 540 

 

### BRANCHES ### 

[Lucy_Ramification] 

# L1 : [cumulated frequences to develop 0, 1, 2, 3 ... branches, 

separated with commas] for each node of a given axis 

# (must start with the frequence of plants that won't develop any 

branches at node 0) 

# L2 : tuples of mean and SD of emergence grouped by node and branch 

number 

Nodes = [[0,0.4,0.93,1.0],[0.13,0.2,1.0]] 
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Nodes_mean = [2,2] 

Emerg = [[[388.05,49.30], [482.14,49.30],[482.14,49.30]],[[295.27,72.05], 

[374.43,72.05]]] 

 

### GROWTH ### 

[Lucy_Diameters] 

# Unit : mm 

Internode = 1.5 

 

[Lucy_Growth] 

# Line 1 : list of organs 

# Lines 2,3,4 : Parameters of normalized beta function (Tb,Tmax,Tend) 

Organ = I,S,P 

I = 34.88,87.71,171.51 

S = 0,71.28,197.66 

P = 18.38,112.80,171.04 

 

[Lucy_Lmax] 

# First line : list of organs (unit = mm) 

# For E : [[mean value scale1,SD scale1], [mean value scale2,SD scale2]] 

# Following organs : [mean value,SD] for each class of relative phytomere 

(0 to 1, step =0.2) 

Organ = E,I,S,P 

E = [[4.4,5.16],[19,4.19]] 

I = [[21.98,3.55],[24.26,1.98],[25.49,2.02],[27.29,2.25],[27.36,9.27]] 

S = [[25.,3.52],[31.56,2.63],[36.02,1.65],[42.53,3.65],[39.,11.72]] 

P = [[[35.23,11.55],[53.48,4.64],[60.02,4.81],[62.30,4.52],[49.23,21.]]] 

 

### PHOTOMORPHOGENESIS ### 

[Lucy_Photomorpho] 

# First line : paramters of the functional relations used to estimate 

zeta from PAR (Escobar et al, 2009) 

fonct_rel = [0,2,3.09,1.59,0,1.12] 

 

 

################################# GENOTYPE 2 ############################ 

######################################################################### 

 

### GEOM SECTION ### 

# One line for each geom 

# Provide a leaflet geom ('geom_Lft') for leafy cultivars 

[US_GEOM] 

geomsti_L=01-01-L.geom 

geomsti_R=01-01-R.geom 

geom_Lft=folpisum2.bgeom 

geom_flower=corpisum2.geom 

geom_pod=goussepisum.geom 

 

 



 

 

### PHENOLOGIE ### 

[US_Phyllochrone] 

# Analytical description of phytomer emission by apex 

# L1 : [Mean slope of linear regression, SD, Mean max_phyto(including 

scales), SD] for each axis 

phyll = 

[[0.0165,0.00148,9.0667,1.569],[0.0183,0.0027,19.3333,2.2998],[0.0171,0.0

036,14.7692,6.75]] 

 

[US_Reproductive_stages] 

# L1 : Mean and SD of the first phytomere with flowers for each axis (in 

Degree Day) 

# L2 : Time for a flower to turn on a pod (in Degree Day) 

Flowers = [[],[14, 2],[16, 0.7]] 

Pods = 400 

 

[US_Senescence] 

# Lifespan of stipules and petioles (DD) 

senes = 1000 

### BRANCHES ### 

[US_Ramification] 

# L1 : [cumulated frequences to develop 0, 1, 2, 3 ... branches, 

separated with commas] for each node of a given axis 

# (must start with the frequence of plants that won't develop any 

branches at node 0) 

# L2 : tuples of mean and SD of emergence grouped by node and branch 

number 

Nodes = [[0,0.4,0.93,1.0],[0.13,0.2,1.0]] 

Emerg = [[[388.05,49.30], [482.14,49.30],[482.14,49.30]],[[295.27,72.05], 

[374.43,72.05]]] 

 

### GROWTH ### 

[US_Diameters] 

# Unit : mm 

Internode = 1.5 

[US_Growth] 

# Line 1 : list of organs 

# Lines 2,3,4 : Parameters of normalized beta function (Tb,Tmax,Tend) 

Organ = I,S,P,Lft 

I = 34.59,65.90,172.05 

S = 0.05,65.9,186.82 

P = 15.43,104.12,166.44 

Lft = 0,65.90,215.65 

 

[US_Lmax] 

# First line : list of organs (unit = mm) 

# For E : [[mean value scale1,SD scale1], [mean value scale2,SD scale2]] 

# Following organs : [mean value,SD] for each class of relative phytomere 

(0 to 1, step =0.2) 
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Organ = E,I,S,P,Lft 

E = [[4.4,5.16],[19,4.19]] 

I = [[19.27,4.56],[25.12,2.72],[31.12,4.27],[35.97,2.37],[28.04,9.64]] 

S = [[15.92,3.65],[25.81,2.73],[35.22,4.52],[44.22,2.06],[32.93,11.04]] 

Lft = 

[[[24.03,3.18],[28.06,2.78],[32.25,3.34],[37.53,1.91],[20.64,10.31]],[[],

[],[22.89,1.98],[27.39,1.54],[15.83,7.30]],[[],[],[],[22.68,1.51],[13.80,

6.09]]] 

P = 

[[[15.95,4.79],[31.90,5.38],[45.69,4.73],[46.66,3.46],[29.61,14.43]],[[],

[],[33.76,3.03],[31.21,3.90],[18.74,7.76]],[[],[],[],[27.23,2.76],[18.31,

9.15]]] 

 

### PHOTOMORPHOGENESIS ### 

[US_Photomorpho] 

# First line : paramters of the functional relations used to estimate 

zeta from PAR (Escobar et al, 2009) 

fonct_rel = [0,2,3.09,1.59,0,1.12] 

3 Chargement des paramètres : PeaConfig.py 

import os, sys 

from ConfigParser import ConfigParser 

from openalea.plantgl.all import 

Scene,Scaled,AxisRotated,Cylinder,Vector3 

 

class PeaConfig: 

  ''' 

  Authors : R.Barillot and P.Huynh - 2012 

  Description : - Loads the pea growth parameters from file 

L_pea_params.cfg 

                - Parameters are stored in an object for each cultivar 

  ''' 

  def __init__(self): 

     

    # Software environment 

    from openalea.core.pkgmanager import PackageManager 

    _pm = PackageManager() 

    _pkgs = _pm.get_packages() 

 

    if len(_pkgs)==0: # In L-py 

      _path = os.getcwd() 

    else: # In Visualea 

      _pkg = _pm.get('intercropping.l-py') 

      _path = _pkg.path 

      sys.path.append(_path) 

    _path_geom = _path + '\\Geom' 

 

    _cfg = ConfigParser() 



 

 

    _cfg.read(_path + '\\' + 'L_pea_params.cfg') 

 

    ###### Global variables ###### 

    self.dt = _cfg.getfloat('GLOBAL', 'dt') # Time increment 

    self.sol = Scene(_path_geom + '\\' + _cfg.get('GLOBAL','geom_sol')) # 

Soil 

    self.scale_fact = _cfg.getfloat('GLOBAL', 'scale_fact') # Scale 

factor for plant size 

    self.stand = _cfg.get('GLOBAL', 'stand') 

    self.mult_branch = _cfg.getfloat('GLOBAL', 'mult_branch') 

    self.var = _cfg.get('GLOBAL', 'var') 

     

    # Initiates the object as a multiple dictionnary  

    self.cultivar = eval(_cfg.get('GLOBAL', 'Cultivar')) 

    self.geom = {'sl' :{}, 'sr' : {}, 'leaflet' : {}, 'flower' : {}, 

'pod' : {}, 'incl' : {}} 

    self.pheno = {'phyll' : {}, 'time_flower' : {}, 'time_pods' : {}, 

'senes' : {}} 

    self.branch = {'branchfreq' : {}, 'emerg' : {}, 'Nodes_mean' : {}} 

    self.growth = {'diam' : {}, 'beta' : {}, 'L_max' : {}, 'org_comp':{}} 

    self.fonct_rel = {} 

     

    for cvl in self.cultivar: 

      cv = cvl[0] 

      ###### GEOM ###### 

      sec_name = cv + '_GEOM' 

      # Stipules 

      sl = Scene(_path_geom + '\\' + _cfg.get(sec_name,'geomsti_L')) 

      sr = Scene(_path_geom + '\\' + _cfg.get(sec_name,'geomsti_R')) 

      sl = Scaled((1,0.57,1),sl[0].geometry) # allometry 

      sr = Scaled((1,0.57,1),sr[0].geometry) 

      self.geom['sl'][cv] = sl 

      self.geom['sr'][cv] = sr 

      self.geom['incl'][cv]= _cfg.getfloat(sec_name, 'incl') 

      # Leaflets 

      if _cfg.has_option(sec_name,'geom_Lft'): 

        leaflet = Scene(_path_geom + '\\' + 

_cfg.get(sec_name,'geom_Lft')) 

        self.geom['leaflet'][cv] = 

Scaled((0.5347,1,1),leaflet[0].geometry) 

         

      # Flowers 

      flower = Scene(_path_geom + '\\' + 

_cfg.get(sec_name,'geom_flower')) 

      flower = AxisRotated((1,0,0),-1.57,flower[0].geometry) 

      flower = AxisRotated((0,0,1),-1.57,flower) 

      self.geom['flower'][cv] = flower    

      # Pods 

      pod = Scene(_path_geom + '\\' + _cfg.get(sec_name,'geom_pod')) 
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      self.geom['pod'][cv] = pod  

       

      ###### PHENOLOGIE ###### 

      # Phyllochrone 

      sec_name = cv + '_Phyllochrone' 

      self.pheno['phyll'][cv] = eval(_cfg.get(sec_name,'phyll')) 

      # Reproductive stages 

      sec_name = cv + '_Reproductive_stages' 

      self.pheno['time_flower'][cv] = eval(_cfg.get(sec_name, 'Flowers')) 

# Flowering time 

      self.pheno['time_pods'][cv] = _cfg.getfloat(sec_name, 'Pods') # 

Time between flowering and pod emergence 

      # Senescence 

      sec_name = cv + '_Senescence' 

      self.pheno['senes'][cv] = _cfg.getfloat(sec_name, 'senes') 

 

      ###### BRANCHING ###### 

      sec_name = cv + '_Ramification' 

      self.branch['branchfreq'][cv] = eval(_cfg.get(sec_name,'Nodes')) 

      self.branch['max_node'] = len(self.branch['branchfreq'][cv]) 

      for i in range(self.branch['max_node']): 

        self.branch['branchfreq'][cv][i].insert(0,0.0) # Branching 

probabilities 

      self.branch['emerg'][cv] = eval(_cfg.get(sec_name,'Emerg')) # time 

of branches emergence 

      self.branch['Nodes_mean'][cv] = 

eval(_cfg.get(sec_name,'Nodes_mean')) # mean time of branches emergence 

 

      ###### GROWTH ###### 

      # Diameter 

      sec_name = cv + '_Diameters' 

      self.growth['diam'][cv] = _cfg.getfloat(sec_name, 'Internode') 

       

      # Coordination and organ growth 

      sec_name = cv + '_Growth' 

      organ = _cfg.get(sec_name,'Organ').split(',') 

      self.growth['beta'][cv] = {} 

      for org in organ: 

        self.growth['beta'][cv][org] = [float(v) for v in 

_cfg.get(sec_name,org).split(',')] # Parameters of beta functions 

       

      # Maximal length 

      sec_name = cv + '_Lmax' 

      organ = _cfg.get(sec_name,'Organ').split(',') 

      self.growth['L_max'][cv] = {} 

      self.growth['org_comp'][cv] = {} 

      __dict = {'Lft':[],'P':[]} 

      for org in organ: 

        self.growth['L_max'][cv][org] = eval(_cfg.get(sec_name,org)) 



 

 

        g = eval(_cfg.get(sec_name,org)) 

        # Number of petiole and leaflet levels for each class of relative 

phytomere (0 to 1, step =0.2) 

        if org in ('P', 'Lft'): 

            __dict[org] = [0]* len(g[0]) 

            for i in range(len(g)): 

                for j in range(len(g[i])): 

                    __dict[org][j]+= (g[i][j]!=[]) 

      if 'Lft' in organ : # Leafy cultivar 

          assert __dict['Lft'] == __dict['P'], 'Warning: different levels 

between petioles and leaflets' 

          self.growth['org_comp'][cv] = __dict['Lft'] 

          del(__dict) 

 

      ###### PHOTOMORPHOGENESIS ###### 

      sec_name = cv + '_Photomorpho' 

      self.fonct_rel[cv] = eval(_cfg.get(sec_name,'fonct_rel')) 

 



 

 

  



 

 

  



 

 

  



 

 

 

Modélisation du partage de la lumière dans les associations de cultures 

blé - pois (Triticum aestivum L. - Pisum sativum L.). 
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Une approche de type plante virtuelle. 
Résumé 

 Les associations de cultures céréales-légumineuses 

participent au développement d’agrosystèmes performants et 

durables. La proportion de chaque espèce dans le couvert ainsi que 

leur productivité sont cependant fortement dépendantes de l’équilibre 

entre compétition et complémentarité interspécifique. Le partage de 

la lumière entre la céréale et la légumineuse est donc déterminant 

dans le fonctionnement des associations. La structuration physique de 

la canopée, qui conditionne l’interception du rayonnement lumineux, 

résulte de la mise en place de l’architecture aérienne des individus 

composant le peuplement. Afin d’appréhender les relations entre 

architecture et partage du rayonnement dans les associations blé–pois 

(Triticum aestivum L.-Pisum sativum L.), un modèle 3D de la 

morphogénèse aérienne du pois, baptisé L-Pea, a été développé sur la 

base de l’approche plante virtuelle. Des expérimentations ont été 

conduites afin i) de caractériser la morphogénèse de génotypes de 

pois contrastés cultivés sous différentes conditions (serre/champ, 

pur/associé), et ii) de modéliser l’architecture aérienne du pois. Un 

simulateur tripartite, intégrant les modèles L-Pea, ADEL-Blé (modèle 

architecturé de blé) ainsi que CARIBU (modèle de transferts 

radiatifs), a ensuite été construit afin de créer une association 

virtuelle. Cette approche de type plante virtuelle s’est révélée 

pertinente dans l’optique d’étudier le déterminisme architectural du 

partage de la lumière dans les associations blé–pois. Ce simulateur a 

par ailleurs montré que des paramètres architecturaux (e.g. 

ramifications, entrenœuds) peuvent affecter de manière significative 

et dynamique le partage de la lumière et donc le développement de 

l’association. Cette thèse se propose i) de démontrer la pertinence de 

l’approche plante virtuelle pour appréhender le partage du 

rayonnement dans les associations et ii) de contribuer à la 

sélection/construction de variétés/idéotypes adaptés aux couverts 

plurispécifiques. 

Mots clés : architecture des plantes, association céréales-

légumineuses, modélisation, morphogénèse, partage de la lumière, 

Pisum sativum L., plante virtuelle, Triticum aestivum L. 

Abstract 

 Cereal-legume intercropping systems are assumed to 

provide efficient and sustainable agrosystems. However, the 

proportion of each species in the stand, as well as their 

productivity, are highly related to the trade-off between the 

interspecific competition and their complementarity. Light 

partitioning between the cereal and the legume is therefore a 

determinant of the mixture functioning. The physical structure 

of the canopy, which drives light interception, emerges from 

the above-ground architecture of the individuals growing 

within the stand. In order to assess the relationships between 

plant architecture and light partitioning in wheat-pea mixtures 

(Triticum aestivum L.-Pisum sativum L), a 3D model of the 

above-ground morphogenesis of pea, so called L-Pea, was built 

up based on the virtual plant approach. Experiments were 

conducted in order to i) characterize the morphogenesis of 

contrasting pea genotypes grown under different conditions 

(greenhouse/field, pure/mixture), and ii) to model the above-

ground architecture of pea. A tripartite simulator, integrating 

the L-Pea model, ADEL-Wheat an (architectural model of 

wheat) and CARIBU (a radiative transfer model), was then 

built up in order to study the architectural determinism of light 

partitioning in wheat-pea mixtures. This simulator furthermore 

demonstrates that architectural parameters (e.g. branches, 

internodes) are able to significantly and dynamically affect 

light partitioning and thus the mixture development. The 

present thesis contributes i) to demonstrate the pertinence of 

the virtual plant approach for accounting of light partitioning in 

mixtures and ii) to the selection/building of cultivars/ideotypes 

suited for multispecific stands. 

Key Words: cereal-legume intercropping, light partitioning, 

modelling, morphogenesis, Pisum sativum L., plant 

architecture, Triticum aestivum L., virtual plant. 
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