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1.Introduction — Synthese bibliographique et

problematique







Synthese bibliographique

1.1. Transition vers une gestion plus durable des adveices dans des systemes de culture

moins dépendants des herbicides

L’évolution de I'agriculture en France depuis lec@ade guerre mondiale est, dans un certain
nombre de régions de grande culture et d'élevageguee fortement par la spécialisation des
territoires et des exploitations agricoles. Cetp&cgalisation a progressivement conduit & une
simplification des assolements accompagnée d’ugeuaecru des intrants et d’'une standardisation des
itinéraires techniques (Duc et al., 2010; Evan981%chott et al., 2010) dans un souci d’amélier
rendements et la lutte contre les bio-agressewrsutures. Au sein des systemes de culture actaels
gestion des adventices repose quasi exclusivemant!'application d’herbicides. Cette place
prépondérante est liée a I'étendue de la gammehiddiges disponibles, de leur efficacité sur lagjua
totalité des especes adventices et de leur fadilitdlisation. Si I'on regarde les pratiques agricoles de
protection phytosanitaire appliquées actuellement grandes cultures on note que les herbicides
occupent 40% du total d’'IFT (indice de fréquencetrddement) moyen toutes cultures confondues
(Valantin-Morison et al., 2008). La maitrise denherbement est un facteur sanitaire problématique
pour tous les types de cultures.

Toutefois, la durabilité des systemes reposant'ilisation d’herbicides comme premier moyen de
gestion des adventices est sérieusement remisgestian aujourd’hui pour des raisons économiques,
techniques et environnementales.

Des phénomeénes de résistance des adventices duigides se sont développés (Heap, 2014). De
nouveaux cas d'adventices résistantes a une otieptasfamilles d’herbicides se révelent chaque
année (Fig. 1.1, 1.2). Des herbicides ont perdu édficacité et donnent des résultats aléatoires ou
insuffisants. Certaines adventices sont devendfsilds a controler (Chauvel et al., 2004; Chausel

al., 2001). Une spécialisation de la flore est ol en lien avec la standardisation des pratidiess.
rotations courtes, sans cultures de printemps, eaogmt considérablement le risque de
développement de populations résistantes. L'utiisarépétée d’'un méme mode d'action des
herbicides augmente le risque de sélectionner déwidus résistants a ce mode d’action. La
recherche de nouvelles molécules avec de nouveaaesnd’action est trés couteuse. De plus la
dépendance aux herbicides des systemes de cultige eonséquences environnementales majeures.
Les données de contamination des eaux superfiellsouterraines de I'lfen, bien qu’hétérogénes et
non représentatives sur tout le territoire font étane contamination quasi généralisée des eaux de
surface et souterraines par les pesticides avepi@p®ndérance des herbicides (Valantin-Morison et

al., 2008). La pression sociétale sur ce sujatashiit par des changements de réglementation, des



interdictions des matiéres actives considérées @ran plus polluantes. Dans ce contexte, les
agriculteurs ont globalement une gamme de soluteetmiques plus limitée et plus couteuse.
Les politiques agricoles (ex. réformes de la PA)ele Grenelle de 'Environnement incitent aussi

repenser les pratiques agricoles actuelles veragmeulture moins dépendante de la lutte chimique.
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De nombreux travaux cherchent aujourd’hui a conicedes systémes de culture moins dépendants
des intrants tout en visant a maintenir la prodgitétides cultures et en respectant I'environneraént
en assurant la viabilité économique. La proteciitt®grée pour la lutte contre les adventices se
développe et repose sur des combinaisons de temmiculturales aux effets complémentaires en
valorisant les régulations physiques et biologigpesir maitriser les adventices en agissant a
différentes étapes de leur cycle de vie (Munieaidodt al., 2008).

Plusieurs techniques alternatives a effet parteivpnt étre mobilisées et combinées : diversificati
temporelle dans la rotation, densité de semis,téoants entre rangs, choix d’espéces et variétés
compétitives, diversification spatiale (associadiotle cultures, semis sous couvert), désherbage
mécanique (Blackshaw et al., 2006; Lemerle et 2001; Sarrantonio and Gallandt, 2003). Ces
techniques peuvent agir sur les adventices dereiftés facons a différents moments de leur cycle :
réduire le stock semencier, esquiver les périodgéeentielles de levées des adventices, pertlaber
levée en modifiant le milieu, détruire les plantulevées, réduire la croissance des adventices pour
réduire la compétition sur la culture et donc lesgs de rendement, et enfin restreindre la prazfuct

semenciere et la ré-alimentation du stock.
1.2. Mieux connaitre la compétitivité des cultures vis-dis des adventices

Accroitre la compétitivité des cultures est une pgosante importante dans la conception de systémes
de culture moins dépendants des herbicides (Blagksh al., 2007; Lindquist and Mortensen, 1998;
Zerner et al., 2008). Il s’agit de favoriser ungtoae et une utilisation des ressources du milieu
importantes et rapides par la culture semée ldiséasi moins de ressources pour les adventices. Le
références sont toutefois peu nombreuses sur &ctéaisation de la compétitivité d’'une diversité
d’espéeces vis-a-vis des adventices en raison (faithle nombre d’espéces dans les assolements et le
faible investissement en recherche sur les espegéss plus mineures, (ii) de la faible connaissanc
des caractéristiques déterminantes des especesgink d'écarts de compétitiviteé, (iii), de la it

prise en compte de la compétitivité vis-a-vis ddseatices dans les processus de sélection des
variétés, (iv) et de I'évaluation des espéces oiétés qui se fait le plus souvent en situations q@e

pas enherbées.

Par ailleurs la compétitivité d’'une espéce et gida dans la gestion des adventices dépend aussi du
systeme de culture dans lequel elle est insérée.niime espece peut étre présente dans une rotation
en culture principale, en culture intermédiaire,pénte de service associée a une autre espéce...En
fonction de ce mode d’insertion, leurs objectifsli@é et leur role de cette espéce vis-a-vis de la
gestion des adventices peuvent varier.

Une meilleure connaissance de ce qui détermineddé&ences de compétitivité entre especes

cultivées vis-a-vis des adventices et en tenir gempur un agencement des especes dans le temps et



dans l'espace permettant de réduire la croissarseadventices est une approche aujourd’hui a
développer.

Les légumineuses sont considérées comme des egf€xasinsérer dans les systémes de culture pour
accroitre leur durabilité notamment grace a leuitiae a fixer 'azote de l'air (Sarrantonio and
Gallandt, 2003); en revanche, elles sont réputéespmpétitives vis-a-vis des adventices (Campiglia
et al., 2010; Kour et al., 2013; Kruidhof et alQ08; McDonald, 2003), ce qui peut freiner leur
insertion dans des systémes moins dépendants degides. Néanmoins nous manquons de
connaissances sur ce qui explique la faible coniytdides légumineuses vis-a-vis des adventices et
sur d’éventuelles différences entre espéces. Eaart, dans le cadre de la conception de systdenes
cultures plus durables moins dépendants des heelicil est intéressant d'étudier I'insertion des
légumineuses dans le temps comme dans I'espaceiaudss systémes de culture. Ainsi, il est

intéressant de travailler a comment agencer dasvidguses et des non-légumineuses en tenant

compte de leur compétitivité respective vis-a-\@s ddventices.
1.3. Traits fonctionnels impliqués dans la compétitivitévis-a-vis des adventices

Selon Violle et al. (2007), un trait est toute cdééaistique morphologique, physiologique ou
phénologique mesurable a I'échelle de la plantevigidelle, de la cellule ou I'organe, sans qu'iitso
fait référence aux facteurs du milieu ou a aucureaniveau d’organisation (population, communaute,
écosysteme). Certains auteurs ont défendu I'intéétliser les caractéristiques morphologiques et
physiologiques pour mesurer la compétitivité déédéntes especes cultivées (Lemerle et al., 2001).
Un trait contribue a la compétitivité de la cultw'd informe de la capacité a utiliser rapidemees
ressources disponibles et a augmenter sa croissangmarativement aux espéces avec lesquelles elle
est en compétition (Donald, 1968). Certains autecwssiderent la compétitivité comme la
combinaison de la capacité a réduire les advenétds capacité a tolérer la présence d'adventices
(Gibson et al., 2003; Goldberg, 1990). Cette coitipiéé globale est dépendante d'autres traits tels
qgue la hauteur, la surface foliaire, la structusecduvert et la précocité, que plusieurs auteuts on
étudié pour différentes espéces. La compétitivitdpaut étre attribuée qu’a un seul trait mais platd
une combinaison de plusieurs caractéristiques giatde (Asif et al., 2014).

La mise en évidence des traits principaux influehda compétition culture-adventice n’est pas
évidente car la compétition est influencée nonesmaht par les caractéristiques des especes mais
aussi par les pratiques culturales et I'environm@niBooth and Swanton, 2002; Gunton et al., 2011,
Weiher et al., 1999). Par ailleurs la compétitiersgue a I'échelle de la population et du peuplgme

et ne peut s’étudier seulement a I'échelle dedatpl individuelle.

Au sein des céréales, plusieurs auteurs ont miévatence des différences de compétitivité entre

génotypes (Lemerle et al., 2001; Lemerle et aR5ifemerle et al., 1996; Reeves and Brooke, 1977)



Des comparaisons entre légumineuses ont été aadisiées (Den Hollander et al., 2007; McDonald,
2003; Uchino et al., 2011).

Des traits aériens relatifs a la compétition pautumiére tels que la hauteur, la surface folidie,
fermeture rapide du couvert ont été souvent conssdééterminants dans la compétition culture-
adventice (Beckie et al., 2008; Pakeman et al.5R0Toutefois, dans plusieurs travaux, les traits
aériens n’expliguent qu'une faible part de la c#paa réduire les adventices, notamment chez les
légumineuses : chez le poRigum sativunt.) (McDonald, 2003), le pois-chich€icer arietinumL.)
(Radicetti et al., 2012) ou la lentille€ns culinarid.) (Tepe et al., 2005).

En comparaison des traits aériens, les traits ages ont regu moins d’attention dans la compéititio
culture-adventice. Cependant des études montremtlajcompétition racinaire en particulier pour
I'azote peut étre plus forte que la compétitionrdaudumiére (Casper and Jackson, 1997; Satorre and
Snaydon, 1992). Des traits tels que la densitéhaae, la vitesse d’élongation en profondeur et en
latéral peuvent influencer la compétition intra ieterspécifique (Fargione and Tilman, 2006;
Stevanato et al., 2011). Les différences de stiedédjacquisition de I'azote peuvent jouer un réle
déterminant dans les différences de compétitivititeeespéces et génotypes mais sont souvent peu
étudiées.

La caractérisation des traits relatifs a la contipé® vis-a-vis des adventices peut permettre durn
analyser la variabilité entre espéeces en termesrdtégie d’acquisition et d'utilisation des resses.
L'approche par les traits peut aussi aider a iflentles complémentarités possibles entre especes

associées pour accroitre la compétitivité d’'un estiv
1.4. Phase précoce : période clé

La croissance précoce, qui va de la levée juscafgparition de la compétition entre plantes, est un
phase clé qui détermine I'état de chacune des es@@cmoment de I'entrée en compétition (Fayaud
et al., 2014) et déterminerait leur capacité ptaaquisition ultérieure des ressources du miliene U
espece ayant un avantage pour accéder aux ressaldsdes premiers stades peut voir son avantage
compétitif s’accroitre dans la suite du cycle. Rluss facteurs peuvent influencer la croissance des
plantules dans cette phase précoce. La masse @acesnle type de levée (hypogée ou épigée) et la
disponibilité en azote dans le sol sont des fastefluencant la croissance des plantules pendant |
phase précoce (Fayaud et al., 2014). La massenaense est un trait déterminant pour expliquer les
différences entre les espéces et les variétésvaawide la biomasse aérienne des plantules dés la
levée (Durr and Boiffin, 1995; Fayaud et al., 20G&rdarin et al., 2010; Gross, 1984; Tamet et al.,
1996).

La compétition culture-adventice peut s’installét dans le cycle. Méme si peu de travaux
s'intéressent aux stades trés précoces, plusietesira insistent sur I'importance de la maitrise de

adventices des les premiers stades de la cultuaessi aux premiers stades de développement des



adventices. Croster & Masiunas (1998) montrent lgueompétition interspécifique entre le pois
(Pisum sativuni.) et la morelle noire de I'esSplanum ptycanthur@unal) semée en méme temps
gue le pois se met en place trés t6t, ce que nitcesscontrle précoce des adventices pendant les
deux premieres semaines de culture. Hall et alQjLB@liquent chez le mais la nécessité de contréler
les adventices entre le stade 3 a 14 feuillesp@értritique pendant laquelle un fort enherbement p

impacter grandement le rendement.

Bien que la croissance précoce soit jugée cruclales la mise en place de la compétition entre
culture-adventices, les traits aériens et racieaimgliqgués dans la capacité a capter tét les vesss
sont rarement étudiés. Des différences entre espaeegénotypes de stratégies de croissance et

d’'acquisition précoce de I'azote (N) pourraienttédois étre déterminantes.
1.5. Stratégie d’'acquisition d’'azote et compétitivité de légumineuses vis-a-vis des adventices

Les légumineuses sont réputées moins compétitivas gapter 'azote minéral du sol que d’autres
espéces. En laissant davantage d’'N disponible [pswadventices, cette faible capacité de captiNe d’
pourrait expliquer en partie leur faible compétiévvis-a-vis des adventices. Plusieurs espéces
d’adventices consomment de larges quantités d’'MgHend Johnson, 2002; Qasem, 1992). De plus la
croissance de beaucoup d'adventices est améli@éaine augmentation de la disponibilité en N
minéral du sol (Blackshaw et al., 2003; HensonJordan, 1982; Supasilapa et al., 1992).

Les traits explicatifs de la faible compétitivitésdlégumineuses pour capter I'N minéral du sol en
début de cycle et l'identification d’'une varialélientre espéces ont été jusqu’ici peu explorés. Les
légumineuses peuvent en début de cycle reposetr@gsrsources d’'azote : I'azote de la semence,
I'azote du sol et dans une moindre mesure I'azot®sphérique (N a partir de la mise en place de
I'appareil fixateur de de son fonctionnement. Laenén place des nodules et leur activité se met en
place progressivement. Dans le premier de moisurgjltcette source d'azote contribue peu a
'accumulation d’azote de la culture. Des différende démarrage de la fixation peuvent toutefois
exister entre espéces en relation avec la mas$e slmence, le type de la levée, et la vitesse de
vidange des réserves (Dobert and Blevins, 199%rB@nd Thomas, 1984; Tang et al., 1999). Par
ailleurs, les Iégumineuses peuvent reposer beaugoufazote contenu dans leur semence pendant les
premiers stades (durant le premier mois aprésvée)een raison de la masse €levée de la semence de
certaines espéces et leur richesse en azote (ldeadth Silsbury, 1990; Voisin et al., 2005). Ceaitpe
contribuer a une faible utilisation d'azote exogerteez les légumineuses en début de cycle
comparativement a d’autres espénes fixatrices d’azote atmosphérique. La contritnutielative de
chaque source d’'N peut néanmoins varier entre espgie légumineuse pendant la croissance précoce

et en fonction de la disponibilité initiale en N.



Les légumineuses sont connues aussi pour avoiredegcinements moins développés que les
graminées. Des travaux montrent que la vitesserdgrgssion des racines en profondeur est plus
faible chez des légumineuses que chez des cérgadee-Hellou et al., 2007; Thorup-Kristensen,
2001). La densité racinaire atteint seulement I#iénde celle des céréales (Greenwood et al., 1982;
Hamblin and Tennant, 1987; Hamblin and Hamblin, 5)9®es différences d’enracinement entre

Iégumineuses ont déja été mises en évidence maidepavaux concernent les stades précoces.

1.6. Réles variés des légumineuses dans les systemesul&ure en fonction de leur mode

d’insertion

La compétitivité des légumineuses et leur réle dangestion des adventices dépendent aussi du
systéme de culture dans lequel elles sont inséEfles. peuvent permettre de diversifier les sysgme
de culture dans le temps via leur insertion darsrotation. La diversification temporelle et sefetsf

sur les adventices sont bien connus du fait quigdlet rompre le cycle des adventices, induire une
modification de la flore (éventuellement moins rhles) et limiter le risque d’apparition de résistan

La rotation des cultures est bien intégrée danpriesessus de décision des agriculteurs concelamant
gestion des adventices (Macé et al., 2007). Lesndégeuses peuvent étre utilisées aussi pour
diversifier les systemes de culture dans I'espa@eles associations d'espéeces cultivées ensemble su
la méme parcelle. L’association de cultures eshdétomme la culture simultanée de deux especes
ou plus sur une méme surface pendant un tempdisagifide leur cycle (Willey, 1979).

Différents modes de gestion des adventices viadesciations végétales peuvent étre distingués Dan
nos travaux (Fig.1.3), nous nous intéresseronssas&ociations d’'especes correspondant aux cas ci-

dessous.

Intercropping

Legume Legume

crop crop

Living muich

Legume Legume

crop crop

Dead mulch

Legume -> dead mulch

crop

Figure 1.3. Modes d'insertion des légumineuses dans les systdmeulture étudiés dans le cadre de la thése
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Un premier cas concerne l'association d'espéces cplémentaires pour ['utilisation des
ressourcesLes deux espéces sont semées en méme tempgitlic’de plus souvent d’associations
substitutives. Chaque espéce dans I'associatioseesée a un certain pourcentage de la densité en
culture pure. La somme de ces densités relativeteeH00% (Andrews and Kassam, 1976). L'objectif
est de récolter le plus souvent les deux espedéséess. Dans certains cas, seule la culture jugée
principale est récoltée et la deuxiéme est unetpleompagne non récoltée, qui peut étre détruite en
cours de cycle (Cadoux et al., 2015; Gharineh advat, 2009; Lorin et al., 2015).

La complémentarité des especes associées peut raenee meilleure capture et utilisation des
ressources (lumiere, nutriments) (Justes et all4;2Qouarn et al., 2010). Ainsi, les associations
peuvent étre plus efficaces que les cultures ppoes utiliser des ressources qui se retrouvent non
utilisables par les adventices, affectant aingi tgaissance. Cette meilleure utilisation des resss

au profit des especes cultivées peut se produikesstomposantes de l'association ont des pics de
demande asynchrones, s'exercant dans des espdfigents (aérien et souterrain), ou utilisent
différentes formes d’'une méme ressource. Dit awdrgmc’est la complémentarité des espéces
associées pour I'utilisation des ressources quiétog privilégié. Ainsi, des différences phénotpgis
entre especes peuvent leur permettre d'utiliserdssources a des périodes différentes (Ofori and
Stern, 1987; Willey, 1979). Des différences d’atetture aérienne entre plantes peuvent permettre
aux espéces d'occuper I'espace plus efficacemeainst augmenter l'interception du rayonnement.
Plusieurs travaux soulignent I'importance de la pEmentarité pour l'utilisation de la lumiére pour
expliquer l'effet positif des cultures associéesrpla lutte contre les adventices (Corre-Helloalet
2011; Hauggaard-Nielsen et al., 2001b). Les mékmmjespéces les plus efficaces sont ceux qui
interceptent le plus de rayonnement au début dle dgebman and Dyck, 1993). Par ailleurs, des
espéces qui ont des systemes racinaires complénesenfplus ou moins profonds) (Berendse, 1979)
peuvent exploiter plus efficacement les ressources.

Dans le cas particulier de I'association l[égumieenisn Iégumineuse, la complémentarité principale
se situe dans l'utilisation de deux sources d’'azditeote du sol et 'azote atmosphérique. Bier qu
les légumineuses et non légumineuses utilisenbtéaminéral du sol, la légumineuse a aussi la
possibilité de fixer 'azote atmosphérique pernmttaux deux especes de se compléter pour une
acquisition optimale de I'azote disponible danmikeu.

Des exemples d’associations (intercropping) d’espammplémentaires pour les ressources ont été
rasssemblés dans le tableau 1.1. Les situatiossmiges sont des associations dans lesquellesda no
[égumineuse est la culture principale et la légwuse est récoltée ou non. Les résultats montrent
l'intérét de ces associations pour réduire la b&saad’adventices par rapport a la culture pure non-

légumineuse.
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Tableau 1.1Le pourcentage de réduction de la biomasse des a&tices par différents types d'association Iéguminise-non-légumineuses. Exemples issus de la littéue.

P.ercentage weed
ystem Location Legume Crop biomass . Reference
reduction (%)

Intercropping India Chickpea Cicer arietinumL.) Wheat {riticum aestivuni..) 70 Banik et al. (2006)
Canada  Soybean (Glycine max L.) _ 87
Lupin (Lupinus albus..) Maize Zea mayd..) 6 Carruthers et al. (1998)
Germany Winter PeaRisum sativunt..) Triticale (Triticale hexaploidd.art.) 31 Gronle (2014)
Canada Field peaP. sativumL.) Wheat {.aestivuni..) 29 (Szzouorgggalskl & Van Acker
France Oilseed rapeRrassica napug.) Faba bean\icia faba L.) 75 Lorin et al . (2015)
Iran Oilseed rapeR. napud..) Faba bean\. fata L.) 78 ggalrér)]eh and Moosavi
- Subterranean Clover (Trifolium , =
Living mulch USA subterraneunt.) Maize . mayd..) 37 Enache and lInicki (1990)
Canada Red cloverT. pratensd..) Wheat [T. aestivuni..) 18 Pridham & Entz (2008)
Hairy vetch Vicia villosaRoth.) Wheat [T. aestivuni..) 34
Denmark White clover T. repend..) Wheat [T. aestivuni..) 50 Thorsted et al.(2006)
Yellow sweet clover Pea Pisum sativuni..)
Dead mulch  Canada (Melilotus officinalis (L) Lam Flax Linum usitatissimunh..) 88 Blackshaw et al. (2001)
Hairy vetch Y. villosaRoth. 26
Italy ’ v ) Tomato . . Campiglia et al. (2010)
Subterranean Clover (Lycopersicon esculentulill.) )
32
(T.subterraneunt..)
USA Hairy vetch V. villosaRoth.) Maize . mayd..) 44 Reddy and koger (2004)

- " pourcentage de réduction de la biomasse des acl®mar rapport un témoin (sans couvert pour lElmuvant ou mort et la non-légumineuse
pure pour la catégorie intercropping).

- Les modalités d’associations et les témoins tinhténduits de maniére similaire.



Un deuxieme cas concerne linsertion d'un couvert(le plus souvent non récolté) avant
limplantation de la culture principale et maintesous forme d’'un mulch vivant ou mort pendant la
croissance de la culture principale. Il s’agit ddispositif le plus souvent additif : la culturermipale

est semée a la méme densité qu’'en culture pure ebdvert est rajouté a cette culture principale
augmentant la densité de plantes. Rajouter undeptda couverture implantée avant le semis de la
culture principale peut réduire l'infestation pes ladventices (De Tourdonnet et al., 2008). Sidat@

de couverture se développe avant les adventicegrélsence d'un couvert végétal peut créer des
conditions défavorables a la germination. En eff@isieurs facteurs importants pour la germination
des adventices (lumiére, proportion d’infra-rougenplitude thermique) seront moins favorables sous
un couvert vivant (Teasdale and Daughtry, 1993)siBurs travaux ont montré que certains couverts
sécrétaient des substances allélopathiques inhibaggrmination des adventices (Bhowmik, 2003;
Ercoli et al., 2007; Hill et al., 2007; Xuan et,a2003). De plus, si le couvert est suffisamment
développé, il peut aussi constituer une barriégsighie a la levée des adventices. Enfin, la pré&senc
d’'un couvert peut aussi favoriser la prédation stxmences d'adventices par la faune (Meiss et al.,
2010). Dans certains cas, le mulch est détruit talasemis de la culture principale ou pendant le
cycle de la culture (par le gel, mécaniquementlomicuement). Les résidus du couvert réduisent la
transmission de la lumiére au sol et forment aussibarriére physique empéchant la germination et
la levée des adventices (Teasdale, 1993; Teaaddl®ohler, 2000). D’autres mécanismes peuvent
influencer la germination des adventices dansdedearésidus détruits avant le semis : I'incorporat
des résidus peut modifier les conditions favoralplesr la germination des adventices en créant un
environnement favorable pour les pathogenes desrsms d’adventices ou en obligeant les semences
a entrer en dormance (Dyck and Liebman, 1994).

Par une occupation de I'espace habituellementddibse entre les rangs de la culture principafe, u
couvert vivant accroit la compétition pour la lureiénais aussi pour les nutriments au détrimenade |
croissance des adventices. Plusieurs travaux nminguee I'effet bénéfique sur la réduction de la
biomasse d'adventices est corrélé a la biomasseoduert (Hiltbrunner et al., 2007b; Ross et al.,
2001; Sheaffer et al., 2002). Toutefois, la croissade la plante de service doit étre contrélé ddin

ne pas trop impacter la croissance de la cultineipale.

L'utilisation de ces couverts est plus particuligest intéressante dans le cas d'especes principales
lentes a s'installer. C’est notamment le cas dpgas a petites graines et/ou des especes adeuille
érigées ayant des caractéristiques ne favorisantipa occupation rapide de I'espace (Liebman and
Staver, 2001).

Quelques exemples d’'insertion de mulch vivant outrdans une culture principale sont présentés
dans le tableau 1.1 et leurs effets sur le pouagentle réduction de la biomasse d’adventices par

rapport a la culture principale pure sans couvert.
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1.7. Modification de la flore adventice en réponse a lIfisertion de légumineuse dans les

systemes de culture

Peu de travaux ont étudié I'effet de l'insertionldgumineuses dans les systemes de culture sur la
composition de la flore adventice en particuliemglale cas d'associations Iégumineuse-non
Iégumineuse. Les espéces associées peuvent pradesiteaits contrastés; ainsi les légumineuses ont
souvent une production de biomasse et une failpacit# a utiliser I'N du sol par rapport a des
graminées. Certaines adventices ont quant a elledarte capacité de capture d’'N minéral du sol et
leurs croissances répondent positivement a unermisiité accrue d’'N dans le sol. La composition de
la flore adventice pourrait étre modifiée en fooetde la capacité des couverts insérés a une eultur
principale a réduire ou au contraire a accroiedte disponible.

La flore adventice est influencée aussi fortememtlp diversité des pratiques culturales telleslgue
période de semis, l'alternance des programmes dbedgage, le fauchage et la gestion de la
fertilisation (Barberi and Lo Cascio, 2001; Cardatal., 2002).

La gestion de la diversité de la flore adventicet@dre importante sur le long-terme. Une floresplu
diversifiée avec moins des espéces dominantesgdrépétitives) peut contribuer a une gestion plus
efficace des adventices et a réduire le risqueadichsur le rendement sur le long-terme. De tédtsef
ont été relatés dans des essais long-terme comyhiff@nents systeme de culture intégrant du mais,

du soja et du blé en rotation (Ferrero et al., 2017
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Problématique et questions de recherche

Ce travail s’inscrit dans un cadre général quigadr les relations entre I'acquisition d’azotdaet
compétitivité vis-a-vis des adventices chez lesidigeuses en culture seule ou associée a une non-
légumineuse. Les légumineuses sont surtout étugid@sleur capacité a fixer I'azote atmosphérique
et a en restituer. De plus, Elles sont connues @trarpeu compétitives vis-a-vis des adventices. Ce
deux types de fonctions relatives a la gestion'almote et la gestion des adventices sont toutefois
étudiés le plus souvent séparément alors qu'ilsverguétre liés. L'identification de ces liens
permettrait de mieux agir sur ces fonctions pahigix des especes, des pratiques ou la facon tkinsé
ces légumineuses dans les systemes de culturégduemes a la fois en azote et en herbicides. Les

questions de recherche traitées se situent aetifiés échelles spatiales et temporelles (Fig.:1.4)

Dans un premier volet de la thése nous étudions tpiestion suivante :
1- Quelle est la variabilité entre espéces de légumimges de capacité de capture de I'azote
minéral du sol et quelle sont les traits & I'origie de cette variabilité?
Cette question se focalise sur la mise en plada dempétition (adventice-légumineuse) et se situe
I'échelle de la plante, des interactions plantedgaet pendant les stades précoces. Elle a étéetraa

des expérimentations en conditions contrélées igntrbns.

Dans un deuxiéme volet de la thése nous étudionsteedeuxiéme question :

2- Est-ce que la combinaison d’espéces légumineuse ®bn-légumineuse aux traits
complémentaires (notamment pour l'azote) est un léer pertinent pour gérer les
adventices en étudiant 'impact sur leur croissancet la composition de la flore?

Cette question a été traitée au champ a I'échellpediplement avec trois composantes (Iégumineuse,

non-légumineuse et adventices) pendant le cyctiligre ou la succession de cultures.
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Cadre général : relations entre les voies d’acquisition d’N et adventices chez les

légumineuses en culture seule ou en association avec une autre espéce

A Volet 2
Succession
de cultures
Combinaison d’espéces de
légumineuse et non-
légumineuse aux traits
Cycle de la complémentaires : levier
Culture pertinent dans la gestion des
adventices?
Impact sur la croissance et la
composition de la flore
Volet 1
Quelle est la variabilité entre espéces de
capacité de capture de I’azote minéral du
sol et quels sont les traits a I’origine de
Stades cette variabilité?
precoces Impact sur la mise en place de la
compétition

plante Plante (Iégumineuse) — ) ) Peuplement _
plante (adventices) Légumineuse et non-légumineuse-adventices

Figure 1.4Les questions de recherche abordées concernaiguasvolets de la these

Voletl : Approche écophysiologique de la compétitité de différentes légumineuses sur les
adventices pendant la phase de croissance précoce relation avec I'acquisition d’azote (Fig.
1.5)

Traits racinaires

) o Masse semence, Mise en place précoce de
(rpraton achares || teneuren
P ’ activite

(Bourion etal., 2010; McPhee,
2005; Chenetal., 2011)

(Bourion etal,. 2010;Tang et al., 1999)

Variabilité au sein des légumineuses
sur la capacité de capture de I’azote minéral du
sol au début du cycle

Réponse des adventices
notamment les nitrophiles

Figure 1.5.Questions et hypothéses du volet 1 : compéttidé différentes légumineuses sur les adventicedape la

phase de croissance précoce en relation avec istagn d'azote

Ce travail cherche a caractériser la variabilitésein des légumineuses et a identifier les traits
principaux permettant de classer les especes delaguses selon leur stratégie d’acquisition d@azot
en début de cycle et leur compétitivité pour cafisezote minéral du sol. Ce travail vise aussi a
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déterminer les conséquences de cette variabilitdaseroissance et I'acquisition en azote d'une
adventice nitrophile associée a différentes légemses et dans le cas de deux niveaux de

disponibilité en azote minéral du sol.

Hypothese 1 :

Les légumineuses sont connues pour étre peu cdimgetvis-a-vis des adventices (Kruidhof et al.,
2008; McDonald, 2003) en lien avec une faible ca@ac prélever de I'azote du sol (Corre-Hellou et
al., 2011; Thorup-Kristensen, 1994). Mais nousdiagsI’hypothése qu'il existe une variabilité entre
espéeces dés le début du cycle en relation avetraitssa priori clé : 1) Des traits racinaires tglge la
vitesse de progression des racines en profondewgnolatéral qui déterminent I'accés rapide aux
ressources. 2) Des traits caractérisant les semeloce la masse semence I'N de la semence, réserves
importantes qui peuvent étre mobilisées. Plusignargaux ont montré une forte corrélation entre la
biomasse de la plantule et la masse de la semBiicegnd Boiffin, 1995; Fayaud et al., 2014; Tamet
et al., 1996). 3) Des traits relatifs a la miseptace de I'appareil fixateur (nombre et masse des
nodules, activité des nodules). En effet, une espgémarrant rapidement leur fixation derlposera
moins sur I'N du sol pour assurer ses besoins hutdte cycle.

Par conséquent, la croissance et 'accumulatiorotkad’'une adventice peut varier en fonction de la
légumineuse avec laquelle elle est en présencpamticulier quand il s’agit d'une espéce adventice
nitrophile (qui répond a la disponibilité de N ddessol). Des travaux précédents ont eégalement
montré qu’il existe une variabilité entre génotyes sein d'une espéce pour des traits racinaires
(Bourion et al., 2010 ; Chen et al., 2011 ; Mc R#8985). Nous nous intéressons ici davantage aux
différences entre espéces sans considérer la Wiadiabtergénotypique ; nous cherchons a mettre en
valeur les traits impliqués dans la croissanceaeguisition précoce de l'azote ; les valeurs dg ce

traits peuvent effectivement varier a la fois emgpéces et entre variétés au sein d’une espéce.
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Volet 2 : Approche agronomique : Insertion de Iégurimeuses comme plantes de services a une

culture principale. Effets sur la régulation des agentices

Faible diversite de traits dans

Augmenter la diversité de traits dans un couvert plurispécifique

I
|
I
|
I >
un couvert monospecifique | |
I
|
I Especes aux competitivites differentes
e I impliquant une plus grande diversité de taits
Competitivité vis-a-vis [ S
. | I o - mpact sur la
des adventices | Especedforte  Espece d forte Moins de composition
détermince par un | capacité de capacité de —)ressources' pour == & la flore
nombre restreint de traits 1| capture N couverture les adventioes ,
: " adventice
oliaire
|
I
N
Pratiques, : Sécuriser la maitrise des adventices dans des
conditions | systemes a faible niveau d’intrants
climatiques et | T
initiales I Impact sur la
I} Strategies différentes , i Vit
e Iogic T e _)Amehorer la IR productivité de
| d'utilisation des confrastées croissance des ~ * [a culture
1| tessources cultures principale
I

Figure 1.6.Questions et hypotheses du volet 2 : Insertiolégemineuses comme plantes de services a ungeultu

principale. Effets sur la régulation des adventices
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Ce deuxieme volet se situe a des échelles temesr@ycle de la culture annuelle ou deux cycles
successifs) et spatiales (essais au champ a lléctlel peuplement et du systéme de culture) trés
difféerentes de celles des expérimentations corsludens le premier volet. Toutefois, nous nous
intéressons aussi, dans ce deuxieme volet, a Eiguele la compétitivité des légumineuses vissa-vi
des adventices en relation avec les caractéristiges légumineuses et notamment leur capacité a
capter I'azote minéral du sol. Toutefois, les l[émeuses sont aussi étudiées en interaction avec le
systéme de culture dans lequel elles sont inséRaesailleurs, dans ce volet, hous nous intéressons
non seulement aux traits des espéces de légumineiseaussi aux traits des autres espéces cultivées
auxquelles elles sont associées ainsi qu’aux tlaiteponse des adventices.

Dans ces travaux, nous étudions des associatiespates combinant une espéce légumineuse et une
espéce non-légumineuse. L’espece non-léguminedda eslture principale. L'espéce légumineuse

est considérée plante de services et n’est pakkééco

Hypothese 2 :

Concernant ce deuxiéme volet, nous faisons I'hygeehque I'association d’'une légumineuse a une
non-légumineuse est un levier pertinent pour atrerdd compétitivité vis-a-vis des adventices en
augmentant la diversité des traits par rapport éowvert monospécifique (Fig 1.6). Dans le cas &’un
culture pure, la compétitivité vis-a-vis des adiad est déterminée par un nombre restreint ds.trai
Alors qu’'une association pourrait permettre d’aveur la méme parcelle des espéces aux
compétitivités différentes impliquant une plus grardiversité de trais (espéce a forte capacité de
capture d’'N, espéce a forte capacité de couveftlisgre) laissant moins de ressources a la foitade
lumiere et I'N aux adventices. La plus faible disiiilité en ressources peut impacter aussi la
composition de la flore adventice

Par ailleurs dans I'association les espéces pewamsit des stratégies différentes d’utilisation des
ressources (Par exemple, 'utilisation des souddésavec une légumineuse et une non- légumineuse);
les espéces peuvent aussi avoir des valeurs cgmisasur certains traits (hauteur, surface foliaire
biomasse aérienne ...) permettant une occupation'edpace et des ressources meilleures leur
conférant une complémentarité conduisant a uneiamgbn de leur croissance que si elles étaient
seules; cette amélioration de la croissance peutibaer aussi a sécuriser la maitrise des adwntic
tout en impactant la productivité de la culturenpipale, notamment si la complémentarité est plus
forte que la compétition.

Nous étudions en premier lieu dans ce travail kstseedes especes et combinaisons d'especes,
néanmoins, ces effets peuvent étre aussi dépendastpratiques et des conditions climatiques et

initiales.
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2. Démarche de la these :




Ce Chapitre présente les principaux choix méthaggles réalisés pour répondre aux questions des

deux volets de la these.

Volet 1 : Approfondir la question de la compétitivité desuggneuses durant la phase de croissance
précoce vis-a-vis des adventices, en lien ave@paaté de capture de I'azote minéral du sol. Pour
cela, une approche écophysiologique est privilégiéeavers l'identification de traits fonctionnels

associés a la capture précoce de I'azote minérsbldoar les légumineuses.

Afin de répondre a cet objectif, deux expérimentatins ont été réalisées en conditions contrélées
dans la serre du LEVA en 2014 (Fig. 2.1).

Expérimentation 1

Neuf especes de légumineuse, I'arachideac¢his hypogaed..), le fenugrec(Trigonella foenum-
graecumL.), la féverole Yicia fabal.), la lentille Cens culinarisl..), la luzerne fMedicago sativd..),

le pois Pisum sativunl.), le pois chicheicer arietinumL.), le soja Glycine maxL_.) et la vesce
commune Yicia. satival.), ont été choisies afin d’obtenir des valewstcastés sur les traits a priori
déterminants pour la capture d’azote minéral du Bltés ont été choisies aussi en fonction de leur
intérét dans la diversification de systémes deupeltactuels. Ces neuf espéces présentent une large
gamme de masse initiale de semence (de 0.002 glgpduzerne a 0.539 g pour la féverole) et de
richesse initiale en azote (de 3.97 % pour le po&17% pour le soja). Par ailleurs, des travaux
précédents comparant différentes Iégumineusesussi &té utilisés pour disposer de références sur
différents traits : la biomasse aérienne et ra@n@iang et al., 1999), I'exploration racinaire ¢Gory,

1988; Hamblin and Hamblin, 1985; Thorup-Kristens2®1), le démarrage la fixation symbiotique
de N (Tang et al., 1999) et la capacité a capter lazht sol (Thorup-Kristensen, 1994; Thorup-
Kristensen, 2001). Peu de références étaient mstdisponibles sur la phase précoce. Deux especes
non fixatrices ont été ajoutées cette expérimentation. Le blérificum aestivumL.) et le colza
(Brassica napus..), deux especes connus pour leur plus forteasipa capter I'azote minéral du sol
par rapport aux légumineuses ( le colza ayant lusefprte capacité de capture que le blé (Moreau et
al., 2013). Ces espéces nous ont servi de réfé&rgure comparer la capacité des espéces étudiées a
capter I'azote du sol. Les especes ont été cuftidgéms un sol sableux en rhizotrons (une plante par
rhizotron) afin d'assurer un suivi spatial et temgdale I'exploration racinaire pendant la phase de
croissance précoce. Les rhizotrons sont transpgadetaille 50 x 20 x 3 cm; ils sont couverts avec
des baches en plastique noir et ils sont inclindS°ade sorte que les racines progressent le lerlg d
vitre, facilitant leur suivi (Jamont et al., 2013)es semences ont été calibrées pour réduire
I'hétérogénéité de la masse de la semence au 'sei@ eéspece. Les semences ont été pré-germées sur
papier filtre jusqu’a la sortie de la radicule. sijnnous étudions la croissance précoce des ditiEse

Y

léegumineuses a partir d'un méme stade initial s@mér compte des différences de vitesse de
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germination qui peuvent exister entre les espadeesroissance précoce est suivie pendant le premier
mois de culture. La période d’'un mois de cultuggéachoisie car (i) elle correspond & une phasseou
mettent en place les capteurs aériens et racinaiieou moins rapidement selon les espéces (Fayaud
et al., 2014), (ii) la compétition entre plantes @su ou pas encore présente (Croster and Masiunas,
1998), (iii) et la fixation symbiotique n’est pasdource principale de I'azote accumulé dans lat@la
méme si les plantes commencent la mise en plateudappareil fixateur et que certaines démarrent
méme l'activité fixatrice de N(Tang et al., 1999). Les Iégumineuses ont étéuldes avec les
souches d&hizobiumspp. adaptées a chaque espéce. Les especes onttiges a deux niveaux
contrastés d'azote: 7. 01 et 35.97 mgsNOpar kg de sol sec. Le niveau élevé d'azote dieintaiber

la formation des nodules et leur activité alors tutaible niveau d'azote ne devrait pas étre kmit
pour la mise en place de I'appareil fixateur etdégarrage de son activité (Tang et al., 1999). Les
modalités (11 especes (9 Iégumineuses et 2 nomiéguses) x 2 niveaux d'azote) sont réparties

selon un dispositif en randomisation totale a £€tiépns.

Figure 2.1.La disposition des rhizotrons dans la serre du AB¥¢ndant la premiere expérimentation

Expérimentation 2

Suite a I'expérimentation 1, trois espéces de légenses, la féverolé/{cia fabal.), le pois chiche
(Cicer arietinumL.) et la vesce commun¥/i€ia. satival.), ont été choisies en fonction de leurs traits
contrastés pour la capture de l'azote du sol. Chaegpece a été associée en rhizotrons a une
adventice : la morelle noiré&solanum nigruni.) en utilisant un dispositif additif (une Iégumiuse +

une adventice). Les associations ont été compargesspéces seules Le dispositif additif est Ie plu
souvent utilisé dans les études sur la compétitidture adventice. Nous avons choisi la morelleenoi

en tant gu'adventice répondant positivement a teztisponible dans le sol (Bvenura and Afolayan,
2014; Khan et al., 1995; Opiyo, 2004). Cette expéritation a été conduite selon un dispositif

similaire a la premiére expérimentation.
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Mesures et analyses

1- Evolution de I'enracinement en profondeur et en ladral
Puiseurs travaux précédents montrent l'intérét deaatériser la dynamique d’enracinement en
profondeur et en latéral, variables clés pour é@rdloccupation rapide et large d’'un volume deedol
la capture précoce de I'azote minéral du sol awdh cycle (Dunbabin, 2007). L'utilisation des
rhizotrons nous a permis de déterminer la progsassicinaire en profondeur et en latéral pour les
[égumineuses ainsi que pour I'adventice au couserpérimentations 1 et & jusqu’au moment ou
les racines arrivent au fond des rhizotrons (Fig).2.a méthode est décrite en détail dans leslesti
concernant les chapitres 1 et 2.

2- Biomasse aérienne et racinaire
La biomasse racinaire et aérienne des léguminetsadle de I'adventice ont été déterminées arparti
d'un prélevement réalisé 35 jours aprés la gerniginates plantules. Les racines des légumineuses et
de I'adventice ont été distinguées.

3- Nombre et biomasse des nodules
Afin de quantifier le nombre et la biomasse desutexla la fin de I'expérimentation 1, les nodules o
été séparées des racines et comptées puis pessegdmeche) pour chaque espece de légumineuse
(Fig. 2.2).

4- Analyse de I'azote dans la plante
Les différents échantillons ont été broyés afimuesurer la quantité de I'azote total accumulé et le
ratio N:*N afin de déterminer les trois sources contribuatinzote total : I'azote de la semence,
'azote minéral prélevé du sol et I'azote atmospmhé (N). La quantité d’azote accumulé dans
'adventice a été aussi mesuré afin d’analysetapgtition pour I'azote du sol entre la légumineuse

et 'adventice associées. Les méthodes et calontsdetaillés dans les articles des chapitres?1 et

e

Figure 22.A gauche : photographie montrant le suivi racimahez le pois chiche cultivé en rhizotron. Au euilt

démoulage du rhizotron pour prélever le systémmaie en fin d’expérimentation. A droite : noduisslés pour leur

comptage
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Volet 2 : Etudier I'effet du mode d’insertion des Iéguminesisn tant que plantes de services
associées a une espece non-légumineuse sur laéddasbiomasse et la richesse spécifique des

adventices.

Dans ce volet, deux expérimentations ont été mises place en plein champ.

La premiere expérimentation consiste en l'insertienlégumineuses annuelles dans une culture de
colza a I'échelle du cycle de culture de ce derrB® type d’association est déja pratiqué par des
agriculteurs et recommandée par les organismes otseit. Les objectifs recherchés par les
agriculteurs sont principalement :i) améliorer tdle des adventices pendant I'automne-hiver et
réduire ainsi le nombre de traitements herbicideajnsi que réduire la dose d’engrais N appoute s

le colza en profitant de I'N issu de la minéralisatdes résidus de la légumineuse, le plus souvent
détruite par le gel pendant I'hiver (Cadoux et 2015). Certains agriculteurs envisagent aussi ces
associations en faisant cohabiter les deux especgsau long du cycle et en récoltant les deux
composantes. Ces situations sont toutefois mopandues.

La deuxieme expérimentation a testé différents edavde [égumineuses pérennes en comparaison de
graminées dans une culture de mais semence all&ghgriannuelle (étude conduite sur deux ans,
deux cycles culturaux de mais successifs). En jptamude semences, les itinéraires techniques sont
souvent tres standardisés et tres consommateunsrants en particulier en herbicides pour répondre
a des exigences fortes en terme de qualité de dduption, notamment la pureté spécifique.
Néanmoins des innovations sont explorées aussi densecteur face a des préoccupations
environnementales plus fortes et la moins grandgpodibilité de produits phytosanitaires

homologués.

Ces deux expérimentations permettent d’exploreséition de Iégumineuses dans des systemes tres
contrastés. La durée de I'étude est tres differdter la premiere expérimentation, elle correspiond
la durée du cycle du colza (10 mois). Pour la d&uei, elle démarre avant le semis du mais avec
I'installation des couverts (6 mois) et deux cydascessifs deux mais (5 mois x 2) entrecoupékpar
période d’interculture entre eux (6 mois). D’ayteet, les périodes de co-culture de la Iéguminetise

la non-légumineuse sont aussi variables. Elle spoed a la période allant du semis du colza a la
sortie de I'hiver dans 'association colza-léguniise dans le cas ou le gel a détruit la Iégumineuse
durant I'hiver ou au-dela quand la Iégumineuseétéaque partiellement détruite. Elle correspona a |
durée du cycle du mais dans I'expérimentation Zisde cas d'un couvert maintenu vivant. Les
pratiques culturales different aussi: aucune quati culturale n'est réalisée pour modifier la
croissance de la légumineuse dans I'expérimentdti@ators que plusieurs pratiques sont mises en
ceuvre et de facon différenciée au cours des demgeanpour maitriser la compétition Iégumineuse-

mais. Dans les deux types d’expérimentation, orrctieea étudier l'intérét des associations en
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comparaison des cultures pures dans un contextddqression d’adventices. Dans I'expérimentation
1, aucun désherbage n’est effectué sur 'ensengbleskai. Dans I'expérimentation 2, des traiterment
herbicides ont été utilisées pour réguler ou degtriei couvert et des interventions supplémentaings

été appliquées dans certaines situations pourréawite trop forte compétition des adventices sur le
mais.

Le colza et le mais se caractérisent par leurs f@soins en N pour garantir un niveau de biometsse
un niveau de rendement satisfaisants. Le colz&a@stu aussi pour avoir une tres forte capacité a
capter I'N minéral du sol. Ces cultures se car&sat, toutes les deux aussi, par une installassez
lente du couvert aérien en début de cycle en lamment avec la faible masse de la semence chez
le colza et une faible vitesse de mise en plada darface foliaire et une faible croissance erndau
chez les variétés de mais utilisées en multipboatie semences. Ces deux espéces different aussi pa
leur plasticité : le colza est capable de présamterarchitecture et une biomasse par plante Variab
en fonction de la densité de plantes et le niveawampétition entre elles (Diepenbrock, 2000;
Thurling, 1974). Le mais a quant a lui moins desjimkté de compensations a différents moments du
cycle. L'installation de cette culture est donc phase primordiale pour la croissance et I'élalamat

du rendement.

Les dispositifs expérimentaux different aussi: aesfactoriel en station expérimentale pour
I'expérimentation 1 en microparcelles et essai @mdes chez un agriculteur avec une adaptation des
pratigues en cours d’expérimentation en fonction/'é@eolution du systéeme. Nous étudions deux
facteurs principaux a savoir la nature du couvesiooe maintien ou pas (mulch vivant ou mort).Nous

sommes en revanche plus proche dans I'expérimentatd’un essai systeme que d’un essai factoriel.
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Expérimentation 1

Nous étudions I'impact du choix de la [égumineuseassociation avec du colza en comparaison du
colza pur. Des modalités de Iégumineuses pureauss été insérées pour caractériser les diffésence
de traits des différentes espéces étudiées.

La vesce et la féverole ont été choisies pour lgaits a priori contrastés concernant leur capatit
capter l'azote du sol. La féverole est connue apesr une croissance foliaire et végétative plus
importante que d'autres légumineuses (Jensen ,eR@L0). Les espéces et variétés choisies sont
sensibles au gel.

L’expérimentation a été répétée deux fois en 2@B2et 2015/2016 ans sur deux parcelles
différentes de la station expérimentale de la FNANFRdération Nationale des Agriculteurs
Multiplicateurs de Semences) Brain-sur-I'Authion, Maine-et-Loire. Les modalité®nt réparties
selon un dispositif en bloc a quatre répétitiong.(2.3). Les associations ont été étudiées avec un
dispositif substitutif. Le colza et la légumineusmt semés a 50% de la densité en culture pure. Ces
associations sont le plus souvent étudiées selatispositif additif (Cadoux et al., 2015; Lorin at,
2015). Nous avons choisi de cultiver les culturescaun dispositif substitutif avec I'objectif de
maximiser la complémentarité interspécifique etgreolza et la Iégumineuse pour a la fois maitriser
les adventices sans pénaliser le colza. Le chooedispositif est aussi guidé par I'idée de vakaria

forte plasticité du colza et sa capacité de congi@rsface a une plus faible densité de semis.

Figure 2.3 Photos présentant les 5 modalités de I'essaigetdégumineuse) au champ
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Mesures et analyses

Dans cette expérimentation, la compétitivité vigsaeles adventices des différentes especes et leur
association est évaluée a deux périodes cléegntide de I'hiver (décembre) et la sortie de I'hive
(février), c’est-a-dire au début et a la fin dp&iode de co-culture des deux espéces avant la
destruction prévue des légumineuses par le gehfddct sur les adventices a été mesuré via des
mesures de biomasse et de densité d’adventicdsolrasse d’adventices est considérée une variable
pertinente quand on étudie la compétition cultuteeatices (Lins and Boerboom, 2002). Les
adventices ont été comptés par espéce a chageegrdnt afin d’évaluer la composition de la flore
adventice. Aux mémes dates, des caractéristiquessp@ces a priori déterminantes pour expliquer
des différences de compétitivité vis-a-vis des atlges ont été mesurées : la hauteur, la denaité, |
biomasse aérienne, la surface foliaire et capaait#pter I'N du sol. Le rendement du colza a été

déterminé a maturité.

Expérimentation 2

Nous étudions ici I'impact de l'insertion de légumaiises (luzerne et tréfle blanc) en association ave
du mais semence en comparaison d'un mais conchst gauvert. Deux espéces de couvert non-
légumineuses (ray-grass et avoine) ainsi qu’unecesion graminée-légumineuse (ray-grass/trefle
blanc) ont aussi été étudiées et comparées aumigguses. Les couverts sont des especes pérennes
permettant de les maintenir sur plusieurs annéeevert permanent, excepté I'avoine qui est une,
espéce annuelle. L’avoine a été retenue en rasaa forte compétitivité en début de cycle et dtsff
allélopathiques (Belz, 2007; Weston, 1996) conaitiwn contrble élevé des adventices.

Cet essai a été conduit sur une parcelle pouokdugtion du mais semence chez un agriculteur au lie
-dit « Le Voisinay » a Saint-Mathurin-sur-Loire prd’Angers. Le choix des modalités s’est fait en
concertation avec I'agriculteur qui était a I'onigide I'essai. Il souhaitait tester I'insertionabeiverts
pour pallier & des difficultés de gestion de caedaiadventices dominantes (liseron des champs :
Convolvulus arvensik.) et des difficultés a maintenir un rendememvélsur le long-terme sur des
parcelles en monoculture de mais semence.

Les couverts ont été semés en en novembre 2012ndknent de semis du mais en mai 2013, le
couvert a été géré de deux facons différentesdafioréer deux systemes différents (Fig. 2.4). Dans
premier systeme, les différents couverts ont étinteraus (mulch vivant) mais ont été fauchés au
moment du semis pour ralentir leur croissance @oesdans le deuxiéme systéme, le couvert (couvert
mort) a été détruit via l'utilisation de glyphosakn deuxieme année de I'essai (2014), un trawil d
strip-till (technique de travail du sol localisér des rangs) a été réalisé sur les rangs du mamisiaf

réduire la compétition avec les couverts.
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Mesures et analyses

Les couverts ont été caractérisés pendant la ghiastallation avant le semis du mais par les messur
suivantes : la hauteur du couvert, la biomassem@éei et I'azote minéral dans le sol. L'effet ddecet
phase d'installation sur la biomasse et la demb@dventices a été étudié. La biomasse aérienne des
couverts, du mais et des adventices ont été mesardéférentes dates pour évaluer la compétition
entre les trois composantes a plusieurs stadeslglégcle du mais. Le niveau d’N minéral du soléa é
aussi mesuré a plusieurs stades. De plus, les ticheront été comptées par espéce a chaque
prélevement afin d’évaluer I'’évolution de la comitios de la flore adventice en fonction du systéme
et du couvert.

Les mesures et analyses sont détaillées dansdpgrels 3 et 4.

Table 2.1 Les plantes de couverture étudiées dans I'exgétation conduite au champ du mais semence

Densité
Espece Varieté Type d vie de semis
(kg ha)
Medicago saiv. Cannelle pérenne 12
Trefle blanc ) )
Trifolium repend.. Alice Pérenne 20
[aygrassngils  aberavon  Pérenne 20
Avoine )
Avena sativd.. Une de mai Annuel 80
Mixture )
(Ray-grass/Trefle blanc) Aberavon/Alice 10-10
Semis mais " Le=_| Récolte mais Semis mais | Lo

P

AN | T 2

Nov2012 | [ maizors | 5 \ [ oct2013 | [ maizo14 |50/ 1

Installation de couvert \ \ ¢ N
pendant I’hiver ‘

¢ Systéme de Mulch vivant
Fauchage )

Semis de Systéme de Mulch mort
couvert Glyphosate N BN BN B S B B B WS S S e e e e . )

Figure 2.4.lllustration des systémes étudiés dans I'essai&is semence
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3.0rganisation du manuscrit

La présentation des travaux est organisée en 4tdsgap

Les chapitres 1 et 2concernent le premier volet de la theseest ¢hapitre 3 et 4concernent le

deuxieme volet.

Ces quatre chapitres correspondent a quatre atrticle

Le chapitre 1est intitulé Traits affecting early season nitroggrtake in nine legume species. Il se
focalise sur la variabilité entre espéces de laucaple I'azote en tout début de cycle et identiiés
traits clés qui permettent de classer les espéetes leur potentielle compétitivité pour I'azote shl.

Le chapitre 2est intitulé Response of black nightshade to cleekgaba bean and common vetch
during early growth. Cette partie étudie la répatis@e adventice nitrophile, la morelle a la pré&sen
de légumineuses. Trois légumineuses aux traityastves (d’apres les résultats du chapitre 1) sont
étudiés.

Le chapitre 3 est intitulé Improving weed suppression and crogdpctivity of oilseed rape when
intercropped with legume species by increasingt tiarersity. Cet article étudie l'effet sur les
adventices de l'association d'une légumineuse a eulture de colza. Les contrastes entre les
composantes associées en terme de compétitivita-wis des adventices sont étudiés. L'intérét
d’associer des espéces aux traits contrastésmst@x

Le chapitre 4 est intitulé Weed suppression and changes inapecimposition of weed communities
occurring in no-tillage seed maize with living oeadl mulches. Cet article étudie I'effet sur les
adventices de l'insertion de couvert dans une milde mais en production de semences. Des
comparaisons entre especes de couvert sont présaridien avec la dynamique de croissance et la
dynamique des flux azotéset en interaction aveprasques culturales. L'impact sur la composition

de la flore adventices est présenté.
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Succession Ch 4. Weed suppression and changes in species composition of weed
de cultures communities occurring in no-tillage seed maize with living or dead mulches
Cycle dela Ch 3. Improving weed suppression and crop productivity of oilseed rape
when intercropped with legume species by increasing trait diversity
culture
Volet 2
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Dans le chapitre 1,nous allons étudier la variabilité de la capacitapter 'azote minéral du sol
pour une gamme d'especes de légumineuse en identitts traits majeurs impliqués dans cette
capacité a la phase de croissance précoce. Cetrehsgpose sur une expérimentation conduite en
conditions contrélées. A lissue de cette expérim@igon, nous avons identifié les traits principaux
impliqués dans la capacité des especes de léguseingucapter I'azote du sol permettant une

classification..
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4.Chapitre 1. Traits affecting early season

nitrogen uptake in nine legume species
Ce chapitre correspond a un article publié dansvaeHelyion
Dayoub, E., Naudin, C., Piva, G., Shirtliffe, SBustec, J., Corre-Hellou, G., 2017. Traits affegti

early season nitrogen uptake in nine legume specidgliyon 3, Article e00244,

http://dx.doi.org/00210.01016/j.heliyon.02017.e0024
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Traits affecting early season nitrogen uptake in me legume species

Elana Dayoubh Christophe Naudi Guillaume Pivg Steven J. Shirtliffe Joélle Fustécand

Guénaélle Corre-Helldu

1 USC LEVA, INRA, Ecole Supérieure d’AgriculturesnlJBretagne Loire, SFR 4207 QUASAV, 55
rue Rabelais, 49007, Angers, France

2 Department of Plant Sciences, University of Sagiewan, Saskatoon, SK S7N 5A8, Canada

Abstract

Legume crops are known to have low soil N uptakdyéa their life cycle, which can weaken their
ability to compete with other species, such as wesdather crops in intercropping systems. However,
there is limited knowledge on the main traits imeaal in soil N uptake during early growth and for a
range of species. The objective of this research tgaidentify the main traits explaining the
variability among legume species in soil N uptakd to study the effect of the soil mineral N supply
on the legume strategy for the use of availableotrces during early growth. Nine legume species
were grown in rhizotrons with or without N suppRoot expansion, shoot and root biomass, nodule
establishment, Nfixation and mineral soil N uptake were measuredarge interspecific variability
was observed for all traits affecting soil N uptaReot lateral expansion and early biomass inicglat

to seed mass were the major traits influencing Bbilptake regardless of the level of soil N
availability. Fenugreek, lentil, alfalfa, and commueetch could be considered weak competitors for
soil N due to their low plant biomass and low lateroot expansion. Conversely, peanut, pea,
chickpea and soybean had a greater soil N uptaitea Bean was separated from other species having
a higher nodule biomass, a higherfitation and a lower seed reserve depletion. Fmzan was able

to simultaneously fix Mand take up soil N. This work has identified saif seed mass, shoot and
root biomass, root lateral expansion,fiXation and seed reserve depletion that allovdglagsification

of legume species regarding their soil N uptakéitgloiuring early growth.

Keywords Fabaceae; Nitrogen; Biological nitrogen fixatioail N; root growth; Crop establishment

34



4 .1.Introduction

Legumes are known to be less efficient at recogesivil inorganic N during the growing season
compared to non-legume crops including those in Rloaceae or Brassicaceae family (Thorup-
Kristensen, 1994). This low soil N uptake may beew factor explaining their low ability to reduce N
leaching as catch crops (Thorup-Kristensen, 2Q0g)r low ability to compete against weeds (Corre-
Hellou et al., 2011) and compete with non-legumégmwintercropped (Jensen, 1996; Naudin et al.,
2010).

Early plant growth is a crucial phase for the dithment of relative competitive ability with other
species (weeds or crops) (Bellostas et al., 208gakd et al., 2014). Small differences in earlyseaa
seedling growth can result in large differencesiz@e and resources capture ability later in theaea
(Andersen et al., 2007). Therefore plant strateggsslting in greater early season crop growthfdnd
acquisition can be critical for determining compedi interactions between crops and other species.
During early growth legumes species are expectetai@® low soil N uptake. Nevertheless, key
factors explaining this early low soil N uptakelapiof legumes are not known. During early growth,
legumes may rely mainly on soil N uptake similamtmn-legume species because legumes have not
had time to initiate nodulation and develop effextnodules infected with nitrogen fixing bacteria.
Moreover, grain legumes can rely also on seed Brvesfor a significant time due to the large seeds
with a relatively high nitr

ogen content (Herdina and Silsbury, 1990). Thisreanlt in low use of external N sources.

Few studies have examined the variability amongirteg) species in early season soil N uptake
(Hamblin and Hamblin, 1985). Early season soil Nakp may differ among legume species because
of differences in root expansion, early plant gtownhd symbiotic Blfixation (nodules establishment
and activity).

Although the ability of roots to quickly and effealy occupy the soil volume during crop
establishment can be a major trait related to tmpetitiveness for soil N, species differencedin t
trait are not well documented (Jamont et al., 20B3reater root occupancy of the soil volume
should allow for greater N uptake, resulting inslevailable N for other species (Dunbabin, 2007).
Thus, the root depth penetration and lateral expansay be key traits affecting the competitive
ability of legumes for soil N during early growtkloreover, species that have a greater initial gnowt
are often more competitive for soil resources atlibginning of the crop life cycle (Andersen et al.
2007).

During the early growth phase, legumes may acdess tifferent sources of N: the seed reserve, soll
N, and in a lower extent, atmospherig h similar agronomic conditions, the relative trdyutions of
each of these sources to the plant growth may rddfeoss species. The seed mass can explain
differences among species in the level of shoombss during early growth (Fayaud et al., 2014;

Gross, 1984). A species able to rely on biologidafixation for N nutrition earlier than others may
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have reduced N uptake from the soil. Nodule esthivient and activity can differ across species
according to seed size (Dobert and Blevins, 198@g of emergence (hypogeal or epigeal) (Sprent
and Thomas, 1984) and depletion of seed N resenlesyhich interact with the mineral soil N
availability (Voisin et al., 2010).

Although some studies have shown differences anegigme crops in root development (Hamblin
and Hamblin, 1985) and Nixation (Herridge et al., 2008; Saia et al., 2)1Bere have been few
legume species studied, and the simultaneous analfydifferent traits, correlations between selera
traits, and consequences on soil N uptake durirlg geowth have not been investigated.

The objectives of this research were i) to identlfg main traits explaining the variability among
legume species in soil N uptake during early groamh ii) to study the effect of the soil mineral N
supply on the legume strategy for the use of abigldN sources. A greenhouse experiment was
undertaken to monitor the early growth stages né& mégumes species sown in rhizotrons either at a

low or high level of soil mineral N.

4.2 Materials and Methods
4.2.1. Plant material and experimental design

Nine divergent legume species (Table 4.1) werectsdefor evaluation based on their expected
contrasting traits related to early growth and Nuasition. PeanutArachis hypogaed..), fenugreek
(Trigonella foenum-graecurh.), faba bean\(icia fabal.), winter lentil Cens culinarisL.), alfalfa
(Medicago sativd..), pea Pisum sativuni.), chickpea Cicer arietinumL.), soybean Glycine max

L.) and common vetchVfcia. sativaL.) were grown with or without mineral nitrogen @nfactorial
completely randomized design experiment. The erpant was conducted under natural light in a
greenhouse from March 270 April 30", 2014 in western France (Angers; 47.5°N, 0.6°Me Thean
temperature and humidity during the experiment w2del + SD 0.9 °C and 41.8 = SD 10.3%,
respectively. This experiment was carried out usiagsparent rhizotrons (Jamont et al., 2013) with
inner dimensions of 50 X 20 X 3 cm that were cosleréth black polyethylene plastic sheeting. The
rhizotrons were inclined at 45° so that the rootaildd grow towards the underside. Each rhizotron
was filled with 4.1 kg of a mixture of sandy freshil (25%) and dry sand (75%). The soil was sieved
(7 mm) prior to being homogeneously mixed with dgnd. The sand was previously washed and
dried at 105 °C for 48 h. The final compositiontbé soil sand mixture was 2.9% clay, 6% loam,
90.6% sand and 0.4% organic matter, with 7 mgy NNOkg* dry soil and the pH of the mixture was
6.9. The phosphorus (P Olsen) and potassium (Kjeots were 30.3 and 78.7 mgkgf dry soil,
respectively. 150 ml of a N-free nutrient solutisms added to each rhizotron at the following
concentrations (mmo[l): 1.24 KCI, 0.34 KHPQ,, 0.24 MgSQ 7H,0, 0.18 CaGl and 0.04 FeG|

with a controlled pH of 6.8. In half of the rhizoftrs, the soil was supplemented with a solution of
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KNOj; to reach a concentration of 36 mg N® kg™ dry soil. The nutrient solutions were mixed with
the soil before filling the rhizotrons.

The legume seeds were weighed and selected toedédacvariation in the individual seed mass to
less than = 3.5% (except alfalfa, with a variataint 7%, because of the high seed dry matter (DM)
heterogeneity). The seeds were first germinatefilten paper until the radicle emerged from thedsee
(BBCH stage 05) (JKI, 2010), and one seed was qmwirhizotron before being inoculated with an
appropriate strain of rhizobia (Table 4.1) at atinested rate of 108 cells per plant to allow foy N
fixation (Naudin et al., 2011); for each legumedes, the seeds were sown in four rhizotrons withou
N (ON treatment) and four rhizotrons with a N sypfl treatment). After the seedling emergence, a
1-cm thick layer of sand (100 g) was added to tiréase of the rhizotron to limit water evaporation
from the soil. During the experiment, the soil hdityi was kept at field capacity.

Common wheatTriticum aestivunlL, cv Renan) and oilseed rap@réssica napud.., cv Boheme),
known for their contrasting abilities to acquire(Moreau et al., 2013) , were grown as controls to
compare the ability of legume species with nondegspecies to deplete soil N.

Plants of each legume species were also grown simadusly in N-free sand to determine tf¢
abundance of plants relying only on fikation (8 value) and thus estimate theg fikation using the
natural abundance method (Amarger et al., 1979.pldts were supplied once per week with 100 ml
of N-free nutrient solution with a composition @hrfiol ') 0.54 KCl, 0.17 KHPQ,, 0.12 MgSQ
7H,0, 0.09 CaGl and 0.02 FeGlwith a controlled pH of 6.8 and maintained atdieapacity.
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Table 4.1.List of studied species

Initial seed Seed N Phenological

Latin name Common name Variety E/r;eergence dry ~ matter content Staggs at 3! Rhizobium strain

(g) (isdm) (%sN) DAG
Medicago sativd.. Alfalfa Cannelle Epigeal 0.002 6.68 13 Sinorhizobiunmeliloti (2011)?
Trigonella foenum-graecuin. Fenugreek Wild genotype Epigeal 0.012 5.44 14 Sinorhizobiumsp. (MSDJ3538j
Lens culinarid_. Winter lentil ANICIA Hypogeal 0.024 4.68 19 Rh.leguminosarurbv viciae (P221)>
Vicia satival. Common vetch Nacre Hypogeal 0.051 5.19 39 Rh.leguminosarurbv viciae (P221)>?
Glycine max.. Soybean Protina Epigeal 0.177 8.17 13 Bradyrhizobium japonicurG49)?
Pisum sativunt.. Pea Standal Hypogeal 0.273 3.97 18/37 Rh.leguminosarurbv viciae (P221)>?
Cicer arietinumL. Chickpea Principé Hypogeal 0.364 4.16 23 Mesorhizobium cicefUMPCa7)*
Arachis hypogaea. Peanut TE3 Epigeal 0.407 5.69 15/22 Bradyrhizobium tropic(CB756)*
Vicia fabal. Faba bean Divine Hypogeal 0.539 4.97 16 Rhizobium leguminosarubv viciae (FH34)?

Sources of Rhizobium strains:

YINRA, UMR Eco&Sols (Montpellier SupAgro — CIRAD NRA — IRD), France

2UMR 1347 - Agroecologie, Péle MERS, Microbiologie\ironnementale et Risque Sanitaire, Center INRi§orD France
*According to BBCH scale of (JKI, 2010)at samplirajel(35 days after seed germination)
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4.2.2. Sampling and data collection

The root depth and lateral expansion were monitasaag a grid of 5 mm x 5 mm squares printed on
a transparent plastic sheet fixed on the undeddidiee rhizotron. Three times a week for five weeks
the root presence in the grid squares was markddrtote vertical and horizontal root distribution.

The plants were harvested 35 days after germingb@&G) while still in early growth phase. At 35
days, legumes should rely mainly on seed N and\&dAl little nitrogenase activity was reported ® b
evident in grain legumes approximately 20 daysraftaving at 20°C (Herdina and Silsbury, 1990),
depending on the mineral N level. The root systemie removed from the rhizotron and washed with
demineralized water. The roots and nodules wetedoand the nodules were placed on a white sheet
to be photographed with a Canon EOS 350D digitatera (lens: SIGMA 50 mm F2.8 DG). The
pictures were analysed with Imaged version 1.40 N@tignal Institutes of Health, USA;
http://rsb.info.nih.gov/ij/) to obtain the total mbber of nodules. The seed residues were collected t
quantify the remaining seed DM. Plants grown inréefsand were harvested at the same time and
sorted into shoot and root samples. After ovenrdyyi48 h at 70°C), the dry matter of the roots,
shoots, nodules and seed residues were deterrdiied.the samples were ground to fine powder for
total N and™N:*N ratio measurements in the original seeds, noedlabots, shoots, and seed
residues using a CHN analyser (EA3000, Euro Vediitan, Italy) and a mass spectrometer
(IsoPrime, Elementar, Hanau, Germany).

At each sowing and harvest date, soil samples wellected for all species (legumes, wheat and
oilseed rape), and the soil inorganic N content weasasured using a segmented flow analysis
(SKALAR SA3000), which enables the determination tbé nitrate content by KCI extraction
according to the international standard ISO 14256-2

4.2.3. Calculations and statistics

The part of the plant N derived from the seed vedsutated using the amount of N from the seed (QN
seed) consumed during the experiment by each pta@IN seed is the difference between the seed N
content at sowing and that at harvest. Exogenoisstie difference between the N accumulated in the
plant and the QN seed. The relative contributiohthe exogenous sources of N (air and soil) were

then determined.
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The part of the plant exogenous N derived fromaing%Ndfa) was estimated using thal natural
abundance method (Amarger et al., 1979). Commoraiwvas used as a non-fixing reference crop
(equation 1),

%Ndfa=100 x [(3**Nwheat-5"*Nlegume) / $**Nwheat - )] [1]
where §"°Nlegume andd*Nwheat express the naturaN abundances of legume and of wheat,
respectivelyp is the isotopic fractionation factor measured fremch species of legumes grown in N-
free sand.

Thed"™N of the whole crop was calculated using equation 2

3"Nwhole crop=[(©'°Nshoot x shoot DW) + §**Nroot x root DW)] / (shootDW + rootDW) 2]

The values of ™N for legumes and common wheat were corrected deriag the N derived from
the seed as another source of N for the plant ¢degisal., 1985), (equation 3):

8'°N corrected=[3"N crop - (QN seed / QN crop)®%™°N seed)] / [(1-(QN seed borne /QN crop))] [3]

whered™N seed expresses the naturhl abundance of the original seeds.

The contribution of the soil N was calculated as difference between the exogenous N and the N
derived from air.

The rates of vertical and lateral root expansiom(itay’) were calculated by linear regression
analysis. The effect of species on the shoot aotl doy matter, root depth penetration and lateral
expansion rates, nodule establishment, N acquisiitd remaining soil N was tested by a one-way
analysis of variance (type Il sum of squares;0.05). The normality of the residues and
homoscedasticity were tested using Pearson’s anehieés tests, respectively<0.05). The data were
log transformed using Ln(x) for the root, shoot Dpant DM, root:shoot ratio and soil N uptake and
log(x) for the nodule number. Means were compargdguTukey’'s HSD test (Honest Significant
Differences;a =0.05) to determine whether a main effect wasiogmt. All statistical analyses were
performed using R commander package in R softwarsjon 3.1.2 (RCore, 2012).

Principal component analysis (PCA) was used toyaeahe correlations between the seed, shoot and
root traits and N accumulation. PCA was implemenigidg the package FactoMineR (Lé et al., 2008)
in R software. Each original variable was standadito have equal weights in the multivariate
analysis. The principal components (PC) were ddrlwe calculating independent axes to explain the
total variance in the dataset. An ascending hibreat clustering algorithm was also applied to the
data using the same standardized variables ag iR@A. The function hclust was implemented using
the Euclidian distance to calculate the dissimiyarmatrix among species using Ward’s minimum
variance method as the clustering algorithm. Type tof analysis provides information on the rekativ

distance among clusters and species. A separateaR@ljsis was performed for each N treatment.
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4.3.Results
4.3.1. Growth and N acquisition at a low mineral N level

Shoot and root biomassin the ON treatment, the biomass varied amongispé < 0.0001), with a
coefficient of variation higher than 0.7 (Table }4.Phe shoot biomass varied from 0.008 (alfalfa) to
0.47 (faba bean) g per plamt € 0.0001), and the root:shoot ratio ranged betvie4d (pea) and 0.87
(alfalfa) (p < 0.0001). For all root parameters (root depthepation rate, lateral expansion rate and
root biomass), there were significant difference®ag legumes (Table 4.2 and 4p35 0.0001). The
rate of depth penetration of the taproot (linegressions, average R2=0.96) varied from 7.1 iffalfa
to 22.6 mmday in soybean. The rate of the root lateral expanglorear regressions, average
R2=0.86) varied from 1.3 in fenugreek to 10.4 mrydim chickpea. The ranking of species differed
according to the root parameters, and differenesypf root exploration were observed. Lentil and
alfalfa both had slow lateral and vertical root &mxgions, whereas soybean and chickpea had rapid
lateral and vertical root expansions. Common vétuth a rapid vertical root penetration but a medium
lateral root expansion. Fenugreek had a medium ahteertical root penetration and a very slow
lateral root expansion. A greater variability waserved for lateral expansion (CV=0.55) than depth
penetration (CV=0.35). For species in which the @ftdepth penetration is greater than 15 mni'day
(peanut, faba bean, pea, chickpea, common vetgtean), the lateral expansion varied from 5.2

(common vetch) to 10.4 (chickpea) mm day

Nodule number and biomasdn-the ON treatments, all species began to prododeles but not all of
them showed developed functioning nodules. Thene yage differences in the number of nodules
among specie(< 0.0001, Table 4. 3). The greatest number of lesdwas observed in faba bean
and common vetch, with 48.8 and 60.5 nodules pamtplespectively, whereas nodule number was
very low for alfalfa (1.5), fenugreek (4.3) and adtpea (4.3). The mean biomass per nodule also
varied very significantlyg < 0.0001). For example, the common vetch and bed@an roots both had
numerous nodules, but the mean biomass per nodigéomw in the common vetch (0.07 mg nodije

whereas it was high in faba bean (0.36 mg nofjule
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Table 4.2.Shoot and root dry matter, root: shoot ratio anitlal seed dry matter for nine legume species grasthout N supply. Values are means (n=4, exceptenugreek, where
n=3). CV: coefficient of variatior? values (analysis of variance ANOVA Type I, sufrsquaresg=0.05). *** ** * indicate significant difference among species p£0.001,

p<0.005,p<0.01, respectively. Means on the same line witfewdint letters are significantly differerf€0.05)

Common

vetch Soybean Pea Chickpea Peanut Faba bean CV P value

Alfalfa Fenugreek Lentil

Shoot dry matter (Sdm) (gDl 0.008d 0.038c  0.046c  0.159b  0.413a 0.406a 0.412a 0.398a 0.427a 073  1.02x10°™
Root dry matter (Rdm) (g P) 0.007e  0.024d 0.028d 0.065c  0.219ab 0.166b  0.331a 0.277ab 0.292ab 0.82  2.04x10®™
Root:shoot ratio (R:S) 087 a 063 bc 062 bc 041 ¢ 053 bc 040 ¢ 080ab 069 ab 068 ab 0.25  8.00x10°™
Initial seed dry matter (isdm) (g) 0.002 0.012 0.024 0.051 0.177 0.273 0.364 0.407 0.539

Table 4.3.Root exploration and nodules establishment foe fégume species grown without N supply. Valuesragans (n=4, except for fenugreek, where n=3). €@¢éfficient of
variation.P values (analysis of variance ANOVA Type lll, sufisquaresg=0.05). *** ** * indicate significant differencg among species pt0.001,p<0.005,p<0.01, respectively.

Means on the same line with different letters &gaificantly different P<0.05)

Common

vetch Soybean Pea Chickpea Peanut Faba bean CV Pvalue

Alfalfa  Fenugreek Lentil

Root lateral expansion rate (RIr) (mm dy 1.8d 13 d 35 cd 5.2 bcd 85 ab 8.2 abc 104 a 101 a 6.9 abc 0.55 6.59x10”""
Root depth penetration rate (Rdr) (mmday 7.1 ¢ 128bc 82 c 21.0a 22.6a 18.6ab 20.4ab 165 ab 185 ab 0.35 1.56x10°™
Nodule number (Nnb) (per plant) 1.5c 43 bc 215ab 605a 83 abc 17.3ab 4.3 bc 435 a 488 a 0.95 2.07x10"™
Nodules dry matter (Ndm) (mg Dl 0.03b 0.62b 0.60 b 4.42 b 1.84 b 076 b 0.28b 10.13ab 17.71a 1.50 7.98x10"™
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N accumulation in the plant and N source&/ithout a mineral N supply, the N accumulatioffieded
largely among legume specigs < 0.0001, Fig. 4.1a). Faba bean accumulated muarie i in the
shoots and roots than any other legume speciesofipmately 36 mg pl), whereas the least N
accumulated were observed in fenugreek, alfalfalemtil with less than 3 mg Pl

For most species, more than 50% of the plant Ndeasved from the seed (peanut, faba bean, lentil,
chickpea, pea and soybean), whereas in alfalfg, @4 of the plant N was derived from the seeds
(Fig. 4.1b). Faba bean, alfalfa, fenugreek, soytm@hcommon vetch began to fix atmospherigii
these species, the percentage of N derived fromatthesphere in plant N ranged from approximately
6% (common vetch) to 20% (faba bean). The othetispgpeanut, chickpea, lentil and pea still relied
on only the seed N and mineral soil N. Althoughibelules had been initiated, biological fikation
was not effective yet.

Mineral soil N depletion by all legumes was lowkan that of the non-fixing control plants, wheat
and oilseed rape. However, the amount of nitrateameing in the soil after 35 DAG varied between
legume species from a high of 5.07 and 7.94 mb &f dry soil for soybean and fenugreek,
respectively (Fig. 4.1c) compared to a low of 3at@ 1.10 mg K{ for wheat and oilseed rape,

respectively (data not shown).

Relationships between seed traits, early growth ratquisition —The seed, shoot and root traits, N
accumulation, soil N uptake and remaining soil pécies grown without N supply were included in
a principal component analysis (Fig. 4.2a). Thstfiwo PCs comprised 72% of the total variability.
The first component (PC1, 55% of the variabilitpnsisted mostly of the level of soil N uptake in
relation to the different shoot and root traitsjle/lseventeen percent of the variation, accountety
PC2, was mainly due to differences in fikation. The biomass of the plant, shoot, roaig anitial
seed were also correlated, and the remaining niseflaN was negatively correlated with the plant
biomass. The soil N uptake was also correlatetiéddteral and vertical expansion, but not with the
ability of a species to initiate biological, Kixation. The nodule growth and activity were hégtior

species having a low seed reserve depletion.
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Figure 4.1.Plant N @), the percentage of N derived from seed, air and(s) in the total plant Nind remaining N-
NO3 in soil (c) for nine legume species grown without N supplglués are means<4, except for fenugreek, where
n=3) + SE (standard error). Means with differetteles are significantly differenP0.05).
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Figure 4.2.a Factor loadings for the variables measured on leigeme species grown under low soil N availahilitr
the first two axes of the principal component (P@algsis. The percentage of the total variance éxgtaby the first
two principal components is shown in parenthebeBrojections of the different species on the firgd axes of the
principal component analysi§/ariables: Shoot dry matter (Sdm), root dry matter (Rdm)akatry matter (Tdm),
root:shoot ratio (R.S), initial seed dry matterd(ig, initial seed N (isN), N content in seeds (%sbged reserve
depletion (srd), root lateral expansion rate (Riopt depth penetration rate (Rdr), nodule numb&bf, nodule dry
matter (Ndm), plant N (N), percentage of plant Nl from seeds (%Ns), Nixed (N,), percentage of exogenous N
derived from air (%Ndfa), soil N uptake (Nso), Nntent in shoot dry matter (%NSdm), N content intrdy matter
(%Nrdm), remaining N-N@ in soil (NG;). Species: Alfalfa (Al), Fenugreek (Fe), Lentilg)l. Common vetch (Cv),
Soybean (So), Pea (Pe), Chickpea (Cp), PeanuifihlFaba bean (Fb).
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Identification of groups of specied’he PCA analysis separated plant species with aotoligh soil

N uptake ability (Fig. 4.2b). With the highest dgilto deplete soil N combined with the highest
biological N fixation, faba bean shows a particular profiler&hrelatively homogeneous groups of
species were determined by hierarchical clustednglysis (Fig. 4.3a). The first cluster includes
fenugreek, lentil, alfalfa and vetch, the four speaharacterized by the lowest soil N uptake, seed
mass and shoot and root biomass and lateral rgatnsion. The second cluster included peanut, pea,
chickpea, and soybean, four species characterizadhigher soil N uptake, shoot biomass and lateral
root expansion. Faba bean was again separatedtfierathers (Cluster 3), having a higher nodule

biomass, a higher Nixation and a lower seed reserve depletion tharother species.

10

0
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Alfalfa —\
Common vetch
Fenugreek :|\—|—‘
Lentil
Faba bean
Soybean, ‘\
Peanut
Pea ;—i—‘
Chicpea
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Pea :l_‘
Chickpea
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Figure 4.3.Dendrograms of relationships among species, @iedilusing Ward's hierarchical clustering of spgcie
which accounts for the distance matrix comparingatiiables (used in PCA analysis) of each spegies/n under low
N availability (a) or high soil N availability (b).
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4.3.2. Growth and N acquisition at a high mineral N level

In the rhizotrons supplied with mineral N (N treatm), a large variation among species was also
observed in the growth of shoots and roots (Fig). 4 -he total biomass did not differ between the tw
levels of mineral Ngg > 0.05), except in lentil. However, the root:shaatio was significantly lower

in the N treatment than in the ON for faba bea2%3 chickpea (-27%) and soybean (-23%). The N
supply did not significantly change the verticabtrpenetration ratgp(> 0.05). A higher N availability
modified the lateral root expansion only in soybbgmeducing it by 34%. With a mineral N supply,
the N accumulation in plants increased on avergde/bo compared to the ON treatment, with a large
contribution of soil N to total plant N. Nodule nber and biomass were largely reduced by the N
supply for all species. Nodules were less affettgdhe mineral N supply in soybean and faba bean
than in alfalfa, chickpea and pea, which did ndatdte any nodules. The remaining soil N at 35 DAG,
in the N treatment, varied across legume specis f&pproximately 25 to 31 mg k@f dry soil, in

the soybean and vetch treatments, respectively.réimaining soil N for soybean, peanut, chickpea,
pea and faba bean were similar to those measuredhimat (24.4), and all legumes had a lower soil N
depletion than that of oilseed rape (18.5).

A second principal component analysis (Fig. 4.5&@s vwperformed to investigate whether the
correlations between variables are modified withigher soil N availability. The first two PCs
comprised 79% of the total variability. The firgingponent (PC1, 65% variation) consisted mostly of
the level of soil N uptake in relation to the shaat root biomass, initial seed mass and latew! ro
expansion, and PC2 (14% variation) accounted pilyriar vertical root penetration, root:shoot ratio
and number of nodules. Similar to the ON treatmenthe N treatment, soil N uptake was mainly
correlated with the total DM, shoot DM, root DMjtial seed mass and the lateral root expansion. The
soil N uptake was less correlated to the lateral expansion than to the depth root penetratioe. Th
lateral root expansion and vertical root penetrati@re less correlated in the N treatment thameén t
ON (Fig. 4.2a, Fig. 4.5a).

Under high soil N availability, the dispersion (Fig5b) and the classification of the species withie
groups identified in ON were slightly modified (Fig.3a, b). The first cluster included the same
species as in ON (fenugreek, lentil, alfalfa, vitehd corresponded to the legume species having low
soil N uptake ability. The second cluster includeeke species, peanut, pea, and chickpea, wasymainl
characterized by a high lateral root expansionhénN treatments, faba bean and soybean are grouped
into a cluster, with nodule number and biomassdrighan those in the other species combined with a
small seed reserve depletion. Soybean was mor&asitoifaba bean than to peanut, pea and chickpea
in the N treatment, because of reduced lateral egptansion and a lower effect of N on nodule

establishment than in other species.
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Figure 4.4. Dry matter (a) and root:shoot ratio (b), root dtepenetration (c) and lateral root expansion (dgute

number (e) nodule dry matter (f), plant N (g), 9diluptake (h) with (N) and without N supply (ON)rfoine legume
species: Alfalfa (Al), Fenugreek (Fe), Lentil (L&pmmon vetch (Cv), Soybean (So), Pea (Pe), Chack@p), Peanut

(Pn) and Faba bean (Fb). ***, ** * indicate sigicént differences between the two levels of soibMilability at

p<0.001,p<0.005,p<0.01, respectively.

48



e
7oy
i
<3
~
- o
o~ o T
O
a
wn
(?' —
< _|
-1.0 -0.5 0.0 0.5 1.0
PC 1 (65%)
-~ - i
1
b) :
1
1
1
i Pn
1
o~ — : C[:.) .
H Pe
—_ Al Le ! -
= . !
<
= i Fee ~~~~TTTTTTTTTT FTTTTTTTTToTTmoTT oo
o H
a H -
: Fb
o cv"® i
H -
H So
H
v - :
1
1
H
T T T T T T T
-6 -4 -2 o 2 4 6

PC1 (65%)

Figure 4.5.a Factor loadings for the variables measured on igigeme species grown under high soil N availabftir
the first two axes of the principal component (P@3lgsis. The percentage of the total variance @x@taby the first
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depletion (srd), root lateral expansion rate (Riopt depth penetration rate (Rdr), nodule numbetbj, nodule dry
matter (Ndm), plant N (N), percentage of plant e from seeds (%Ns), Soil N uptake (Nso), N eonin shoot dry
matter (%NSdm), N content in root dry matter (%Njdmemaining N-NO3- in soil (NO3-)Species:Alfalfa (Al),
Fenugreek (Fe), Lentil (Le), Common vetch (Cv), Isn (So), Pea (Pe), Chickpea (Cp), Peanut (PnJabd bean
(Fb)
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4.4 Discussion

During the early growth observed in this experimém soil N uptake was low for all legume species
compared to non-legumes due to the high dependgribyg plant on the seed N and to low N demand
at this stage. A large proportion of the nitrogecwmulated in the shoots and roots came from the
seed (up to 77%). Large and N-rich legume seedsicoa substantial amount of N and are potentially
able to sustain seedling growth for a significaatt pf the plant cycle (Herdina and Silsbury, 1990)
This particular trait of legumes probably contrimitto the late utilization of exogenous N (mineral
soil N and N from biological N fixation) for growth compared to that of non-legeispecies. In our
experiment, because of the high contribution ofsed N to the total plant N, the plants coulds$ati
their N demand during early growth even in the @datment, where the mineral N availability was
low. Consistently, we did not find any significadifference in the total plant N between the N ahd 0
treatments, except for lentil.

Although legume species showed a low soil N uptak#ity, a large variability among them was
observed for all investigated traits, with consewas on the remaining soil N, regardless of thellev
of soil N availability. In the early growth phasmnsistent with Fayaud et al. (2014), large diffieis
among species were correlated with the seed mdss.gfowth and N acquisition were better
correlated with the initial seed mass than withittigal seed N. However, legumes with a seed mass
greater than 0.17 g such as soybean, pea, chicgpaaut and faba bean had similar shoot biomass
but displayed contrasting values for the root $tdiegumes often have a slow root depth penetration
compared to of non-legumes (Bellostas et al., 2@3re-Hellou et al., 2007; Thorup-Kristensen,
2001). We found large differences both in the degutld lateral root development among legume
species. Furthermore soil N uptake was correlatid thie root lateral expansion rate. In the early
growth phase, the root lateral expansion appeardseta more important trait than the root depth
penetration for the soil N uptake. Branch roots raligw exploring the soil better than taproot dgrin
early stages. Moreover, in our experiment, the Bbiavailability did not modify the root depth
penetration as observed in previous studies (Gdettlou and Crozat, 2005) but could modify the root
lateral expansion. The root:shoot ratio tendedetodaluced with a high soil N availability, as olveer

in other studies (Corre-Hellou and Crozat, 2005mHiin and Hamblin, 1985). This ratio was high
and differed among species; however, in our stitdyas not a key trait involved in the soil N uptak
The nodule biomass per plant differed across speaiel was not correlated with the seed mass.
Within each species, the relationships betweersélegel size and nodule biomass per plant have been
observed in different lima beaPl{aseolus lunatuk.) cultivars (Dobert and Blevins, 1993), in some
clover species (Evers, 1982), and in three vasgetiesoybeanGlycine maxL.) (Smith and Ellis,
1980). Other authors have also demonstrated diitee in the onset of nodule initiation among

species due to the different distributions betwakove- and below-ground organs with hypogeal or
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epigeal emergence (Sprent and Thomas, 1984). Pleeafyemergence did not explain the differences
in nodulation and MNfixation during the early growth stage in our stuéyl species had reduced
nodule establishment and, Mixation at high levels of soil N. However, fabadm and soybean were
able to establish nodules even under high soil &laility. Other studies have demonstrated thida fa
bean maintains high levels of nitrogen fixatiorhagh levels of soil N availability compared to othe
legumes which are more sensitive to availableNdd@iHarper and Gibson, 1984; Turpin et al., 2002).
We demonstrated that the ability to initiate a éargumber of nodules early and to stastfiXation
was not correlated with soil N uptake under thdyegrowth stages. The root exploration (mainly
lateral expansion) and early biomass in relatiothioseed mass were the major traits relative to N
uptake, whatever the level of soil N availability.
The cluster analysis classified the species inteetlgroups. Peanut, pea, chickpea and soybeanawith
rapid early shoot growth and a high lateral roopamsion, had a better soil N uptake. These
characteristics may result in a better competititadity with neighbouring plants (crops and weeds)
for soil N at the beginning of the crop’s life cgclConversely, fenugreek, lentil, alfalfa, and fetc
could be considered weakly competitive legumesstilr N due to their small seed mass, small plant
biomass and low lateral root expansion. At the fr@gg of the crop cycle, they may leave a larger
part of the available N for weeds or another as¢edicrop. Among the species studied, faba bean had
several unique traits. Faba bean used only 66%eo$¢ed reserves in this early phase. Furthermore,
exhibited an ability to fix atmospheric nitrogendasimultaneously to take up soil nitrate at a much
greater rate than the other species studied. Indakd bean tended to benefit from different saairce
of nitrogen for its root and shoot growth. Hencstrang competition against other associated specie
for both light and N may be predicted in faba beathis early growth phase. The classification of
species may differ according to the soil N avallgbdepending on the specific response of eadh tra
but we observed only slight differences. Largefedénces between species in response to the N
availability might occur during the later stages.
Fenugreek and vetch are mainly used for forageowerccrops in the time period between two main
crops or as living mulch within a main crop. Thelow establishment and low ability for soil N
uptake at the beginning of the crop cycle may afteeir yield when harvested and their ability tayp
expected roles such as the reduction of N leachimg) increased cover allowing weed control.
Whatever the type of use (forage or grain), legusmscies can be intercropped with non-legume
species to increase soil N uptake, the competithitity of the cover against weeds and to reduce N
losses during the beginning of the crop cycle ditet &Corre-Hellou et al., 2011; Hauggaard-Nielsen
et al., 2009; Hiltbrunner et al., 2007b). Mixingylenes with different levels of competitive abilgtie
can also be a relevant strategy (Mikt al., 2015).
Cool-season legumes and warm-season legumes healg been compared under same growth
conditions. Nevertheless, warm-season legumes lace ralevant species for temperate cropping
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systems used as frost-sensitive cover crops inkauraiwith other main crops such as wheat or ailsee
rape.

Further experiments are required in field cond#itm assess whether differences in the soil N eptak
ability are also observed and maintained at lai@ges and to see how the shoot and root traits are
influenced by various soil and climate conditiomsl anterspecific competition. Such an analysis can
be extended to identify differences across genastypighin a species. Some root traits may differ
significantly across cultivars as shown, for exangdbr chickpea (Kashiwagi et al., 2006), lentil
(Sarker et al., 2005) and lupin (Mohler et al., 201The interspecific variability during the early
stages documented here has identified traits imeblin early N acquisition allowing for the
classification of species among legumes with dififérstrategies and competitiveness for N. These
findings will help us to better understand and nggnanterspecific competition for soil N between

legumes and other species (crops and weeds) bhetiening of the crop’s life cycle.
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Dans le chapitre 2,a partir des résultats obtenus dans le chapitendecnant la variabilité inter
spécifiqgue d'une gamme d’espéces de Iégumineuss, anons choisis trois espéces de légumineuse
ayant des traits contrastés pour leur capacitéageie de I'azote du sol. Ce chapitre repose ser un
expérimentation conduite en conditions controléeshizotrons. Chaque espece de légumineuse a été
associée a une une adventice selon un dispostififadfin d’évaluer la réponse d’'une adventice

nitrophile aux différentes espéces de légumineusadgnt la phase de croissance précoce.
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5.Chapitre 2. Response of black nightshade to

chickpea, faba bean and common vetch during

early growth

Ce chapitre correspond a un article en préparatmur la soumission dans le journal Weed science




55



Response of black nightshade to chickpea, faba beand common vetch during early growth
Elana Dayouh Christophe Naudi Guillaume Piva Steven J. Shirtliffe Joélle Fustéaand

Guénaélle Corre-Helldu
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2 Department of Plant Sciences, University of Saslewan, Saskatoon, SK S7N 5A8, Canada

Abstract

A better knowledge on the response of weeds tontegspecies during early growth is required to
better understand weed-crop competition establishmelated to species functional traits and to
therefore enhance crop competitiveness againstsvéedexperiment in controlled conditions using
rhizotrons was carried out to determine the cortipetability of three legume species; chickpeaafab
bean and common vetch when grown in combinatioh Wiack nightshade (1:1) with or without N
mineral supply. Studied species were also growpuie stand, one plant per rhizotron. Aboveground
and belowground competition between weed and legwag investigated during early growth.
Interspecific variability was observed between ttimee legume species concerning early growth and
competitive ability for mineral soil N. Black nigiitade responded early and differently as a function
of legume species. Chickpea entailed the greagésiction in black nightshade total biomass (-77%)
and N accumulation (-85%) compared to pure starmhv€rsely, faba bean and common vetch
facilitated weed growth and increased its root dgmnetration at approximately 73% compared to
pure stand. Regardless N supply, chickpea was @ gompetitor while faba bean and common vetch

provided an environment favourable for the blaaghtshade growth.

Nomenclature: Black nightshadeSolanum nigrumL. SOLNI; chickpeaCicer arietinumL.; faba
bean,Vicia fabaL.; common vetchYicia satival.

Key words: Solanum nigrunt.., legumes species, early growth, soil nitrogptake, root growth.
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5.1.Introduction

Grain legumes are seen as key rotation crops inymants of the world with rotational and
nitrogen benefits for the following crop. Howeveagrain legumes are often considered poor
competitors against weeds compared to other spsdigs as cereals (Evers, 1982; Lemerle et al.,
1995; McDonald, 2003; Wall et al., 1991; Whish ét 2002). Nevertheless, the inter-specific
variability concerning the competitiveness agamseéds has rarely been studied.

Excellent weed control is critical to avoid higrel losses, but is difficult to achieve (Harkerakt
2001; Townley-Smith and Wright, 1994). Early heithécapplication is often recommended (Harker et
al., 2001). Recently, attention has shifted toeasing the integration of non-chemical methods of
weed control into the current farming systems duart increase in herbicide resistant weed species
(Heap, 2014). Thus, enhancing crop competitiveitgbilith weeds is now a crucial component of
weed management (Blackshaw et al., 2007; Lindcuigt Mortensen, 1998; Mohler, 2001; Zerner et
al., 2008). In cereal crops, significant inter-specrariation in competitiveness against weeds has
been demonstrated (Lemerle et al., 2001; Lemerlal.et1995; Lemerle et al., 1996; Reeves and
Brooke, 1977) but less attention has been paidaim ¢egumes.
Several studies have worked on crop-weed competitiadentify the main functional traits involved
in the competitiveness against weeds. Crop traltding to competition for light such as heighgfle
area, early growth, canopy closure are often censdideterminant in crop-weed competition (Beckie
et al., 2008; Pakeman et al., 2015). Such abovegrdraits explained partly differences in weed
suppression ability among pea (McDonald, 2003)lgiea (Radicetti et al., 2012) or lentil cultivars
(Tepe et al., 2005). In comparison with abovegrocaopy measurements, belowground traits have
received relatively little attention in crop-weeaddractions. However, studies have indicated thatt r
competition can be more important than competifmmlight, particularly for nitrogen (Casper and
Jackson, 1997; Satorre and Snaydon, 1992). Tradfs as root length density, root elongation rate,
and total root length are determinants of compeetiiutcomes (Fargione and Tilman, 2006; Stevanato
et al., 2011). The ability to take up N from thd& san play a certain role in determining the diéfiet
competitive ability against weeds among speciesgamdtypes.
Although fast early growth is considered crucialciop-weed competition (Andersen et al., 2007,
Bellostas et al., 2003; Fayaud et al., 2014), emamgiaboveground and belowground traits during the
first stages has been rarely achieved. Small adgastin early season seedling growth can translate
into large differences in size and resources cepbility later in the season (Andersen et al.,7200
Therefore early strategies of crop growth and Nugttion can be critical for determining competiv
interactions between weeds and crops in later stage
Grain legumes have a low ability to uptake soilldyoub et al., 2017; Thorup-Kristensen, 1994). By
leaving a large amount of soil N available for weeatiis low soil N uptake can contribute to theiv|
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competitive ability against weeds. Many weeds comesularge quantities of N (Hans and Johnson,
2002; Qasem, 1992). Additionally, growth of manyedespecies is enhanced by higher soil N
availability (Blackshaw et al., 2003; Henson anddda, 1982; Supasilapa et al., 1992). During early
growth, legumes may rely mainly on soil N uptakeo#iser non-legume species because the low
contribution of N fixation to N demand due to the delayed noduleisthment. However, grain
legumes can rely also on seed N reserve for afigni time due to the large seeds rich in N which
can lead to a low use of exogenous N sources ([agoal., 2017; Herdina and Silsbury, 1990). In a
previous experiment we determined that differenbesween legume species concerning their
competitive ability for soil N during early growthay exist in relation to seed mass, use of seed N,
root exploration and start of ,Nixation and thereby can affect weed growth durihg first stages
(Dayoub et al., 2017). Some species have lowgefixdtion but higher biomass and higher soil N
uptake during early growth such as chickpea, saybpaanut and pea due to a fast lateral root
expansion and a high seed mass unlike to anotlmmpgof species having a low soil N uptake
including alfalfa, common vetch, lentil and fenugke Faba bean was classed separately due to the
particularity to simultaneously fix Nand take up soil N (Dayoub et al., 2017).

Crop-weed competition depends also on morpholodézlres of weed species such as aboveground
and belowground biomass, high density root systewh @@sponse to mineral soil N availability
(Blackshaw et al., 2003; Moreau et al., 2013; Sovawet al., 2015).

Black nightshadeSolanum nigruni.) is a major weed problem in many crops sucpaiatoes, field
pea, soybean, field bean (Defelice, 2003; Ogg Jl.et1981). In addition to its crop losses from
competiton, it is also a host for tomato virusesedses contributing in the spread of this viru$iwit
Europe (Bedford et al., 1998). Black nightshademtinois favoured by high soil N availability (i.e.
nitrophilic species) (Bvenura and Afolayan, 2014had et al., 1995; Opiyo, 2004). The
competitiveness of legume species against bladkshigde has not been highlighted before.

The aim of our study is to evaluate the responselatk nightshade to different legume species
having contrasting traits in the early growth itatien to different strategies of nitrogen acqudsit

An experiment under controlled conditions usingolions was carried out testing the competitive
ability of faba bean, chickpea and common vetchnvp®wn in combination with black nightshade
compared to legumes and weed grown in pure standeruwo soil N availabilities during early
growth.
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5.2.Materials and Methods
5.2.1. Experiment Design

three legume species; faba bean, chickpea and coratoh were grown in an additive design (1:1),
in mixed stand with black nightshade (Table 5.1)e Experiment was conducted under natural light
in a greenhouse from JunB ® July 7', 2014 in western France (Angers; 47.5°N, 0.6°W)e Thean
temperature and humidity during the experiment we?8.3'C +2.1 and 56.0 %+ 9.2,
(mean + standard deviation), respectively. This eeixpent was carried out using transparent
rhizotrons (Jamont et al., 2013) made of methawyhath inner dimensions of 50 x 20 x 3 cm, in a
completely randomized design with five replicatiomle rhizotrons were inclined at 45° to allow the
roots to grow towards the underside and coverel black polyethylene plastic sheeting to exclude
light except when root measurements were beingwied. Each rhizotron was filled with 4.09 kg of
a mixture of sandy fresh soil (25%) and dry saraP4y. The soil was sieved (7 mm) prior to being
homogeneously mixed with dry sand. The sand wasiqusly washed and dried at 1GSfor 48 h.
The final texture of the soil sand mixture was 2.8ky, 6% loam, 90.6% sand and 0.4% organic
matter, with 8.65 mg NON kg* of dry soil and the pH of the mixture was 6.9. fit®msphorous (P
Olsen) and potassium (K) contents were 30.310{Pand 78.73 (KO) mg kg* of dry soil,
respectively.

150 ml of N-free nutrient solution was added toheddzotron at the following concentrations (mmol
IY): 1.07 (KCI), 0.34 (KHPQ,), 0.24 (MgSQ+7H,0), 0.18 (CaGl) and (0.04) FeGlwith controlled
pH of 6.8. In the half of the rhizotrons, the sets supplemented with a solution KN® reach a
concentration of 36.48 mg NON kg* dry soil. The nutrition solutions were mixed withe soil
before filling the rhizotrons.

Legume and weed species in mixed and in pure stenel grown under two levels of soil nitrogen ON
(8.65 + 0.16) and N (36.48 + 0.70) N-NO3 mg Kaf dry soil (mean * standard error).
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Table 5.1.Description of the studied legume and weeds specie

Code Phenological
Species (cultivar for legumes) Common name Class  Family Stages at 33 Rhizobium strain for legumes
DAG®
Vicia fabal. (cv Divine) Faba bean Fb Dicot  Fabaceae 15 Rhizobium leguminosarubv viciae (FH34)?
Cicer arietinumL. (cv Principé )  Chickpea Cp Dicot Fabaceae 22 Mesorhizobium cicefflUMPCa7)*
Vicia sativalL. (cv Nacre ) Common vetch Cv Dicot  Fabaceae 39 Rh.leguminosarurbv viciae (P221)
Solanum nigrunt..* Black nightshade Bn Dicot  Solanaceace 26

Source of Rhizobium strain:

YINRA, UMR Eco&Sols (Montpellier SupAgro — CIRAD NRA — IRD), France

2UMR 1347 - Agroecologie, P6le MERS, Microbiologiavironnementale et Risque Sanitaire, Center INBifan, France
According to BBCH scale of (JKI, 2010) at sampliage (35 days after seed germination)

* Sources of weed seeds: UMR 1347 Agroécologie (INWjan), France
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The legume seeds were weighed to reduce the \ariatithe individual seed mass to less than 3.5%.
Black nightshade seeds were soaked in a solutioGibberellic acid (GA3) (5 x I mol) in
incubated temperature (29 under light conditions and germinated after @@rk to break dormancy.
To allow for simultaneous germination and uniformeegence of legumes and weeds species, seeds
were firstly germinated on filter paper in diffetetiates until the radicle emerged from the seeds
(BBCH stage 05) (JKI, 2010). Following this, onguene seed with one weed seed were sown per
rhizotron with inter plant distance of 5 cm (mixst@nd). Moreover, legumes and weed species were
sown also in pure stand: one seed per rhizotroter Alfiat, each legume species was inoculated with
its specific strain oRhizobia(Table 5.1) at an estimated rate of t@lls per plant to allow for N
fixation (Naudin et al., 2011). After seedling egemce, a 1-cm thick layer of sand (100 g per
rhizotron) was added to the surface of the rhizotwlimit water evaporation from the soil. During
the experiment, the soil moiture was kept at fedgacity.

Plants of each legume species were also grown simadusly in N-free sand to determine tf¢
abundance of plants relying only on fikation (-value) and thus estimate the fikation using the
natural abundance method (Amarger et al., 1979.pls were supplied once per week with 100 ml
of N-free nutrient solution with a composition ahrfiol I') 0.54 KCl, 0.17 KHPQ,, 0.12 MgSQ
7H,0, 0.09 CaGl and 0.02 FeGlwith a controlled pH of 6.8 and maintained atdieapacity.

5.2.2. Harvest and Measurements

The root depth and lateral root expansion of leguare weeds were monitored using a grid of 5 mm
x 5 mm squares printed on transparent plastic $heet on the underside of the rhizotron. The root
presence in the grid was marked to denote vertaradl horizontal root distribution. Root
measurements were performed twice weekly for 19 déigr seed germination (DAG).

Legumes and weed species were harvested 33 dayrsgaftmination (DAG) while still in early
growth phase. Legumes and weeds root systems wadrseparated, removed from the rhizotron and
washed with demineralized water. Legume seed residere collected to quantify the remaining seed
dry matter. Plants grown in N-free sand were hdegkat the same time and sorted into shoot and root
samples. After oven-drying (48 h at 70°C), the dgtter of the roots, shoots of legumes and weed
and legume seed residues were determined. Alleo§dmples were ground to fine powder for total N
andN:*N ratio measurements in the original seeds, raisots, and legumes seed residues using a
CHN analyser (EA3000, Euro Vector, Milan, Italy)daa mass spectrometer (IsoPrime, Elementar,
Hanau, Germany).

At each sowing and harvest date, soil samples watected for all species (legumes and weed) and
the soil inorganic N content was measured usinggmented flow analysis (SKALAR SA3000),
which enables the determination of the nitrate eoinby KCl extraction according to the internationa
standard ISO 14256-2.
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5.2.3. Calculations and Statistics

The part of legume N derived from the seed wasutatied using the amount of N from seeds (QN
seed) consumed during the experiment by each legQMeseed is the difference between the seed N
content at sowing and that at harvest. Exogenoissthe difference between N accumulated in plant
and QN seed. The relative contributions of exogeneaurces of N (air and soil) were then
determined.

The part of the plant exogenous N derived fromainé%Ndfa) was determined using thl natural
abundance method (Amarger et al., 1979). Blacktsigtdegrown as sole weed was used as non-

fixing reference for each N treatment (equation 1),

%Ndfa=100% [§"°Niegume- 8 Nueed /(B - 8 Nueed] [1],
whered Niegumeand 8 *Nyeeqare the natura®™N enrichment of legume and weed, respectively. Fhe
value is the isotopic fractionation factor measurech each species of legumes grown in N-free sand.

Thed"N in the whole plant (for legumes and weed) wasutated using equation 2:
3"N whole plant=[§"N shootxshoot DW)-#8{°Nrootxroot DW)]/(shoot DW-+root DW[2]

The values 06™N for legumes were corrected considering N derivenh the seed as another source
of N for the plant (Jensen et al., 1985), (equaBpn

8N corrected=[§"*N legume- ((QN seed / QN legume}¢N seed))] / [(1- (QN seed borne / QN

legume))][3],

wheres'®N seed expresses the natdrdl enrichment of the original seeds.
The contribution of soil N was calculated as th#edénce between the exogenous N and the N
derived from air.
The amount of N accumulated in weeds representigdtom QN derived from soil while QN seed was

considered negligible.

The effect of legume species on weeds growth spdomt depth and lateral root expansion, total
biomass and weed N) was tested by a one-way asal/siariance (type Il sum of squares;0.05).
Normality of residues and homoscedasticity werdetesusing Shapiro-Wilk and Bartlett tests,
respectively ¢ =0.05). Means were compared using Tukey's HSD {g8&tnest Significant
Differences;a =0.05) to determine whether a main effect wasiogmt. All statistical analyses were

performed using R Commander package in R softwarsjon 3.1.2 (RCore, 2012).
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5.3.Results and Discussion

5.3.1. Functional traits of legume species and black siggale grown as sole crops without N

supply in pure stands

Differences were observed between chickpea, fala la&d common vetch for most investigated
functional traits during early growth, includingcgit and root biomass, root: shoot ratio, root depth
root lateral exploration and N acquisition (Figl)s.Chickpea was able to accumulate the greattdt to
biomass (1.40 g plafx and had a fast lateral root expansion comparefdtia bean and common
vetch. However, the three legume species did rftgrdint concerning root: shoot biomass ratio (on
average 0.74) and root depth exploration (on a3 mm). Faba bean accumulated three times
more total biomass (0.62 g pldjhthan common vetch (0.26 g plahbut the two species showed no
significant differences concerning root: shoot béssratio and root exploration.

The three legume species differed also for N adgpns(Fig. 5.1). Chickpea had the greatest mineral
soil N uptake (20 mg plaf} and total N (32.75 mg plaht Although faba bean accumulated four
times more total N than common vetch, these tweaispehad similar and low ability for mineral soil
N uptake (on average 2.93 mg plant

The contribution of the three N sources (seed, athospheric B to total plant N differed between
species (Fig. 5.2, a). Chickpea relied only on twsources: seed N (40.72%) and soil N (59.28%).
Chickpea did not start Nixation during the studied early growth perioéb bean relied mainly on
seed N reserve (86.43%), 12.04% of N came from Nodnd 1.53% from atmospheric,.NFor
common vetch, unlike chickpea and faba bean, treethN sources contributed significantly to plant
N. Common vetch had the highest contribution ofé¥ived from atmosphere (22.84%) and 36% of
plant N was derived from seed and 40.40% fromMsoil

Legumes displayed a low soil N uptake ability imsthtudy as previously observed in other studies
(Dayoub et al., 2017; Kurdali et al., 1996; ThoKunistensen, 1994) but we demonstrated that
differences among species can occur during therfienth. Large and N-rich legume seeds contain a
substantial amount of N and are potentially ablsustain seedling growth for a significant parthef
plant cycle (Herdina and Silsbury, 1990) leadingattow use of exogenous sources but differences
among legume species can occur during the firstim@hickpea had a higher soil N uptake due to a
lower dependency on seed N without any contributbmN, fixation and due to a high root lateral
expansion. In contrast to the other species, comvetch relied on the three sources of N similarly
and had a moderate uptake for soil N.

The traits of black nightshade were then compapetthdse of legume species in pure stands and the
level of contrast between the weed and each leguazeevaluated. The non- N fixing weed, black

nightshade, in pure stand differed significantlynfr chickpea for most studied traits, a lower bicsnas
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(-69%) and a reduced total plant N (-43%) (Fig,)5Black nightshade allocated a reduced dry matter
to roots than that chickpea. Its root: shoot ratias lower (-36%) than that of chickpea. Black
nightshade had reduced both root depth and laterapared to chickpea (Fig. 5.1). Although black
nightshade accumulated a reduced amount of totddaN chickpea, the two species had a similar
competitive ability of soil N uptake (19 mg plah(Fig. 5.1).

Black nightshade in pure stand had close traitf&aba bean and common vetch concerning total
biomass and root exploration. Nevertheless, niglatslwas more able to take up soil N than faba bean
and common vetch.

Chickpea was able to significantly reduce the ahithineral soil N level (-57%) and in the same way
as black nightshade (-43%), whereas faba bean@anthon vetch did not reduce this level during the

early growth period in the ON treatment (Table 5.2)

Table 5.2.Quantity of Soil N-N@ remained in the soil (mg Ki for mixed stands of black nightshade with chickpe
(Cp Bn) or faba bean (Fb Bn) or common vetch (Cy &wd for pure stands of black nightshade (Bn)lgiea (Cp),
faba bean (Fb) and common vetch (Cv) without N §uf65: ON) and with N supply (36.48: N) N-NO3 g™ of

dry soil at 33 days after seed germination

ON N
Cp Bn 3.65+ 0.4 23.93 + 1.6%b

Mixed stand Fp Bn 2.74 £ 0.3 21.58 +2.1%
Cv Bn 2.61+0.1% 25.81 + 1.94b
Bn 4.90 + 0.9% 24.40 + 2.1%b

oure stang P 3.69+0.3% 23.87 +1.1(ab
Fb 8.34 £ 0.65 26.75 + 2.0%b
Cv 8.07 £0.33 31.52 + 1.54

P-valué 4.52x10°7" 4.85x107"

Means within each column with different letters significantly different (Tukey’s HSDy=0.05)
*x *% % indicate significant differences amongpecies ap<0.001,p<0.005,p<0.01, respectively

'P.values (analysis of variance ANOVA Type Ill, sufrsquaresg=0.05)
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N and soil N uptake (e) for black nightshade argliee species chickpea, faba bean and common vetohuvN

supply (ON). Values represent meas3, except for chickpea and weed whard) + standard error. Values followed
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Figure 5.2.Pure stands: Contribution of the three N soursesd N, N atmospheric and soil N uptake to the total plant
N for chickpea, faba bean and common vetch: a)owitfON) and b) under (N) N supply. Values représeean (=5,
except for chickpea and weed wherel) + standard error. Values followed by the saettets are not significantly
different(Tukey's HSD;a=0.05).

5.3.2. Effects of legume species on black nightshade draavtd N accumulation without N

supply

The response of black nightshade (in terms of ajpovsnd and belowground biomass, root depth,
lateral root exploration and N accumulation) dié@ras a function of legume species during early
growth (Fig. 5.3). Chickpea entailed the greateduction in black nightshade total biomass (-77%)
and N accumulation (-85%) compared to pure stahdt Thay be due to the greatest total biomass of
chickpea, its rapid root depth and lateral rootaggion and thus a fast access to soil N early witho
any trend to fix N from atmosphere. The high competitive ability agaiweeds of chickpea has been
previously observed in early stages in relatiotts@boveground biomass (Radicetti et al., 2012).

The root: shoot ratio of black nightshade increaigedhixture with only chickpea from 0.49 (sole
weed) to 0.71 (with chickpea). In general, a higtaot: shoot ratio is a good indicator of plant
compensation in case of a reduced resource avajigbiixon, 2007). This result was consistent with
a previous study showing that the root: shoot rafidlack nightshade was reduced under high
nutrition supply (Bvenura and Afolayan, 2014).

Chickpea was more competitive against black nigidsithan faba bean and common vetch. Indeed,
faba bean and common vetch did not bring aboutceedse in total biomass and N accumulation of

66



black nightshade compared to sole weed. Root: sfatiot of weed was also not modified. That may
due to the slow early growth of faba bean and commeich, their low N demand and their high
dependency on other resources of nitrogen as syimiikation (common vetch) and seed N (faba
bean) (Fig. 5.3).

Dynamics of root depth penetration and lateral rexgppansion of black nightshade were slightly
modified by the addition of a legume species corqado sole black nightshade. Differences in black
nightshade root depth began to appear early twiksvafter germination (Fig. 5.4). The lateral root
expansion of black nightshade had a similar paggrergrown in pure or in mixture with legumes.
Lateral root expansion started at 5 DAG in all timeents except with chickpea where lateral root
expansion started earlier at 2 DAG (Fig. 5.4). Remtnore, positive effects on black nightshade root
depth were observed when mixed with both faba la@hcommon vetch. The two legume species
increased root depth of black nightshade (on aeefd@%) compared to sole weed. In weed-chickpea
mixture; legume roots grew fast and early occupyheysoil and with a high competitive ability for
mineral soil N, resulting in a reduced weed rogitdeSince faba bean and common vetch roots had a
lower ability to explore the soil as well as to @alp mineral soil N compared to chickpea, black
nightshade grew with small interferences from legamwhich may improve its root depth. A previous
field experiment showed that barley had exhibitedaster and deeper root depth growth when
intercropped with pea in comparison with sole cexpparley, leading to a potential improvement of
nutrient uptake (Hauggaard-Nielsen et al., 2001a).

This work reveals different competitive effects thfee legumes species against black nightshade.
Chickpea was a good competitor against weeds whba bean and common vetch provided an

environment favourable for the weed and facilitate@rowth during the first growth stages.
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5.3.3. Soil N sharing between legume species and bladkstigde without N supply

When associated with faba bean or common vetcbknightshade accumulated a very large part (on
average 85%) of soil N accumulation of the mixt(feg. 5.5). Unlike to faba bean and common
vetch, when black nightshade was added to chickpeayeed was able to take up only 11% of soil N.
When black nightshade was added to faba bean amiinco vetch, an important decreasing in
remaining soil N was observed up to 67% comparesbte crops (Table 5.2). The remaining soil N
was low under chickpea in pure stand and the axhddf black nightshade did not reduce more soil N.
The contribution of each species to soil N depfetibffered between the three mixtures but the
remaining soil N was not significantly differenttiveen them (Table 5.2). Soil N sharing has been
rarely investigated in weed-crop competition stadiliring early growth. The focus is usually on
aboveground traits involved in competition for lighore than belowground traits (McDonald, 2003;
Uchino et al., 2011). Nevertheless these resuttsansistent with previous results that suggestad t
the variability in soil N uptake can better expldive differences in competiveness against weeds
between pea sole crop and barley sole crop thatrastimg levels of leaf area and aboveground
biomass (Corre-Hellou et al., 2011; Hauggaard-Nielst al., 2001b). Moreover (Hauggaard-Nielsen
et al., 2001b) found that competition for soil Nveeen weeds and pea began early at 46 days after

emergence.

(o)
o
(=)
o
2

ON OWeed N O Weed

@ Legume

o
o
o
o
A

B Legume

S
o
S
o
A

N
o
No
o
A

—_
o

Soil N uptake {mg pl1) in total N
s
Soil N uptake (mg pl'1) in total N
—_ w
o S
24

o
o
i

CpBn Fb Bn CvBn CpBn Fb Bn CvBn

Figure 5.5.Soil N sharing between legume species and blagitshade when weed grown in mixed stands with
chickpea (Cp Bn), faba bean (Fb Bn) and commorhvigle Bn) without (ON, a) and under (N, b) N suppfalues

represent meam€4) + standard error.

70



5.3.4. Response of legume species and black nightshadeapply

Pure stands

Chickpea in pure stand responded to increased atiseil N by accumulating more total biomass.
Total biomass of faba bean and common vetch in ptards did not significantly modified by N
supply vetchP=0.97 and 0.21 for faba bean and common vetchectisply) (Fig. 5.6 a). Root: shoot
biomass ratio decreased with N supply only in commetch P<0.005) (Fig. 5.6 b). Root depth
penetration and lateral root expansion were sinfidathe two levels of soil N availability whatever
legume species (Fig. 5.6 c, d).

For faba bean and chickpea, the contribution dffédb N accumulation increased when grown with
N supply (Fig. 5.2 b, Fig.5.6, f). Nixation in faba bean and chickpea was inhibiteder N supply.

In contrast, common vetch maintained its abilityfitoN, even with a high soil N availability; the
contribution of soil N to total N accumulation algwcreased but less than that in faba bean and
chickpea (Fig. 5.2 b).

Whatever legume species, each legume was ablepletéemineral soil N more than without N
supply; (-27% for faba bean, -35% for chickpea ahd% for common vetch) (Table 5.2). The
differences between legume species for N uptake \eerer than under ON treatment.

Root depth penetration of black nightshade in mtia®d increased by 53% with N suppB<0.01)
(Fig. 5.4, Fig. 5.6 c). Total biomass, root: shbamass ratio, lateral root expansion and total N
tended to increase with N supply but the differsngere not significant (0.88P<0.2) (Fig. 5.6 a, b,

d, e). A positive response on aboveground growthblatk nightshade with increasing rates of
nitrogen application during first stages was praslp observed (Masinde et al., 2009) but the effect

of N supply on root traits were not measured

Mixed stands

The differences in the response of black nightshadegume species were maintained with N supply.
Total biomass and N accumulation of black nightehadder N supply were still highly reduced by
chickpea but not by faba bean and common vetch &g a, €). When mixed with chickpea under N
supply, black nightshade accumulated a low par®o)16f soil N accumulation of the mixture like
under ON treatment (Fig. 5.5, b). Unlike to chickperhen black nightshade was added to faba bean
and common vetch under N supply, black nightshad& tip respectively 61% and 75% of soil N
(Fig. 5.5, b) compared to 82% and 87% under ONrtreat (Fig. 5, a). Faba bean and common vetch
benefited from a higher N availability more thaad nightshade. Soil N uptake increased by 257%
and 134% for faba bean and common vetch, respéctared only by 18% and 4% for black
nightshade mixed with faba bean and common vetdpectively (Fig. 5.5, a, b).
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As a result, the response of black nightshaderdiffas a function of legume species in relatiom wit
their functional traits involved in soil N uptakedeed, chickpea showed a strong competition agains
black nightshade whatever N supply because ofrgatgearly growth and thus its high competitive
ability for soil N. A contrarig faba bean and common vetch facilitated the grafthlack nightshade
by leaving a high amount of nitrogen available.

Our study allowed to better understand the estabknt of weed-legume competition in relation to
belowground traits involved in soil N uptake duritige early growth. We have demonstrated that
weed response to legume species began very eathe dteginning of the crop cycle. This early
competition between legume species and weeds wasobkerved previously. Croster and Masiunas
(1998) reported that the interspecific competitimiween Eastern black nightsha&e ptycanthuin
and peaP. sativumL.) began early, thereby the weed must be coetialluring the first 2 weeks of
the growing season. Several previous studies imatst the effect of weeds on legume growth
(Avola et al., 2008; Bensch et al., 2003; Dusabwmyi et al., 2014; Tepe et al., 2005) but the rewer
effect, the influence of legume species on earlywgin of weeds has been less investigated. We
highlighted that aboveground biomass and even lggtmmnd traits especially root depth penetration
of a high nitrophilic weed may be influenced earlyen associated with a legume

In field situations with a high infestation withtr@philic weeds such as black nightsha8en{grum

L.), redroot pigweedAmaranthus retroflexuk.) and Common lambsquarteiShienopodium album
L.) (Blackshaw et al., 2003), a legume speciesh sigcchickpea, having a high soil N uptake might
ensure efficient weed suppression during early grown early N supply may increase legumes
biomass and soil N uptake while inhibiting or détayN, fixation (Harper and Gibson, 1984; Tang et
al., 1999; Turpin et al., 2002; Voisin et al., 2D0thereby improving the competitiveness against
weeds during early growth. However, the effect cdupply on weed-legume competition was low in
our study during early stages and such N suppleg meduce the contribution of legume fikation

to N pool in cropping systems. The effect of N dypm relative growth of each component and on
soil N sharing may be higher at later stages iatia to differences in N demand and root explorati
as observed in legume-non legume mixtures (Coritiet al., 2007).

Other traits may also influence weed and crop gnauring early growth such as the ability to sexret
allelopathic substances (Adler and Chase, 2007bAyal., 2013; Xuan and Tsuzuki, 2002).

In our study, we focused on individual plants iredldegume mixtures without taking into account the
effect of plant densities on weed-crop competitimal on the traits involved in early growth. Crop-
weed competition depends not only on traits of eamhponent but also on environment and cultural
practices (Campiglia et al., 2012; Meiss et alQ&0

We demonstrated that weeds may be differently tfteearly by the choice of legume species in
relation to early growth, depth and lateral roopansion and dependence on seed N. Differences

between genotypes of a given species may also @est Hollander et al., 2007; McDonald, 2003;
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Uchino et al., 2011) . Such traits should be maideit into account in legume breeding programs

including the objective of increasing weed suppogsability.
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Dans les chapitres 3 et,4ous avons quantifié en plein champ I'impact’dsslociation d’'une
légumineuse, cultivée en tant que plante de seewee une culture principale, sur la croissance des

adventices, la composition de la flore adventiosiajue le rendement de la culture principale.

Le chapitre 3 étudie une association colza-légumineuse a I'ézk@hnuelle, répété deux ans sur deux
sites expérimentaux. En dispositif substitutifctdza a été associé a la féverole de printempsou |
vesce commune ayant des traits contrastés de eafgutazote du sol comme nous avons déja montré
dans le chapitre 1. Nous avons quantifié I'effet’dssociation sur la régulation des adventicesiain
que sur la croissance et la productivité de callais avons aussi montré une complémentarité entre
espéeces associees contribuant a I'atteinte decesrdont la gestion des adventices et 'amélianatio

du rendement de colza.
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6.Chapitre 3. Improving weed suppression and

crop productivity of oilseed rape when
iIntercropped with legume species by increasing

trait diversity

Ce chapitre correspond a un article soumis darjsdenal Filed crops research
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Improving weed suppression and crop productivity ofoilseed rape when intercropped with
legume species by increasing trait diversity

Elana Dayoub Guillaume Pivh Christophe Naudi Steven J. Shirtliffe Joélle Fustdcand
Guénaélle Corre-Helldu

1 USC LEVA, INRA, Ecole Supérieure d’Agriculturesnly. Bretagne Loire, SFR 4207 QUASAYV,
55 rue Rabelais, 49100 Angers, France

? Department of Plant Sciences, University of Sastewan, Saskatoon, SK S7N 5A8, Canada
Abstract

Developing new practices that are less dependetitednicides is a key challenge. Increasing trait
diversity in oilseed rape by introducing legumecsge could improve weed suppression and oilseed
rape productivity. Winter oilseed rap8réssica napud..) was intercropped simultaneously with
spring faba beanvfcia fabal.) or common vetch\{icia satival.) in a replacement design without
herbicide applications. Intercrops and sole cropsewcompared over two field experimental years in
Western France. The presence of faba bean witbedilsape reduced weed aboveground biomass by
35% and weed N accumulation by 11% compared tootlseed rape sole crop under high weed
infestation conditions. In addition, the growth ahé competitive ability of oilseed rape for soil N
were increased when intercropped with faba bearh Boain yield and grain number per plant
increased in oilseed rape intercropped comparexblw cropped. Despite the effects of intercrops in
weed suppression, no changes were found in the wednunity composition in both years. The
oilseed rape-faba bean intercrop was more ablagress weeds than the oilseed rape-common vetch
intercrop. Due to both the high aboveground tréieight, leaf area, biomass) of faba bean and the
strong competitive ability for soil N of oilseedpe they appeared complementary in resource
utilization, and thus they left less available rgses for weeds. Common vetch had similar
aboveground morphological traits as oilseed rapé, thus it did not improve weed suppression
compared to the oilseed rape sole crop. We obsé¢natc level of aboveground biomass greater than
2 t ha' and a soil N uptake at approximately 80 kg has needed to obtain good weed control, but
such levels are difficult to reach systematicaltysole crops under low input cropping systems.
Intercropping oilseed rape and legumes is a retepeactice that promotes increased crop biomass
and soil N uptake, thus ensuring weed suppresdiba. combination of intercropped species with

contrasting traits appears to be a key factorHerstuccess of intercropping.

Keywords: Winter oilseed rape, faba bean, common vetchnéinigen uptake, weed control
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6.1.Introduction

Weed management on conventional farms is primadomplished with herbicides. The use of
herbicides as the sole weed management tool isustyibeing questioned due to herbicide costs and
technical problems related to resistance in wegulijations to one or several herbicides (Heap, 2014)
Moreover, there is an increasing concern aboutethéronmental impacts of herbicide residues in
surface and ground water. Winter oilseed rapegsica napud..) is the dominant oilseed crop in
northern Europe and is known to require large artsoahnitrogen inputs for growth (Malagoli et al.,
2005) and pesticides to manage several criticdichiactors. Weeds are one of the important factors
limiting oilseed rape growth and grain yield. InaRce, where herbicide tolerant oilseed rape is
prohibited, the cost of herbicide treatments is th&or component of a farmer’s total variable
operating costs for winter oilseed rape (Valantiarigon et al., 2004). Because of the difficulty to
find selective post-emergence herbicides agairgstyledonous weeds, weed infestation management
is based mainly on pre-emergence herbicide apgitagas the systematic practice in France in winter
oilseed rape (Hebinger, 2013; Primot et al., 20@8lantin-Morison et al., 2004). To increase the
sustainability of the cropping system, new and vative crop practices are required in order to both
optimize oilseed rape performance and suppresssmeet less dependence on herbicides. Several
studies have examined crop-weed competition totilyethe main functional traits involved in
competitiveness against weeds. These studies hagstigated plant functional traits relating mainly
to competition for light such as height, leaf arearly growth, and canopy closure (Beckie et al.,
2008; Pakeman et al., 2015).

In the current agricultural systems in Europe dietonsist mainly of monocultures of one crop with
low genetic diversity and few plant functional tsailntercropping, defined as the simultaneous
growing of two or more crops in the same field (&l 1979), can be a relevant practice to increase
the diversity of functional traits. The combinatiohintercropped species with contrasting traitsldo
thus increase the use of the available growth ressuand increase the competitive ability of the
mixture against weeds. Indeed, intercropped leguames non-legumes, sown simultaneously, are
known to improve weed suppression. (Banik et &l062 Carr et al., 1995; Corre-Hellou et al., 2011,
Gronle et al., 2014; Hauggaard-Nielsen et al., B)@lebman and Dyck, 1993). However, most of
these studies focused on intercropped legume spedil cereals. Few studies have investigated the
effects of oilseed rape intercropped with legumesveed suppression and crop productivity (Cadoux
et al., 2015; Gharineh and Telavat, 2009; Lorialgt2015).

Oilseed rape and legumes differ in their morphaabtraits and ability to acquire resources. An
oilseed rape sole crop is known to have a greatpaaty to take up soil mineral N compared to
legumes (Andersen et al., 2005; Thorup-Kristend&94) due to its rapid and deep root growth
(Thorup-Kristensen, 1994; Thorup-Kristensen, 200hus, less soil N could be available for weeds in

oilseed rape crops. The availability of soil N mmetearly winter is a main factor explaining the
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competitive ability of oilseed rape against weadal@ntin-Morison and Meynard, 2008). On the other
hand, legume species are known to have a redudgg sdbtake up soil mineral N compared to non-
legumes due to their shallow rooting depth and $oW N demand and their ability to fix,Nrom the
atmosphere (Dayoub et al., 2017; Schroder and KopR&2; Thorup-Kristensen, 1994). This is
apparent mostly at the beginning of the crop cy€erre-Hellou et al., 2007). Moreover, some
legume species are able to produce greater biothassbrassica species (Andersen et al., 2005;
Szumigalski and Van Acker, 2006), which may lea tetrong competitive ability against weeds for
light. However, there is variability among legunmesies for both aboveground traits and their gbilit
to uptake soil N (Hamblin and Hamblin, 1985; Hegedet al., 2008; Liu et al., 2011).

Intercropping oilseed rape with a legume may ineeethe diversity of functional traits, and thus th
interspecific complementary combination can exgoitwth resources (nitrogen and light) differently
and more efficiently compared to that in oilsegokeraole crops. Therefore, intercropping may lead to
less soil N and light available for weeds. Moreouwbe choice of a legume species having very
contrasting traits with oilseed rape should be de&ermining factor to increase the success of this
practice.

The complementarity between intercropping speciag also increase crop growth and productivity,
which is usually observed in intercrops based qurees and non-legumes. Legumes and non-
legumes have the ability to uptake soil N, but lega have the ability to use an additional source of
N: N, from the atmosphere. Moreover, the contributioMgfixation to N accumulation is greater in
intercrops compared to sole crops (Andersen et2805; Hauggaard-Nielsen et al., 2009). This
complementarity for the use of N sources is comediehe one of the main factors explaining the
increase of crop productivity in intercrops comhte sole crops (Corre-Hellou et al., 2006; Jensen,
1996). In brassica-legume intercrops, an incredsérassica biomass and N accumulation has
previously been observed (Andersen et al., 2005ikBat al., 2000; Szumigalski and Van Acker,
2005). This intercropping effect can reinforce tioenpetitive ability of the crops against weeds @il
improving crop productivity.

Previous studies showed that weed growth and weesitg are influenced by the level of inorganic N
in the soil as a function of weed species (Blacksbkaal., 2003; Moreau et al., 2013; Poggio, 2005;
Saucke and Ackermann, 2006). Moreover, the conmipasidf a weed community is determined by
environmental factors and competition between aitdinvweeds and crops (Spitters and Van Den
Bergh, 1982). Soil N availability is also an imgort determinant of the weed community composition
(PySek and Leps, 1991). Thus, intercropping leguspesies with oilseed rape may change the use of
available resources, which could modify the weedcis community compared with sole crops.
However, few studies have investigated this painbiercropping systems.

In the present study, oilseed rape is the main,@og frost-sensitive legume species were introdiuce

as service plants. The insertion of frost-sensiigrime species with oilseed rape was often peattis
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with an additive design (Cadoux et al., 2015), viriiercropped oilseed rape sown at the same density
as the sole crop.

In our study, we expected to maximize the intergjgecomplementarity between oilseed rape and
legume species thanks to a replacement designhwhéy lead to both the suppression of weeds and
the increase in or at least the avoidance of negaffects on oilseed rape yield.

The objectives of this study were (i) to determihe ability of oilseed rape intercropped with faba
bean or common vetch to supress weeds and (iijvestigate the effects on oilseed rape productivity
in relation with the complementarity between crapdts involved in competition for light and soil N
uptake during the winter. To test these objectitv@s,experiments were carried out in Western France
under field conditions for two years in order tonqaare intercrops and sole crops without weed

control in a replacement design.
6.2.Material and Methods
6.2.1. Site characteristics

Field experiments were carried out in 2013/14 adtb216 at the FNAMS (Fédération Nationale des
Agriculteurs Multiplicateurs de Semences) experitakfield station near Angers, France (47.5°N,
0.6°W). In the ploughed layer (0—30 cm), the sextire was a sandy clay in 2013/14 and a sandy
loam clay in 2015/16. The main characteristics athesite are presented in Table 6.1. The soll
contained 125 and 124 kg hKCl-extractable inorganic N at the 0-90 cm deqithaaving in 2013/14
and 2015/16, respectively. The average annual texye and precipitation are 112 and 565 mm
(1993-2013), respectively. The weather conditioneng the experimental years are presented in
Table 6.2. Rainfall and the number of cumulatedreleglays between September and July were quite
similar for both years. The previous crop was winteat {riticum aestivuni.) for 2013/14 and
barley Hordeum vulgare..) for 2015/16.
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Table 6.1.Characteristics of the measured topsoil (0 torBDleefore crop establishment in 2013/14 and 2015/16

2013/14 2015/16

% Clay 14.7 16.2
% Silt 22 20.3
% Sand 61.1 38.5
PH (water) 7.3 8.2

% Organic matter 2.2 2.6

% C 1.26 1.51
P,0s (mg kg") 176 60

K,0 (mg kg") 466 392
MgO (mg kg") 316 250
CaCQ ot () <0.1 22.5

Table 6.2.Mean air temperature and precipitation during20&3/14 and 2015/16 experimental years

2013/14
Air temperature (°C) Precipitation (mm) Air temperature (°C) Precipitation (mm)

Month Average Total Average Total
September 16.62 41.00 14.58 81.2
October 14.21 75.40 11.73 73.8
November 7.81 91.20 11.68 66.8
December 5.34 76.00 9.23 37.4
January 7.40 105.00 6.69 111

February 7.76 102.00 6.87 72.6
March 8.85 26.20 7.19 88.8
April 11.65 40.00 9.42 22.8
May 13.59 79.60 14.39 119.4
June 18.07 27.20 17.42 62.4
July 20.07 49.80 19.82 14

Total 4025 713 3962 750

'Sum of degree-days at base temperatur€c= 0
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6.2.2. Experimental design and crop management

Winter oilseed rape (ORBfassica napud..) was grown as a sole crop (SC) and intercropp€y
with spring faba bean (F)M{cia fabal.) or common vetch (V)\icia sativalL.). Faba bean and
common vetch were also grown as sole crops. Irdpscwvere studied using a replacement design;
each species was sown at 50% of the recommendedcsp density in alternate rows. The target
seeding rates for winter oilseed rape (cv. Bohesyjng faba bean (cv. Divine) and common vetch
(cv. Nacre) sole crops were 60, 46, and 90 se&dsanpectively. The experiments were arranged in a
block design with four replicates. The size of eatdt was 5 x 10 and 6.3 x 10 m in 2013/14 and
2015/16, respectively.

Soil preparation was carried out by ploughing,dad by harrowing. The crops were sown on 19
September in 2013 and on 08 September in 2015thiedintercrop treatments, the two species were
sown simultaneously with a seed drill that allowdifferential sowing depth for each species. The
sowing depth was 2 cm for oilseed rape and comneschvand 4 cm for faba bean. Row spacing was
35 cm. The crops were irrigated one day after sgpwiha rate of 15 mm to ensure homogeneous
emergence.

All plots were supplied 70 kg N Hain the form of ammonium nitrate based fertiliz&H;NO5)
divided twice after winter in February and Marchidl nitrogen fertilization rate was calculated
according to the balance sheet method (LagardeCaadpolivier, 2006) for intercrops and based on
the need of oilseed rape in intercrops. No weedrabmvas performed. Pests and diseases were
controlled with appropriate pesticides. Anti-slugatments of ferric phosphate (Sluxx) were applied
each year. In addition, the insecticide deltamatt{decis Protech; 0.33 L Ka was applied in
2013/14, and the fungicide prothioconazole (Pragshioha') was applied in 2015/16.

6.2.3. Sampling measurements and analytical methods

Crop and weed biomass were harvested twice dunieagilseed rape life cycle: prior (December) to
and after winter (February) (Table 6.3). Plantsenegirvested from a 1.2 m2 area (4 row x 0.75 m) in
2013/14 and a 1.05 m2 area (4 row x 0.75 m) in Z2@L&within each plot. Total aboveground biomass
included legumes residues after the frost peride green leaves were separated from the other parts
of the plant for each species. The leaf area (LfAthe crops and weeds were determined for each
sampling date, except at harvest, by measuringtben leaf area of 5 plants for cultivated cropd an
for all weeds present in the sampling area. Lead #£A) was measured using an LI3100 area metre
(LI-COR Inc., NE, USA). In 2015/16, due to the dastion of leaves of faba bean and common vetch
by frost damage and disease, leaf area was measnhgedbefore winter. Crops and weeds samples
were dried at 70°C for 48 h. Samples harvestedrbedad after winter were ground to measure N

content (for weeds and crops) and the 15N:14N i@&biolegumes) in aboveground biomass using a
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CHN analyser (EA3000, Euro Vector, Milan, Italy)daa mass spectrometer (IsoPrime, Elementer,

Hanau, Germany).

Crop height for five plants per harvested area maasured from the soil surface to the cover height

in the field. Crop density was estimated in the s&arvested areas before sampling, and weed density

was also measured for each species separatelgrasaapling date.

Yield and the yield components of oilseed rapeifgy&eld per hectare and per plant, weight per 1000

grain, number of grain per m2, and number of gpginplant) were measured at harvest.

Table 6.3.Dates of weed and crop biomass samplings witltdineesponding crop growth stages (BBCH) in 2013/14

and 2015/16

2013/14 2015/16
Sampling date Growth stage Sampling date Growth staget
Oilseed Faba Common Oilseed Faba Common
rape bean vetch rape bean vetch
2013 2015
Crop and  weec
02 December 16 21 34 02 December 16 21 34
biomass
2014 2016
Crop and  weec
17 February 32 55 51 23 February 51 _ _
biomass
Oilseed rape yield 02 July 81 _ _ 28 June 81 _ _

_ indicates that the legumes species were partaligtally killed by frost and disease
'According to BBCH scale of (JKI, 2010) at samplifage
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6.2.4. Calculations and statistical analysis

The nitrogen content in the crop and weed biomaas ealculated as the product of aboveground

biomass and %N content.

The percentage of accumulated exogenous N deriesd the atmosphere (%Ndfa) was determined

using the™N natural abundance method (Amarger et al., 198).oilseed rape sole crop was used as

a reference crop to calculate fikation in the legume species by using the folluyvequation:
%Ndfa=100 x [§**Noilseed rap&°Nlegume) / §**Noilseed rape)],

whered'N legume and™®N oilseed rape are the natufal enrichment of the legume and oilseed
rape sole crops, respectively.
The f value is the isotopic fractionation factor meadui@ each species from legumes grown in N-
free conditionsg = -1.70 for faba bean shoots grown in N free mad{uépez-Bellido et al., 2010),
andg = -0.9 for common vetch (Yoneyama et al., 1986).
The amount of Mfixed was calculated as the product of abovegrdaochass, %N content and the
proportion of plant N derived from Nixation (%Ndfa). The amount of N derived from s@idfs)
was calculated as the difference between the abowed N content and the amount of fiked from
the air.
The land equivalent ratio (LER) is defined as thlative land area required when growing sole crops
to produce the yield achieved in an intercrop. LfBRan oilseed rape-legume intercrop is the sum of
the partial LER values for oilseed rape (LBER) and legume (LER (Willey, 1979). LER was
calculated for crop aboveground biomass and cribpfNagptake as followed:

LER = LERk+ LER,,
LERor= ORc/ORsc LER, = Lc/Lsc,
where OR and L are the assessed variables foredilsggpe and legumes, respectively, in the inter-
cropped (IC) and sole-cropped (SC) designs. LEReshigher than 1 indicate an advantage from
intercropping compared to the respective sole ciofgerms of crop aboveground biomass and crop
soil N uptake.
The percentage of weed biomass in the total abouedrbiomass (crops + weeds) was calculated in
each treatment. The percentage of soil N accuntllayeweeds in the total soil N accumulated by

both weeds and crops was also calculated.

86



The species diversity of the weed community wagesss] by calculating different indices at each
sampling date. Species richness (S) was the meamberuof species observed per treatment
(Magurran, 1988). Shannon-Wiener’s indicatot)(iWas used to describe the diversity of the weed
population using the following equation:

H' ==Y *Inp;) p=n/N
wheren; represents the number of observed individuals fer weed species, and N the total number
of observed individuals per treatment. The valueHokaried from 1 (low diversity) to 4 (high
diversity).
The Simpson evenness index (D) was used as a meeaSwequitability of the weed population
(Magurran, 1988) and was calculated using theioilg equation:

D=3 (m(m-1) / N(N-1)),

D varied from 0 (a very dominant weed species) (owded species are equally distributed).
The statistical analysis was conducted using thebooed experimental years, except for weeds
variables and oilseed rape yield components, wtereanalyses were performed separately for each
year. The effect of the different treatments on dge@ensity, leaf area (LA), aboveground biomass
and soil N uptake) was tested by a one-way anabfsiariance (type Ill sum of squares:= 0.05). To
test for the normality of residues and homoscedagtihe Shapiro-Wilk and Bartlett tests were ysed
respectively ¢ = 0.05). Means were compared using Tukey's HSO {eknest Significant
Differences;a = 0.05). To meet the assumptions of ANOVA, weeapprtion data were transformed
using the arcsine square root transformation, veseveeed density and weed leaf area were squared
and In transformed, respectively, for the afterteirsampling date in 2013/14. All statistical asaly
were performed using package R Commander in R aoftwversion 3.1.2 (RCore, 2012). We
compared the intercrops and sole crops each yaasdweeral variables (crop traits and weed
infestation) by radar plots using scores calculdtedeach variable through the minimum (Min) and

maximum (Max) observed values as follows: scor® x {value-Min)/(Max-Min).
6.3.Results
6.3.1. Comparison between oilseed rape and legumes giavdlisoil N uptake in sole crops

Significant differences were observed between sadps concerning crop growth and soil N uptake
before and after winter (Table 6.4). Faba beanahlaigher crop height, crop growth and soil N uptake
than common vetch before and after winter. Faba lndained a greater leaf area index (+139%),
height (+236%) and aboveground biomass (+101%) tilaeed rape before winter. Despite having
lesser crop biomass, oilseed rape was able to eigtdigh amount of soil N. The differences between
faba bean and oilseed rape in crop height weretaiaed after winter, whereas the differences were
not significantly different for crop biomass. Thigltthcompetitive ability of oilseed rape for soilvias

also maintained after winter.
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Unlike faba bean, common vetch had similar abowagplotraits (leaf area index, crop height and

biomass) as oilseed rape before and after wintexeNheless, common vetch had a significantly

lower (-70%) soil N uptake than oilseed rape beéore after winter (Table 6.4).

Table 6.4.Comparison between oilseed rape (OR), faba bepan@ common vetch (V) growth and soil N uptake as

sole crops (SC) before winter in December and affeter in February. Values are meaw4) + standard error for
2013/14 and 2015/16. Crop leaf area index was mednly before winter in 2015/16

Density (plt n)

Leaf area index (Am?)

Aboveground biomass (t Ha

Soil N uptake (kg hd)

Height (cm)

Density (plt n)

Leaf area index (fm?)

Aboveground biomass (t Ha

Soil N uptake (kg hd)

Height (cm)

Before winter

OR SC F SC V SC P-valué
45.48 +1.57 b 36.90 +1.80¢c 70.83+4.69a 1.39x10%° ™
1.38+0.14b 3.30+0.26 a 1.08+0.09b 9.84x10°" ™
0.99+0.10b 1.99+0.06 a 0.79+0.06 b 1.98x10%™
28.14+3.15a 18.86+1.11a 8.43+1.05b 4.09x10°°™
21.10+1.25b 70.90+4.41a 18.20+£0.97 b 3.07x10"™
After winter
45.83 +3.10 ab 35.71+1.37b 4857 +4.27 a 3.58x10%"
02.16 + 0.51 2.39+0.32 3.25+0.18 NS
01.42+0.28 ab 2.94+0.35a 1.21+0.28b 1.69x10°
47.76 +10.7 a 33.64+6.92 ab 14.32+£4.30b 4.66x10°"
14.13+1.61b 66.73+4.28 a 21.60+2.95b 5.65x10°° ™

Means in the same row with different letters agmiicantly different a<0.05

NS: Means were not significantly different

*x *% % indicate significant differences amongpecies ap<0.001,p<0.005,p<0.01, respectively

'P.values (analysis of variance ANOVA Type Ill, sufrsquaresg=0.05)
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6.3.2. Effects of intercropping on crop growth and produitt

Oilseed rape growth and soil N uptake were greabsm intercropped with faba bean compared with
the oilseed rape sole crop (Fig. 6.1). These peséifects appeared before winter and increased aft
winter. The leaf area per plant of intercroppede®d rape increased by 63% and 88% compared to
the oilseed rape sole crop before and after winéspectively. The aboveground biomass per plant of
intercropped oilseed rape with faba bean incredsed32% and 56% before and after winter,
respectively, compared to the oilseed rape solg @f@. 6.1). The presence of faba bean resulted in
an increased height of oilseed rape by 47% befontewand by 108% after winter. In addition,
accumulated N per plant increased significant6% and 60% before and after winter, respectively,
in intercrops compared to the oilseed rape solp.cro

Unlike the oilseed rape-faba bean intercrop, inditeeed rape-common vetch intercrop, oilseed rape
growth and soil N uptake were similar as in theesolop before winter. However, aboveground
biomass, soil N uptake and height increased by 438 and 29%, respectively, in intercrops
compared to sole crops after winter (Fig. 6.1). hercrop effect was lower than that with fabarbea
The leaf area and crop height of oilseed rape drapped with faba bean were higher by 77% and

57%, respectively, compared to oilseed rape im@med with common vetch after winter.
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Figure 6.1. Effects of legume species on intercropped oilse@e (OR) with faba bean (OR F IC) or common vetch
(OR V IC) before winter (BW) in December and aftenter (AW) in February. Values are mear4) + standard error
for the two experimental years (2013/14 and 201)5/ékcept for leaf area after winter, which was sugad only in
2013/14. Columns with the different letters arendigantly different using Tukey's studentized rantest (Tukey'’s
HSD; ¢=0.05)
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The total LER obtained by oilseed rape-faba bearafmveground biomass and soil N uptake were
greater than 1, indicating an increase of crop gnamd soil N accumulation in intercrops compared
to sole crops. The LER values increased betweeremleer (before winter) and February (after
winter). The values ranged from 1.17 to 1.69 fanvaground biomass and from 1.35 to 1.75 for soil
N uptake before and after winter, respectively (Bg). When oilseed rape was intercropped with
common vetch, the LER values were less than thét faba bean and varied from 0.94 to 1.28 for
aboveground biomass and from 1.01 to 1.31 for Mailptake before and after winter, respectively.
Partial LER values were greater for oilseed rapmntfor legumes, indicating that oilseed rape

benefited more than the legumes from intercropiig. 6.2).

2.00 - 2.00
ORFIC OF ORVIC ov
mOR | OR
£
1.50 1.50 * *
E 1.00 I_I—I ’{—‘ .................... E 1.00 .—;l:_. m ’—I—‘
-t o |
0.50 0.50 H i
0.00 0.00
DW Ndfs DW  Ndfs DW Ndfs DW Ndfs
BW AW BW AW

Figure 6.2. Total andpartial Land Equivalent Ratio (LER) of oilseed rgf@R), faba bean (F) and common vetch (V)
using aboveground biomass (DW) and soil N uptakd{Nakfore winter (BW) in December and after wir(&V) in
February when oilseed rape is intercropped usirepacement design with faba bean (OR F IC) or commetch (OR

V IC). Values are meam£4) + standard error for the two experimental ye2043/14 and 2015/16. “*"above the
histogram indicates that a total LER > 1 was sigaift atP=0.05, whereas “*” on the histogram indicates thaiartial
LER > 0.5 was significant &=0.05
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6.3.3. Effects of intercropping on weed suppression

Weed infestation in 2015/16 was higher than th&(mh3/14. Weed density and weed biomass before
winter were four times greater in 2015/16 than @214 in the oilseed rape sole crop (Table 6.5).
The most prevalent annual weed species in 201380/ wipia myuros.., whereas/eronica persica

L. and Stellaria mediaL. dominated the weed community in the second ex@atal year (data not
shown). Before winter, no significant differencesrer observed between the treatments for weed
biomass, weed N uptake and weed leaf area indexdWid@®omass contributed to 13% of the total
biomass (weeds + crops) in 2013/14 and up to 51201%/16 before winter in the oilseed rape sole
crop. In 2015/16, in oilseed rape-faba bean, thegmage of weeds in the total biomass was
significantly reduced compared to the oilseed e crop before winter.

After winter, significant differences were obsenmtween the treatments for weed biomass and weed
N uptake but not for the weed leaf area index. 003214, weed biomass and weed N uptake were
significantly lower under the faba bean sole citgntthe vetch sole crop. However, intercropping did
not reduce weed biomass and weed N uptake compated oilseed rape sole crop. In 2015/16, the
oilseed rape-faba bean intercrop reduced weed B®i@mpared to the oilseed rape sole crop but did
not reduce significantly weed N uptake. The pe@gatof weeds in the total biomass (weeds + crops)
was 25% in the oilseed rape-faba bean intercropeaosd to 64% in the oilseed rape sole crop. Unlike
the oilseed rape-faba bean intercrop, the oilsepd-vetch intercrop was not able to reduce weed
biomass compared to the oilseed rape sole crop.

The proportion of total soil N taken up by weedavinter was greater in common vetch (42% in
2013/14 and up to 94% in 2015/16) compared to ithdéhe faba bean sole crop (14% and 61% in
2013/14 and 2015/16 respectively). Similar propmgi were observed for faba bean and oilseed rape.
In 2015/16, the amount of nitrogen taken up by weiedthe oilseed rape-faba bean intercrop was
lower (36%) than in the oilseed rape sole crop (b{Pable 6.5). There was a negative relationship
between the crop and weed aboveground biomass atation after winter R= 0.86") (Fig. 6.3, a).
Moreover, a negative relationship was found betwden crop N uptake and weed aboveground
biomass in both years after wintdR%0.72") (Fig. 6.3, b). Weed density and crop aboveground

biomass were negatively correlatd® 0.67) but in a lesser extent than weed biomass (F8.d.
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Table 6.5.Effects of oilseed rape (OR), faba bean (F) amdroon vetch (V) grown as sole crops (SC) or as int@s (IC) on weed infestation before winter (BWjl arfter winter

(AW) in 2013/14 and 2015/16. Values are mea4| + standard error for the two separate experiaigrears

2013/14
OR SC
F SC

V SC
ORFIC
ORVIC
P-valuet
2015/16
OR SC
FSC

V SC
ORFIC
ORVIC

P-value

Weed aboveground biomass (| Weed biomass in total abovegrounc Weed N (kg ha')

ha®)

BW

0.20+0.03
0.17 +0.07
0.30+0.09
0.23+0.05
0.31+0.09

NS

0.77 £0.10
0.53 £ 0.04
0.57 £0.11
0.62 £0.12
0.71+0.09

NS

AW

0.48 +0.08 ab
0.25+0.08 b
0.67+0.11 a
0.39 +0.06 ab
0.48 £ 0.06 ab

4.33x10°"

1.17 £0.10 ab
1.00 £0.12 be
1.37+0.10 a
0.76 £0.06 ¢
1.29+0.08 a

3.49x10>™

biomass (%)

BW

13.80+1.85ab
8.08+3.79b
28.15+6.67 a
12.32£3.07 ab
2494 +6.26 a

8.32x10°"

51.16 +4.43 a
20.66 +1.66 ¢
38.61 +7.28 abc
27.36 +4.49 bc
46.83 +4.07 ab

2.49x10°"

AW

18.13 +3.03 ab
6.27+2.19¢c

2473+3.16a
9.62 £1.76 bc

16.01 +1.43 ab

1.97x10*"

64.41+4.89a
33.21+4.24b
76.30 £2.07 a
2546 +4.53b
62,50 +3.99 a

4.53x10%™

BW

6.28+1.24

3.51+1.27

7.72+1.93

6.17 +1.15

9.68 +3.16

NS

22.05+1.42

22,11 +2.36

20.85 + 3.37

24,77 £5.23

23.09 + 3.04

NS

AW

15.24 + 2.65 ab
6.97+1.76b
20.52+3.33a
11.58 + 1.68 ab
15.11 + 2.04 ab

3.70x10%"

26.03+2.41ab
33.37+3.99 ab
35.52+2.00a
23.11+0.96b
32.02 +3.04 ab

1.35x10°"

Weed N in total aboveground N Weed density

(%)

BW

1462+18 b
16.82 £ 5.25b
49.97 £ 9.47a
16.72 £ 3.97b
31.78 £ 9.36ah

7.55%x10° ™

51.58 +3.92
50.20 +2.76
66.73 + 6.48
427554

54.83 +5.76

NS

Means within each column and experimental year diffierent letters are significantly differer?€0.05)

NS: Means were not significantly different

*x *% % indicate significant differences amongpecies ap<0.001,p<0.005,p<0.01, respectively

'p.values (analysis of variance ANOVA Type IlI, sufrsquaresg=0.05)

AW

16.26 + 2.34b
13.99 £ 4.29b
42.69 + 3.52a
15.11 £ 1.62b
21.32 +1.66b

1.61x10°™

59.33+5.47b
61.03+5.27b
94.04 + 1.03a
35.83 £ 5.56¢
62.42 +3.07b

5.55x10"° ™"

m?)

BW

224.29 +55.28
228.57 +79.13
182.38 +72.73
168.33 +31.91
204.76 + 94.03

NS

906.67 + 185.63
585.00 + 64.45
719.76 + 246.65
695.48 + 198.57
712.14 £ 98.53

NS

(p Weed leaf area index (f

AW

153.10 +£43.92

138.33 £34.79

183.10 +43.02

205.95 +40.28

165.48 + 33.16

NS

786.90 + 148.59

561.19 +177.17

715.48 + 235.56

438.10 £ 111.11

603.81 + 159.35

NS

m?)

BW

0.31+0.07
0.40 +0.17
0.47+0.11
0.33+0.05
0.71+0.25

NS

1.28+0.14
1.34+1.80
1.19+0.26
1.53+0.24
1.36+£0.17

NS

AW

0.67 +0.15
0.50+0.15
1.10+0.21
0.76 +0.13
0.74+0.11

NS
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Figure 6.3. Weedaboveground biomass (t Haas a function of the crop aboveground biomassafa) crop soil N uptake (b), and weed density &snation of crop aboveground
biomass (c) for all treatments. Linear regressi@s warried out for the combined two years and deduboth the sole and intercropped treatments aiteer in February. “*”, “**”,
“**" indicate that a regression is significant p£0.001,p<0.005,p<0.01, respectively, according to the table progdseFisher and Yates (1938).
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6.3.4. Competitive abilities profiles

represented with radar plots (Fig. 6.4). Faba baad oilseed rape displayed large differences
concerning aboveground traits. Faba bean had degre@p height and crop biomass than oilseed
rape. Moreover, despite its lower aboveground dgnpwitseed rape had a high ability to uptake soil N
The complementarity between faba bean and oilsmeel increased crop growth and soil N uptake in
the intercrops. Intercropping faba bean with oilsesgpe was efficient in reducing weeds compared to
the oilseed rape sole crop especially in 2015/16.

Common vetch had reduced values for abovegrouitd tmmpared to faba bean each year, and these
values were close to those of oilseed rape. Moreaammmon vetch had low soil N uptake ability.
Thus, common vetch had a lower competitive abdggpinst weeds. Intercropping common vetch with

oilseed rape was not able to reduce weeds compatkd oilseed rape sole crop.

------- ORSC 2013/14 seseees ORSC 2013/14
- = FSC ==V
Weed density Weed density
e OR V IC 10
8
) 6 F~w o
Weed DW Crop height 1l - 'Weed DW
4
Y '
¢ |
|
.\"'"... S ~ :
Weed N uptake Crop N uptake ** Weed N uptake
Crop DW Crop DW
....... ORSC 2015/16 cevnees ORSC 2015/16
- = FSC Weed density - - VSC .
10 e, Weed density
—— OR F IC s IS e OR VIC 10 .
2R 8 +%
: ! ", o~
Crop helghtV -~ Weed DW Crop height 6 ‘ S Weed DW
~ ¥
) 4 |
: ]
' |
|
|
Crop N uptake Weed N uptake Crop N uptake ~ Weed N uptake
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Figure 6.4. Comparison between the sole crops and intercropgingltaneously for their studied traits and thedfects
on weed suppression after winter in February bpgisadar plots for each experimental year in 204.3id 2015/16.
Oilseed rape sole crop (OR SC), faba bean sole (fofC), common vetch sole crop (V SC), and oilsesgze
intercropped with faba bean (OR F IC) or commorchéOR V IC). Weed bhiomass (%) and weed N (%) ingiche

proportion of weed aboveground biomass and weedegisound N in the total (weeds + crops), respelstive
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6.3.5. Weed diversity and species richness

Species diversity (Hl of the weed communities was low and was not erfted by crop treatment

regardless of the sampling date (Table 6.6). Thehau of weed species (S) was similar under the

different treatments. Weed species evenness (Desalere close to 1 regardless of the sampling date

and treatment, which indicated that weed species egually distributed in the population during the

two experimental years.

Table 6.6. The Shannon-Wiener index '(fispecies richness (S) and the Simpson evennéss (D) corresponding to

the treatments of oilseed rape (OR), faba beaarfe)common vetch (V) grown as sole crops (SC) antascrops (IC)

carried out using the means=@l) + standard error in 2013/14 and 2015/16.

Before winter After winter
Treatment H' S D H' S D
OR SC 1.52+0.13 16.25 +£0.93 0.65 £ 0.05 1.55+0.19 14.25+1.06 0.65 +0.06
F SC 1.70+£0.18 17.50 £ 0.56 0.68 +0.05 1.51+£0.12 13.25+£0.82 0.66 = 0.05
VvV SC 1.66 +0.20 16.63 £1.13 0.68 £0.07 1.92+0.46 15.13+1.08 0.65 +0.06
ORFIC 1.64 £0.19 16.38 £0.73 0.65 +0.06 1.38£0.15 14.13+£0.91 0.64 +0.05
ORVIC 1.66 +0.19 15.13+1.10 0.69 £0.07 2.19 £0.52 14.63 +£0.88 0.64 +0.06
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6.3.6. Yield components of oilseed rape

The grain yield of the oilseed rape sole crop redch.82 and 1.57 t Han 2013/14 and 2015/16,
respectively (Table 6.7). Although the planting signof oilseed rape in the intercrops was halfhef

planting density in the sole crop, similar graielgiiwere obtained in the intercrops and sole chops

both 2013/14 and 2015/16. The number of grainsspaare metre and weight per 1000 grains were

also similar in the intercrops and sole crops.rbrt®ping increased the number of grains and yield

per plant. In 2015/2016, the number of grains pantpand seed yield increased by 3 times in the

intercrop compared to the oilseed rape sole crop.

Table 6.7.The grain yield components of oilseed rape grosa gole crop (OR SC) or intercropped with faban{€R
F IC) or common vetch (OR V IC) in 2013/14 and 2065 Values are mean%3) + standard error.

Grain yield Grain yield Weight per Number of grains
Treatment plant m? Number of grains m?

(tha?) (g plth 1000 seed (g) per plant
2013/14
OR SC 37.14+0.45a 1.82+0.19 489 +0.51 4.40 £ 0.05 41186.99 £ 3937.55 1109.06 + 105.83
ORFIC 1524+162b 1.17+0.33 8.08 +2.82 4.66 £0.10 25371.09 £ 7566.53 1771.05 £ 654.21
ORVIC 20.63+1.44b 1.51+£0.18 76+1.41 4.58 +0.16 32747.42 £2959.81 1632.20 £ 245.75
P-valu¢  2.76x10°" NS NS NS NS NS
2015/16
OR SC 4952 +156a 1.57+0.45 3.24 £0.99b 3.41 +0.06 45649.03 £12620.40 939.72 + 275.4&
ORFIC 20.95+0.78b 197 £0.16 9.39 £0.54a 3.42 £ 0.05 57514.60 £ 3998.53 2740.56 + 137.66
ORVIC 23.17+1.13b 147 £0.23 6.28 + 0.81ab 3.34 £ 0.05 43864.49 £ 6348.88 1874.13 + 225.2(b
P-value¢:  1.76 x10°™" NS 4.92x10*" NS NS 3.96 x10*”

Means within each column and experimental year diifierent letters are significantly differer®€0.05)

NS: Means were not significantly different

*x xx % indicate significant differences amongpecies ap<0.001,p<0.005,p<0.01, respectively

!P-values (analysis of variance ANOVA Type lll, sufrsquaresg=0.05)
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6.4.Discussion

Annual intercrops of cereal-legumes have been tegan previous studies to be more productive and
more able to suppress weeds than comparable smbs ¢Begna et al., 2011; Corre-Hellou et al.,
2011; Gronle et al., 2014; Hauggaard-Nielsen ef8D1b; Pridham and Entz, 2008; Szumigalski and
Van Acker, 2005)However, there is little information regarding timeercropping of brassica and
legume species and its impact on weed suppression.

This work demonstrates that the oilseed rape-legumeecrop is a relevant strategy when trying to
reduce weed infestation and favour crop produgtivéispecially under high weed infestations. We
observed that the effects on weed suppressionreiiffgreatly as a function of legume species and

interspecific complementarity that resulted frommtrasting traits between oilseed rape and legumes.

Intercropping effects on weed suppression in reladin to crop functional traits

Oilseed rape-faba bean intercrops tended to suppresds greater than oilseed rape-common vetch
intercrops. The greater competitiveness of intgnoirng against weeds notably appeared after winter
for each experimental year. Oilseed rape-faba bearcropping reduced weed aboveground biomass
by 35% compared to the oilseed rape sole crop umidarweed infestations (2015/16). Moreover, the
proportion of N accumulated by weeds in the tobaveground N in weeds and crops was reduced by
60% in the oilseed rape-faba bean intercrops cosdpiar the oilseed rape sole crop. The main factor
explaining these effects on weed infestation seenise the interspecific complementarity between
oilseed rape and faba bean. Indeed, faba bean dhowephological traits that contributed to a high
competitive ability for light, which included grestaboveground biomass and plant height. Moreover,
oilseed rape produced less aboveground biomasstanter plants than faba bean, but it showed a
high competitive ability for soil N uptake. Thisnability between oilseed rape and faba bean traits
contributed to achieving the complementary use miwth resources when intercropped. Thus,
reduced amounts of light and soil N may have beeriable for associated weeds.

Unlike the oilseed rape-faba bean intercrop, thseed rape-common vetch intercrop was less
efficient at reducing weed parameters for both erptal years. Common vetch displayed a very
low aboveground biomass and soil N uptake comparddba bean. Moreover, common vetch had
similar aboveground traits as oilseed rape, bugeeill rape was more competitive for soil N. As a
result, more light and soil N were probably avdiator weeds, and the level of complementarity for
sharing resources between oilseed rape and cometoh was not enough to reduce weeds.

Previous studies have shown that the effects sked rape-legume intercrops on weed suppression
differ as a function of legume species and planisiies. Lorin et al. (2015) found differences
between legume species intercropped with oilsepd na relation with differences in aboveground

biomass. A larger amount of total biomass (oilsesge + legume) was associated with a larger
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decrease in weed abundance (Lorin et al., 2015uri@¢h and Telavat (2009) observed high weed
suppression with an oilseed rape-faba bean infergarticularly with high densities of faba beam. |
these studies, competition for light was assumeaketthe main driver of competitive ability for such
intercrops against weeds and the traits of bothpom@ants (oilseed rape and legumes) explaining the
competitiveness of intercrops against weeds weténmestigated. Our work reveals that competition
and complementarity for soil N may be a key pomthe interactions among legumes, non-legume
plants and weeds. Since aboveground traits arellysmare investigated than belowground, we
suggest that the identification of the main roaits involved in soil N acquisition should be also

investigated in future studies.

Factors influencing the competitiveness of the interops against weeds compared to the sole
crops

The weed infestation level was greater in 20154 mared to 2013/14. In 2013/14, after winter, the
oilseed rape sole crop accumulated a greater bo(8ak9 t hd) and was able to take up more soil N
(77.65 kg hd) than all the other treatments (Fig. 6.3). Thewfdhe oilseed rape sole crop was a
greater competitor against weeds, and the presg#riegumes intercropped with oilseed rape did not
improve weed control. Oilseed rape developed slawl2015/16 and had less aboveground biomass
(0.65 t hd) and a weak ability to uptake soil N (17.87 kghhafter winter, and thus, it provided low
weed suppression. In this year, the presence af fan with oilseed rape increased aboveground
biomass to 2.40 t Haand soil N uptake to 45.96 kg hahus contributing to a reduction in weed
biomass by 35% compared to the oilseed rape sofe tm our experimental conditions, oilseed rape
was able to supress weeds alone once it reachesshold of 2 t haof aboveground biomass and 80
kg ha' of soil N uptake. Our relationships between abowegd biomass and weed biomass are
consistent with previous studies. A previous wdrkwged effective competition against weeds when
aboveground biomass of both intercropped plantshegha threshold of 2 t ian November (Cadoux

et al., 2015). Additionally, Valantin-Morison andeyhard (2008) showed that when an oilseed rape
sole crop was able to accumulate 100 kg bisoil N in the early winter, it was highly conijiive
against weeds. In low input systems, as in ourystitds difficult to reach these thresholds inesol
crops. Oilseed rape-legume intercropping may belevant practice to attain the sufficient amount of
aboveground biomass and N uptake in order to engeesl suppression in low input systems under

high weed pressure.

Effects on weed density and weed species diversity

We did not observe a reduction of weed densityhim intercrops compared to the sole crops, as

previously observed by Szumigalski and Van AckdlOg&) in an oilseed rape-pea intercrop. Weed

biomass was more influenced than weed density danation of crop treatment (Fig. 6.3).
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Nevertheless, other studies also found negativexisffof intercropping on weed density (Lorin et al.
2015; Teasdale, 1996).

Weed species diversity (Hwas low due to the dominance of one species otrar species and was
not affected by the presence of legumes becausesah® species number was observed in all
treatments. Similarly, Saucke and Ackermann (2@®erved no changes in weed species diversity
between treatments; species numbers were ideniticahe sole crops and the false flax-pea
intercropping treatments. In another study in Atgen it was found that barley-pea intercrops
displayed a lower weed species diversity compavetfiea sole crop but a similar diversity as barley
sole crops, and weed species diversity was founc ratable across the experiments in intercrops

compared to sole crops (Poggio, 2005).

Effects of intercropping on crop growth and productvity
Intercropping improved and facilitated the growtli cilseed rape by increasing its height,
aboveground biomass and leaf area and its abdlityptake soil N compared to an oilseed rape sole
crop. This may be related to the interspecific clementarity for resource use that resulted from the
differences between crops traits. The positivecéffef intercropping on oilseed rape performanak ha
already been shown in some previous studies. hujgped oilseed rape accumulated a 20% greater
amount of N per plant than sole crops, but the\heainsfer from faba bean to oilseed rape in autumn
was found to be negligible (Jamont et al., 2018a Acreased the ability of oilseed rape to upsalie
N in an intercropping replacement design (Anderseal., 2005). Andersen et al. (2005) was also
found that soil N availability for oilseed rape wggater in intercropping.
All studied intercrops displayed land equivalentioravalues close to or exceeding 1 for both
aboveground biomass and soil N uptake, indicatisgraplementary use of growth resources before
and after winter. However, the evaluation of intepping performance according to the LER values
showed a greater benefit of intercropping over sob@ping under oilseed rape-faba bean than under
oilseed rape-common vetch intercrops. Andersenl.e{2805) observed that the LER values of
aboveground biomass in intercropped pea-oilseed vapied from 1.32 to 1.16 at low and high
fertilization levels, respectively, in a replacemdesign, indicating the abilities of legume andhno
legume plants to exploit different N pools leadiagield advantages over sole crops especiallgun |
nitrogen input systems. When mustard was inter@dpgith pea, lentil or chickpea in a replacement
design, all intercrops reached LER values more hagxcept in mustard-chickpea intercrops (Banik
et al., 2000). The LER values were affected negbtilsy increasing the N fertilization rate in oésk
rape-pea intercrops (Andersen et al., 2005) andardspea intercrops (Waterer et al., 1994). A high
amount of soil N at sowing (approximately 100 kg has in our study) contributed to increasing the
competitive ability of oilseed rape against weadaldéntin-Morison and Meynard, 2008). However, in
intercropping, this level of soil N availability calecrease or delay complementary effects.
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In our study, oilseed rape produced similar graghdyper hectare in both sole crops and intercfops
both experimental years. Moreover, in 2015/16,rgraeld (g per plant) and the number of seeds
produced per plant were significantly greater itefiorops with faba bean than in sole crops. Oilseed
rape can demonstrate high plasticity for yield dwip in replacement intercrops when sown at half
density. Banik et al. (2000) observed that musfsed-intercrops performed better than (mustard-
lentil) and (mustard- chickpea) intercrops, wherestard B. campestrishad the highest yield (1 t ha

1) compared to mustard sole crops (0.70Hhia a replacement design. In our work, becausthef
absence of weed control, the grain yield of oilsesmk (1.59 t h4 was low compared to the average
yield of oilseed rape in France (4 t)h However, Valantin-Morison and Meynard (2008) adbéd
similar grain yields (1.19 t Hfaon average) in organic oilseed rape sole cropsavhienilar weed

pressures were observed.

Effects of intercropping design and crop management

The effects of intercropping on weed suppressiah@oductivity depend also on crop management
such as sowing date. In such intercrops, the legumere sown at a different time than their
recommended sowing times in sole crops with padémiégative impacts on their development and
sensitivity to pests and disease. In our studyetiryy sowing of common vetch (one month before the
recommended sowing time in a sole crop) increasesensitivity to fungal diseases (rust), especiall
in 2015/16 (data not shown). Our study focused pmties traits, but it would also be interesting to
study different cultivars within a species withimigar approach but also included specific critana
relation to potential limiting factors in such ssts (e.g. sensitivity to disease, sensitivity tust.
Other studies also displayed interest in usingrie@gmixtures intercropped with oilseed rape (Cadoux
et al., 2015; Lorin et al., 2015). The choice offtasted legumes concerning competition for ligid a
soil N uptake could further improve weed suppressibility. Our results highlighted the advantages
of a replacement design regarding weed suppressidrfavouring the interspecific complementarity
between intercropped species associated with pestfects on oilseed rape performance. It would be
interesting to compare in a same study replaceamhidditive designs and to compare intercropping
effects with a control treatment with herbicidesr{rselective to legumes) in various weed pressure
conditions. In our study, in intercrops, only this@ed rape was harvested, whereas legumes were
considered as frost-sensitive legumes even if éhgerature was not low enough to completely kill
the legumes in both years. However, other studidicated the possibility of harvesting the two

species and having an additional benefit of intggpmg (Andersen et al., 2005).
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6.5.Conclusions

Our study demonstrates that oilseed rape-legunercnalps is a relevant strategy when trying to
reduce weed infestation and favour oilseed rapdyatovity, especially under high weed infestations.
We observed that the effects on weed suppressifamati greatly as a function of legume species and
interspecific complementarity that resulted fronmtrasted traits between oilseed rape and legumes.
Our results also highlighted the advantages opacement design compared to a sole crop regarding
weed suppression and favouring the interspecifimpementarity between intercropped species
associated with the positive effects on oilseec nag@rformance under a low input cropping system.
The combination of intercropped species with caté@ traits appears to be a key factor for the

success of intercropping in order to improve bogeavsuppression and crop productivity.
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Dans le chapitre 4 nous avons exploré un autre type d'associatibécaelle pluriannuelle au
champ en production de mais semence afin de moatresuveau l'effet sur des adventices et la
composition de la flore adventice. Cette expérimtm teste différents couverts de Iégumineuses et
de graminées. En plus de l'effet sur les adventatele rendement de mais, un résultat marquant
concerne 'impact sur la flore adventice en fonttite la disponibilité en azote minéral dans legsol

varie selon les couverts.
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7.Chapitre 4. Weed suppression and changes in

species composition of weed comumities

occurring in no-tillage seed maize with living or

dead mulches

Ce chapitre correspond a un article en préparatom le journalCrop Protection
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Weed suppression and changes in species compositadfrweed communities occurring in

no-tillage seed maize with living or dead mulches

Abstract

Introducing legume and grass cover crops as liwnglead mulch before and throughout maize
growing season could be a strategy for weed managgewhile maintaining maize productivity. A 2-
year field experiment was carried out in WestermEe to assess the effect of cover crops managed as
living or dead mulch on weed control (density amhiass), on weed species composition and yield
of a seed maize crop. Two legume cover crops,falfledicago sativaL.) and white clover
(Trifolium repensL.), two grasses, oaAyena sativd..) and English ryegrasd.¢lium perennd..),

and a mixture of English ryegrass-white clover weoen in autumn 2012 and mowed or killed by
glyphosate in May in both 2013 and 2014. A no caveatment with maize was conducted with
similar cultural practices. The effect of cover mgoon weed density, weed biomass and weed
composition began early even before maize sowiragsgs were more competitive against weeds than
legumes cover crops. Although all living cover crapere able to reduce weed density and biomass
(on average by 89%) compared to no cover treatnulfiferences were found among them. Living
alfalfa had the least weed suppression ability twedhighest species diversity of weed community,
species richness and species evenness. Convevbitly,clover, ryegrass and their mixture showed a
strong competitive ability against weeds. Legumeéngj mulches were more favorable for high
nitrophilic weed species than for low ones whemyagrass was able to better control them. A high
and negative correlation was observed betweendtraeptage of low nitrophilic weed species in weed
community and soil N availability. Dead mulches svable to keep on a low weed biomass under a
threshold of 2 t Haat maize flowering. Dead mulch cover crops didaféect weed composition with

a preference for high nitrophilic weed species. 2dajrain yield under dead mulch was higher than
that obtained under living mulch; the highest yisddched 6.20 t Hawith dead alfalfa, twice more
that obtained with living alfalfa, and similar tbat obtained in conventional maize (cultivated with
herbicides). The approach of using cover cropsadamaize could be a relevant strategy in order to
control weeds providing a good management of caveps in order to mitigate the interference

between maize and cover.

Keywords: Living mulch, dead mulch, seed maize, weed sugjmesweed diversity
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7.1.Introduction

The loss potential of maize yield due to weedsreach 40 % worldwide (Oerke, 2006). France is
the largest exporter country of seed maize worléwidth a cultivated surface reached at 69800
hectares in 2014/2015 (Source: GNIS - EurostatP&MS - 2014). However, farmers rely intensively
on herbicide applications for weed control in sgghtems based mainly on seed maize monoculture.
The use of herbicides has long protected crop ysaltisfactorily. However, shifts to herbicides-
resistant weed species are predicted to occur mtincmus cropping systems worldwide. In Europe
and USA, maize have selected 58 resistant weedespédoge to the high herbicide use over the large
area during long period in simplified cropping &mss (Heap, 2014). For example, the occurrence of
glyphosate-resistant weeds in maize systems aw@rbeg important particularly i‘imaranthusspp.
andAmbrosiaspp. (Heap, 2014; Shaner, 2000).

Generally, the beginning of the critical period feged control varied from 3 to 14-leaf stage ofzeai
development (Hall et al., 1992). Thus, it is neaeg$o focus on weed suppression during this period
before weeds affect maize yield.

As a result to this shift in herbicides-resistargeds, more integrated approaches are required to
manage weed species including high biomass coepisdn order to reduce weed establishment for a
long-term and thus to minimize herbicide applicasigBlackshaw et al., 2007; Webster et al., 2013).
One of the options recommended might be the imsexf different living cover crops in maize in
order to increase traits diversity and to provideesal benefits for both maize productivity and diee
suppression. Indeed, living cover crops suppressis/y disturbing weed emergence and competing
for resources. Moreover, their decaying residueg atso inhibit weeds through physical, biotic and
allelopathic interactions (Hartwig and Ammon, 20@2Zeston, 1996).

However, a successful living mulch must simultarspprovide a maximal weed control and a
minimal competition with maize for water, light, damutrients with a constant and sufficient of
nitrogen supply in the case of legumes living muyEhache and IInicki, 1990).

Although legume species are less competitive thassgs against weeds , they are very recommended
as cover crops thanks to their advantages inclugaagmomizing of nitrogen fertilization, minimizing
soil erosion, maintaining soil organic matter, imjyng soil structure and suppressing weeds (Fisk et
al., 2001; Sarrantonio and Gallandt, 2003; Teaseladd., 1991), thereby enhancing crop productivity
The effects on weed density and biomass couldrdiffea function of cover crop species in relation
with morphological and physiological traits amomesies and even among cultivars. White clover
was more competitive with weeds than subterrandaverc when introducing as living mulch in
organic winter wheat (Hiltbrunner et al., 2007&).alddition, hairy vetch was more effective in weed
suppression than different clover species in ogfanims (Uchino et al., 2011). Abdin et al. (2000)

observed that a living mulch of alfalfa and a migtof white clover and English ryegrass were able t
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reduce weed biomass by 75% and 62%, respectivelgpaced to unweeded control at maize
flowering stage (Abdin et al., 2000). A previousdst showed that white clover living mulch was able
to reduce weed biomass by 50% in wheat in the segear when it was well established (Thorsted et
al., 2006).

In addition, cultural practices to manage the comps could also influence weed suppression.
Indeed, the mowing practices could contribute ttuce annual weed species when realized before the
dispersion of seeds and to deplete root reserveernennial weed species (Schneider and Huyghe,
2015). A previous study observed that when maize seavn with alfalfa, the latter was able to reduce
weed fresh weight by 44% when it was clipped onmtgenat early flowering stage (Ghosheh et al.,
2005).

Cover crops in the form of dead mulch residues alo influence weed populations in no-tillage
cropping systems because of the proximity of tlsédrees to the site of seed germination on the soil
surface (Teasdale et al., 1991). In no-tillage makilled hairy vetch with paraquat before maize
sowing reduced weed biomass and density by 44%4&66, respectively compared to no vetch
treatment (Reddy and Koger, 2004). Also, the rédocin weed density by hairy vetch killed by
paraquat was 75% at 400 ¢ mof residue weight and this reduction differed adim to weed species
compared to no cover treatments (Teasdale etofll)1

Moreover, some legume species residues have bemmsto release allelopathic compounds that
suppress weed species germination and growth (Cétaalb, 1969; Dyck and Liebman, 1994; Ohno
and Doolan, 2001; White et al., 1989). Some grasrccrops as oatAfean satival.) contain
allelopathic compounds that inhibit weed germinatand weed emergence (Belz, 2007; Weston,
1996).

However, living cover crops have greater weed seggpon capacity than dead ones but can be quite
competitive with crops (Sarrantonio and Gallan603.

Cover crops can reduce weed biomass and densithffarent cropping systems. However, little
information is known about the influence of coveops on weed species composition. Cover crops
species had contrasting morphological or physiclagiraits. For example, legume species produce
lower aboveground biomass associated with a lowMaiemand than grass cover crops (Thorup-
Kristensen, 1994). Many weed species are high eoessiof nitrogen (Qasem, 1992), and the growth
of many of them is enhanced by higher soil nitrotpels (Supasilapa et al., 1992). However, weed
species differ in their response to soil N avallgb{Blackshaw et al., 2003; Ellenberg, 1974; Mauwe

et al., 2013). Thus, weed species composition cbaldhodified as a function of the ability of cover
crop species to deplete soil N. However, the imftige of living or dead mulches, obtained from
various cover crop species in maize, on weed coitiposn relation to weeds and cover crops traits

has not yet investigated.
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Our experiment tests different species of covepgrflegumes and grasses) in the form of living
mulch and dead mulch in order to improve weed obmrseed maize.

The aim of our study is to investigate i) the cotitpe ability of cover crops (English ryegrass,iteh
clover, mixture of ryegrass/clover, alfalfa and)aatnaged as living mulch or dead mulch against
weeds ii) the modification in weed species compasiby different cover crops and iii) the effect of
cover crops on maize growth and yield compared tmrarol without cover crops. To test these
objectives, one experiment was carried out in Waskance during two years in no-tillage seed

maize.

7.2.Materials and Methods
7.2.1. Field site description, experimental design andtinents

A field experiment was established in the autumr2012 and carried out from October 2012 to
October 2014 at Saint-Mathurin-sur-Loire (47.5°N6°®V) in western France. The average annual
temperature and precipitation are 112 and 565 mm (1993-2013), respectively. The weather
conditions during the experiment are presentedainld7.1. The soil characteristics from 0 to 90 dm o
soil depth are presented in Table 7.2. The initiddogen content was 72 kg'HKCl-extractable
inorganic N at 0-90 cm soil depth before cover srepwing in November 2012. Previous crops were
a seed maize in 2008, 2009, 2011 and 2012, shatid?©10 and orchards in 2007. The field was
ploughed and harrowed in October 2012 before conmgrs sowing.
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Table 7.1.Mean air temperature and amount of precipitatiaring the experimental years from November 2012 to

November 2014
2012 2013 2014

Air Air Air

temperature Precipitation  temperature Precipitation ~ temperature Precipitation

cC) (mm) cC) (mm) cC) (mm)
Month Average Total Average Total Average Total
January 4.9 66.8 7.4 105.0
February 3.8 70.8 7.8 102.0
March 6.2 54.0 8.9 26.2
April 9.9 66.0 11.6 40.0
May 11.9 85.9 13.6 79.6
June 16.6 34.6 18.1 27.2
July 21.8 43.6 20.1 49.8
August 19.2 11.8 17.6 96.4
September 16.6 41.0 17.9 8.6
October 14.2 75.4 14.0 47.0
November 7.6 34.2 7.8 91.2 104 60.2
December 7.3 18.8 5.3 76.0
Total 483" 53 4082 717 4517 642

'Sum of degree-days at base temperaturé€= 0

Table 7.2.Characteristics of the soil (0 to 90 cm) at cav@p sowing in November 2012

Soil depth Soil type Organic matter (%) PH (KCL)
0-30 cm sandy clay loam 1.8 6.3
30-60 cm sandy clay loam 15 6.3
60-90 cm silty clay <14 6.8
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Prior to cover crops sowing, the soil was ploughad harrowed in October 2012. Four cover crops
were sown in November 2012. Cultivars and seedatesrwere shown in Table 7.3. Due to the low
establishment of alfalfa, it was over seeded (10h&Q in March/2013. White cloverTgifoluim
repenseL.), alfalfa (Medicago sativa..), English ryegrass, oaAyena sativaL.) and a mixture of
ryegrass and white clover were compared. The aroataf\.satival.) cover crop was sown again in
January 2014 with the same density than in 2012.

In addition to conventional seed maize, a contrithout cover crops was conducted and managed in

the same way as cover crop treatments but thefstie control was harrowed also in April 2013.

Table 7.3.Characteristics of the cover crops sown in Noven2ipdr2

Seeding rate

Common name Latin name Cultivar Life cycle
(kg ha)

English ryegrass Lolium perennd.. Aberavon 20 Perennial

White clover Trifolium repend.. Alice 20 Perennial

Alfalfa Medicago sativa.. Cannelle 12 Perennial

Oat Avena sativd.. Une de mai 80 Annual

Ryegrass/ clover mixture Aberavon/Alice 10/10 Perennial

7.2.2. Cultural practices

After the establishment during winter, cover craye managed differently at maize sowing date in
order to create two different systems in both eixpental years 2013 and 2014. The first system was
the living mulch system where the five cover cragse maintained but mowed twice two weeks after
maize sowing in order to mitigate the interferemdétlh maize seedlings. The second system received
an application of glyphosate (Roundup Max plus :@B®f acid glyphosate) at maize sowing date, 2 |
ha' and 5.4 | ha' in 2013 and 2014, respectively, in order to kil tover crops and establish a dead
mulch system. The plot size was 8 m x 138 m and rhl4 8 m for living and dead treatments,
respectively. The experiment design was a strifgdesith three replications.
Maize was sown without tillage directly into livirag killed cover crops in 2013. The particularity o
seed maize is the sowing of two different cultivéimmale and male) at different sowing dates. In
2013, the hybrid maize (cv. 970) was used at atiplgulensity of 9600 and 7500 plant'tiar female
(cv.DL26) and male (cv.LIMRFQ939), respectively.
In 2014, the rows were prepared by achieving @-sttion 25 cm in depth and rototilled (15 cm
depth, 40 cm width) prior to maize planting. Theotitled strip-till was achieved twice on 18
December 2013 and the second time on 07 May 201ér #at, maize was sown (cv.891) at a
planting density of 10200 and 5400 plant'Har female (cv. 224E772) and male (cv.151X716),
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respectively. The row spacing was 75 cm. Hoeingtiras were achieved twice for living mulch
system and once for dead mulch system in theiestk of June. In addition, a dose of 1 I'haf
Auxo (tembotrione and bromoxynil) was applied pset on the rows in living mulch system and on
the whole field in dead mulch system at the begigmf July in 2014.

There was no fertilization during winter cover csophile the summer maize was fertilized. Maize
female were undersown on mid-May with a fertilipatistarter (15kg of micro granules) applied on
the rows only in 2014. The nitrogen fertilisatiomsvconducted in 2013 by applying 100 kg' lz
maize sowing and 133 kg h#he end of June for all treatments regardlesk@bystem.

In 2014, a dose of 100 kg havas added for the systems at maize sowing. Al & dose of 80 and
60 kg h& nitrogen in the form of ammonitrate was added imedrporated in the soil for living and
dead mulch systems, respectively, at the end af.Jaraddition to 40 kg Hawas added for ryegrass
in the living mulch system.

The conventional maize was ploughed and harrowddrdemaize sowing associated with an
application of 2 | hd of Camix (Benoxacor, Mesotrione, S-metolachlorg) & | hd' of Dual Gold (S-
metolachlore) in both 2013 and 2014. In additibmeé herbicides applications of Gécko (0.6 ,ha
Sulcotrione), Auxo (1 | Y and Banvel 4S (Dicamba 0.3 | 'Bawere achieved at different dates
during maize growth.

The conventional maize received 100 and 233 kpatanaize sowing and at the end of June in 2013.

In 2014, maize conventional received 233 and 31B&g
7.2.3. Sampling and measurements

In 2013, a first sampling (0.5 m x 0.75 m) was izegl before maize sowing in order to study the
cover crops and weed establishment. Cover crogdhtieover crops and weed biomass and leaf area
were measured. Leaf area was measured using aQ_E®@ metre (LI-COR Inc., NE, USA). During
maize growth in 2013, four samples were realize@rwimaize had unfolded 3, 6, 10 leaves at the
flowering stage. Only two samples were realize@0id4 at 3 unfolded leaves and at flowering stage.
Maize stages were determined according to BBCH,(dB10). One quadrat of 0.50 m x 0.95 m was
established parallel to maize rows in each subg@oter crops, maize and weed species were cut at
the level of soil surface, and weed species wesntifled and counted separately. Cover crop, maize
and weed samples were dried at 70°C for 48 h ierai@ measure their dry weight. In addition, soil
samples were collected for each sampling date landdil inorganic N content was measured using a
segmented flow analysis (SKALAR SA3000), which dealthe determination of the nitrate content
by KCI extraction according to the internationaratard 1ISO 14256-2.

Maize was harvested at maturity during the secoeekvof October in 2014. Ears were harvested by
hand from the two rows on area of 0.5 m x 0.75 raizZil grain was then weighted to determine wet

grain yield after which it was dried at 70°C to stamt weight to determine the moisture content.
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7.2.4. Weed community composition and diversity

Dicotyledons weed species were classed into fdterdnt categories as a function of weed nitrophily
index (high nitrophilic=4 and low nitrophilic <4 (Ellenberg, 1974) and sterarphology (upright or
creeping stem). The categories named as follaw:high nitrophilic and upright stemB: low
nitrophilic and upright stemC: high nitrophilic and creeping ster®; low nitrophilic and creeping
stem, In addition, weed monocotyledons species wlassed by their nitrophily into two categories
E: high nitrophilic and monocotyledonB; low nitrophilic and monocotyledons. Weed specied a
the categories were presented\ppendix.
Each category corresponds to the proportion of vepedies to the total weed species density.
The species diversity of the weed community wagss=l by calculating different indexes at each
sampling date. Species richness (S) was the meambartuof species observed per treatment
(Magurran, 1988). Shannon-Wiener’s indicator)(iWas used to describe the diversity of the weed
population using the following equation:

H' =-%@; *Inp;) = n/N
wheren; represents the number of observed individuals ferweed species, and N the total number
of observed individuals per treatment. The valueHofaried from 1 (low diversity) to 4 (high
diversity).
The Simpson evenness index (D) was used as a meeaSwequitability of the weed population
(Magurran, 1988) and was calculated using theviotig equation:

D=3 (n (n-1) / N(N-1)),

D varied from 0 (a very dominant weed species) foded species are equally distributed).
7.2.5. Statistical analysis

The statistical analysis was performed separatetyefach experimental year. The effect of the
different cover crop treatments on weeds (densitippveground biomass and weed species
composition) was tested by a one-way analysis nérnee (type Il sum of squares;= 0.05). To test
for the normality of residues and homoscedasti¢hg, Shapiro-Wilk and Bartlett tests were used,
respectively ¢ = 0.05). Means were compared using Tukey's HSDO {emnest Significant
Differences;a = 0.05). To meet the assumptions of ANOVA, datanaize biomass at flowering in
2013 was transformed using the In transformatidmereas data of mineral N remaining in the soil at
3-leaf maize in 2014 was transformed by using (1At) statistical analyses were performed using

package R Commander in R software, version 3.1CH(R, 2012).
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7.3.Results
7.3.1. Cover crops and weed species establishment befmize mowing in 2013

After the establishment of cover crops during wintkfferences were observed among cover crops at
maize sowing for their morphological charactersiincluding crop height, aboveground biomass, and
leaf area associated with a large variability comiog their ability to deplete soil N (Table 7.4).
Indeed, oat was taller (30.6 cm) and accumulatgdeater aboveground biomass (3.23 t)htan
other cover crops. Also, it was able to depleté Noéfficiently and left only 7.44 kg Raof soil N.

The other grass species (ryegrass) was less cdivpetan oat for soil N depletion. Ryegrass
accumulated similar biomass as white clover b fines more aboveground biomass than alfalfa. In
addition, oat, ryegrass and the mixture ryegrassevdhover had a higher ability to deplete soilén
legume cover crops. Although alfalfa and white eloliad similar height and aboveground biomass,
white clover showed a greater ability to depletié Nahan alfalfa. In addition, alfalfa had the lest

leaf area.

The effect of cover crops on weed density and bgsntsegan even before maize sowing (Table 7.4).
White clover had the greatest weed density (62l2&7p) whereas oat and ryegrass showed less weed
density, 6 and 14 plt f respectively. The greatest weed aboveground lEsmes observed in
legume cover crops, alfalfa and white clover (OHat) whereas grass cover crops, oat and ryegrass
showed a reduced weed biomass of 0.003 and 0&" tdspectively.

Differences were also observed among treatmentsecoimg species diversity of weed communities
(H"), weed species richness (S) and weed speciesesg(D) from cover crops. Before maize sowing
in 2013, alfalfa had the highest species diversityweed community (H= 1.42) and the highest
number of weed species (S= 6) whereas oat haddtinest ones. Moreover, weed species evenness
value (D) was close to 1 in alfalfa indicating theged species were equally distributed compared to
other cover crops treatments. White clover, ryegeasl their mixture had intermediate values of the
three studied parameters (Table 7.4).

At cover crops establishment, differences were mieskin weed species composition as a function of
cover crop species. Alfalfa showed a high weedispativersity compared to other cover crops with
the presence of 4 categories (A, C, D, and E). fiingeweeds, especially high nitrophilic ones (C),
were dominant with most cover crops treatmentsaddition, alfalfa showed weed species in high
nitrophilic categories including upright weeds (492), creeping ones (C=41%) and monocotyledons
(E=16%). The percentage of high nitrophilic weesgjsresented by A, C and E varied as a function of
cover crops species and this proportion was highéegume cover crops, alfalfa and white clover
(83%) than in other treatments (on average 68%pl€Ta.5). White clover was favourable for

creeping weeds (91%) more than alfalfa (58%).
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Table 7.4.The characteristics of the cover crops and tiféacts on weed density, biomass, species diveofityeed

communities (H'), weed species richness(S) and wpedies evenness (D) before maize sowing in 2013

Ryegrass-clover

Oat English ryegrass Ic White clover Alfalfa P-valué

Cover crop height (cm) 30.6 + 0.82a 18.7+1.16 b 15.82+1.13 bc 99+09 d 11.8+1.04cd  1.03x107™
Cover crops biomass (t hd) 3.23+03 a 1.69+0.24b 2.02+0.22b 1.36 £0.16 bc 0.3 +£0.06c 2.01x10°™
Cover crops leaf area index 2.05+0.21a 1.25+025ab 1.89+0.28a 2.02+0.29 a 0.32 + 0.06b 1.11 x10"
Mineral N left in soil (kg ha®) 7.44+0.6 d 23.12+1.12c 24.15+194c 36.1+2.96 b 47.87+4.48a  1.12x10%™
Weed density (plt m?) 6.22+15 b 1422 +6.85b 39.11+11.5Ab 62.22+19.86a 37.78+7.73ab 4.96x1C°"
Weed biomass (t ha) 0.003 £ 0.00b 0.01 +0.00h 0.06 £0.02ab 0.09+0.03 a 0.1+0.04a  4.97x10°"
H' 0.20+0.12c 0.49+0.11bc 0.83+0.12b 0.69+0.18 bc 1.42+0.14 a  547x10®™
S 1.33+0.19b 1.50+0.31b 2.83+0.15b 3.00+058 b 550+087 a  9.28x10™™
D 0.14 +0.08c 0.34+0.08bc 0.49+0.07b 0.39+0.10 b 071+004 a  6.34x10*™

Values are meam£6) + standard error

Means in the same row with different letters agmiicantly different aP<0.05

wx k% indicate significant differences amongpecies ap<0.001,p<0.005,p<0.01, respectively

'p-values (analysis of variance ANOVA Type I, sufnisquaresg=0.05)

Table 7.5.The percentage of weed species categories (%ivediato the total weed species density beforezmai

sowing in 2013. Values are mear6)

Weed species categories Oat English — Ryegrass- White clover Alfalfa
ryegrass clover IC

A= high nitrophilic, upright 0 7 0 4 26
B=low nitrophilic, upright 0 0 0 0 0

C= high nitrophilic, creeping 45 56 55 75 41
D= low nitrophilic, creeping 33 24 33 16 17

E= high nitrophilic, monocotyledons 22 13 13 4 16

F= low nitrophilic, monocotyledons 0 0 0 0 0
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7.3.3. Living mulch growth, weed biomass and weed derduityng maize growth

Living mulch

After cover crops mowing in 2013, the abovegrourmnass was only reduced for oat. Aboveground
biomass of cover crops increased during maize dgr@stson between sowing and flowering except
for oat (Fig. 7.1, a). Differences were observedath sampling date among cover crop biomass. At
maize flowering stage, white clover and the mixtiyegrass-clover showed the greatest aboveground
biomass (approximately at 6 t'Haand twice more than that in alfalfa. At the sata¢e, oat showed
the least aboveground biomass (1.45 ) h&hite clover and the mixture ryegrass-cloverti@ptheir
great biomass (on average 4.38 t)héollowed by ryegrass (2.03 t fgat maize sowing in 2014. The
least aboveground biomass was observed in alfatfabat (on average 0.5 tHha

At maize flowering stage, due to particular cultyseactices in 2014, all cover crops had low and
stable biomass (below 2 t'HaOwing to bad establishment of annual oat in 2@%4growth was null

at this stage (Fig. 7.1, a).

English ryegrass, oat and the mixture were ableedoice soil N efficiently more than the no cover
treatment at 3-leaf maize stage. English ryegrass thve sole cover crop which kept on their high
ability to reduce mineral soil N whereas white @pthad the lowest one at maize flowering stage. The
guantity of mineral N remaining in the soil was fidto be greater in 2014 than that in 2013 whatever
treatment. However, ryegrass maintained its greatpetitive ability to deplete soil N more than all
other treatments at 3-leaf maize stage. White clbad the greatest quantity of soil N (234 kg)hat

maize flowering stage (Table 7.6).

Weeds density and aboveground biomass:

Regardless of sampling date in 2013, alfalfa altbies greatest weed density (on average 143 plt m
%) and behaved as same as the no cover treatménplt28i® on average) during maize growth (Fig.
7.1, b). However, alfalfa was more able to redueedvbiomass than no cover treatment, notably at
10-leaf stage (Fig. 7.1, c). Both white clover #mgl mixture ryegrass-clover had the greatest gldit
reduce weed density and biomass throughout maetlyr White clover was more competitive and
reduced weed biomass by 98% compared to alfaffava¢ring maize stage.

At flowering maize stage, all cover crops were dbleeduce weed biomass (below 2 theompared

to no cover treatment where weed biomass incresst@l t ha.

In 2014, no differences were observed among traaBneoncerning weed suppression at maize
sowing date. Weed density and biomass were venjnall treatments. Weed density increased in no
cover treatment and reached 1033 pft a 3-leaf maize stage while weed density was b&@e plt

m? with cover crops. However, all cover crops redubeth weed biomass and density compared to

no cover treatment at maize flowering stage. Thecebf cover crops on weed suppression differed as
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a function of cover crop species. Indeed, oat haddast competitive ability to reduce weed density
(215 plt n¥) and weed biomass (2.73 thaMoreover, white clover was more competitive for
reducing weed density (5.6 pltanthan alfalfa (72.28 plt /) but the two species showed similar
ability to reduce weed biomass at maize flowertage (Fig. 7.1 b, c).

Weed biomass was highly correlated with the combibemass of cover crops and maize. A
threshold of 3 t haof cover crops was adequate to reduce greatly wiedass. In 2013, cover crop
biomass was higher than in 2014. Moreover, covgp biomass was very high in 2013 and reached 6
t ha' leading to a high weed suppression. In 2014, cokas biomass was low but was compensated

by a high maize biomass and the combined biomaagém cover) reached 5 t"héFig. 7.2).
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Figure 7.1.Evolution of living mulch aboveground biomass (aged density (b) and weed aboveground biomadsr(c)

five cover crop treatments compared with no coxeaittnent from maize sowing to maize flowering stmgeoth 2013

and 2014. Values are meaw8) = standard error. Analysis of variance (ANOVRPE IIl, sum of squares=0.05) was

carried out to compare treatments at each date.
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Table 7.6.The quantity of mineral nitrogen (N) remainingtire soil (kg h#) at both sampling date for 3-leaf and

flowering maize stage under living mulch in botlpesimental years 2013 and 2014

2013 2014

3-leaf maize Maize flowering 3-leaf maize Maize flowering
Oat 10.25+1.93 b 32.55+8.63ab 104.3+253% 92.56 + 16.8D
Englishryegrass 9.70+1.97 b  6.26+0.09b 37.82+8.52b  147.9 +33.44b
Ryegrass-clover IC 1507 +2.11 b 34.98 +9.97 ab 90.61+5.35a 123.01 +22.63
White clover 36.45+6.65ab 57.70+7.99a 199.58 +4.75a 234.42+7.51a
Alfalfa 55.04 + 16.14b 50.37 + 10.7&b 105.83+9.96a 129.98 +15.9%b
No cover 73.81+6.85a 20.33+6.12ab 9591 +2.09a 56.47+159b
P-valué 3.71x10°” 2.43x10%" 8.28 x10° ™ 4.07 x10°”™

Means within each column with different letters significantly different aP<0.05

*x xk % indicate significant differences amongeatments gv<0.001,p<0.005,p<0.01, respectively

'p-values (analysis of variance ANOVA Type IlI, sufrsquaresg=0.05)
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Figure 7.2.Weedaboveground biomass (t Heas a function of the aboveground biomass of coxaps (a) and of cover

crops and maize (b). Linear and logarithmic regoesswere carried out for the two years separatatyer living mulch
at maize flowering stage. ™", “*", “**" indicate that a regression is significant pt0.001, p<0.005, p<0.01,

respectively, according to the table proposed sjéii and Yates (1938)
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Effect of living mulch on species composition of veel community:

Diversity index

During maize growth, the composition of weed comities differed among treatments whatever
sampling dates. At maize flowering stage in 201&lfa and oat had the highest weed species
diversity (on average 'H1.51) and specific richness (on average S= 7 epgeis that with no cover
treatment whereas the mixture ryegrass-clover hadbtvest ones (#0.46, S=1.33).

Conversely, in 2014, no differences were observebng treatments for the studied parameters
concerning weed diversity before maize sowing. Hewethese differences appeared after maize
sowing, notably at maize flowering stage. The mituyegrass-clover, oat and alfalfa had higher
weed species diversity (on averageH58) than white clover (H0.44). Moreover, these three cover
crops showed a higher number of weed species (@rage S= 7) than that in clover (S=2) and close

to that in no cover treatment (Fig. 7.3).
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Figure 7.3.The Shannon-Wiener index '(Hspecies richness (S) and the Simpson evenndss (D) corresponding to
the treatments of cover crops compared to no dogatment under the living mulch system using teans (=3) +
standard error in both 2013 and 2014. Analysisasiance (ANOVA Type III, sum of squaras;0.05) was carried out

to compare treatments at each date.
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Weed species categories

Under no cover treatment, the composition of wegecies was stable and had a high diversity
represented by the presence of four main categ(ie€, D and E), whatever sampling dates during
the two experimental years. High nitrophilic weegdse mainly present in no cover treatment (above
90%) including a high percentage of upright weesld/§ in 2013 and 59% in 2014 on average) for
two sampling dates.

During maize growth in both 2013 and 2014, weediggecomposition was different as a function of
cover crops species (Fig. 7.4).

When legume cover crops, alfalfa and white cloverenintroduced, high nitrophilic weed species
were still dominant compared to no cover duringtthe experimental years. Indeed, the percentage of
high nitrophilic weeds in alfalfa (on average 71&6)d white clover (on average 78%) was twice
greater than in ryegrass (36%).

With ryegrass cover crops, the percentage of Idvopiilic weed species was high and reached on
average 64% during the two years whereas with theower treatment, this percentage reached only
5%.

With oat, although the high nitrophilic weed spsoigere low (28%) at the beginning of maize cycle,
the composition of weed species was close to thabicover crops with a high percentage of high
nitrophilic weed species (69%) because of the lawnkss of oat in the following stages.

With grass cover crops, ryegrass had a very lowgmtage of upright weeds (3%) compared to oat in
2013 (22%). Within legume cover crops, no uprigeeds were observed with white clover whereas
they are represented up to 31% of weed compositiimalfalfa.

In the mixture of ryegrass-clover, the compositidiweed species was unstable as that in sole cover
crops. In 2014, the high nitrophilic weed speciesemdominant in the mixture (65%) but more than
that in ryegrass (48%) and less than that in wdidgeer (93%).
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A high correlation was observed between the peagenof low nitrophilic weed species and soil N
availability at 3-leaf maize stag®¥ 0.94) (Fig. 7.5). Cover crop species entailingigh soil N
availability, such as alfalfa and white clover, hadow percentage of low nitrophilic weed species
such asKickxia spuria(L.) Dumort. and a high percentage of high nitibplweed species suchs
Amaranthus retroflexuk., Chenopodium alburh., Mercurialis annual.. andPolygonumnspp.
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Figure 7.5.Effect of the mineral soil N availability on theqgentage of low nitrophilic weed species (%) factecover
crop at 3-leaf maize stage for combined 2013 aridt2The percentage of low nitrophilic weed spe¥#éswas
calculated relatively to the total weed speciessign
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7.3.4. Dead mulch growth, weed biomass and weed densitggimaize growth

Dead mulch

In 2013, the application of glyphosate at maizeisgwdate was not enough to completely kill the
cover crops. Differences were observed among tesgsnwhatever sampling date. Cover crop
biomass (living mulch + residues) varied from 2t8®.34 t hd for oat and alfalfa, respectively after
glyphosate application at 3-leaf maize stage (Fig. a).

At maize flowering stage, the mixture ryegrass-etoand sole white clover sole had a greater biomass
(on average 4 t Fthan other cover crops (on average 1.60%.ha

In 2014, all cover crops were killed completely &yglyphosate application except sole white clover
and the ryegrass-clover mixture which showed a bomass (below 2 t Ha during the maize
growth.

In 2013, no differences were found among cover £togatments concerning their ability to reduce
soil N whatever sampling dates.

In 2014, under grass treatments, the quantity ofenal soil N remaining in the soil was higher than
under legume treatments at 3-leaf maize stage.

Although the quantity of soil N remaining in theilsim 2014 was much greater than in 2013, no
differences were found among treatments concetthieig ability to reduce soil N at maize flowering
stage in both 2013 and 2014 (Table 7.7).

Weed density and biomass

In 2013, differences were observed between treatmenveed density and biomass for each sampling
date (Fig. 7.5, b c). Alfalfa showed a low competitability against weeds whereas the ryegrassewhit
clover mixture showed a high competitive abilityamhother cover crops during maize growth. All
cover crops were able to reduce weed density anddss by 66% and 83% (on average), respectively
compared to no cover treatment at flowering matiages

Unlike 2013, no differences were observed amorgirrents (including no cover treatment) for weed

density and biomass whatever sampling dates in.2014
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Table 7.7.The quantity of mineral nitrogen (N) remainingtiire soil (kg hd) at 3-leaf and flowering maize stages under

the dead mulch system in both experimental yeat8 20d 2014

2013 2014
3-leaf maize Maize flowering 3-leaf maize Maize flowering
Oat 38.96+1.79 b 17.30 +5.49 97.89+12.6 ¢ 137.78 £ 44.9
English ryegrass 53.38 + 12.26 ab 18.86 +1.7 79.48£9.27 ¢ 82.52 +22.74
Ryegrass-cloverIC g1 751+638 ab 22.68 +1.37 158.74 +10.45ab  160.76 + 31.95
White clover 60.42 +2.51 ab 22.70 +2.15 195.55 +12.24 a 151.87 +29.87
Alfalfa 83.79+11.92 ab  20.84 +4.99 158.35+3.06 ab  155.98 +29.18
No cover 98.53+9.17 a 17.07 +2.33 128.77 +7.35 bc 80.54 + 16.11
P-valué 3.82x10%" NS 2.40x10°™ NS

Means within each column with different letters significantly different aP<0.05
NS: Means were not significantly different
*x xx % indicate significant differences amonfgeatments gb<0.001,p<0.005,p<0.01, respectively

!p-values (analysis of variance ANOVA Type lll, sufrsquaresg=0.05)
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Effect of the dead mulch on species composition wieed community:

Differences were observed among treatments onl20b3 concerning species diversity of weed
communities (M, weed species richness(S) and weed species esg(Defrom cover crops during
maize growth (Table 7.8). However, these differendsappeared in 2014 whatever sampling date
and treatment and the weed species communities stabde. At 3-leaf maize stage in 2013, the
mixture ryegrass-clover had lower diversity thardemother cover crops and no cover treatment.
Moreover, alfalfa had the highest number of weeetEs (on average S= 9.33) whereas the mixture
ryegrass-clover had the lowest one (S= 3.33). Wpedies evenness (D) was low under the mixture
ryegrass-clover. At maize flowering stage, alfaifad the highest species diversity and number of
weed species than that in the mixture of ryegrémsec. No differences were observed among
treatments for weed species evenness (D). Undet deweer crops system, no differences were
observed among treatments concerning weed spegiegaties. The high nitrophilic weeds species

were dominant (on average 80%) whatever treatmmehsampling date (Data not shown).

Table 7.8.The Shannon-Wiener index ‘(species richness (S) and the Simpson evenndss (D)
corresponding to the treatments of cover crops ewatpto no cover treatment under dead mulch
system carried out using the means3) + standard error in both 2013 and 2014. Analg$ivariance
(ANOVA Type lll, sum of squaresy=0.05) was carried out to compare treatments aaB-&nd

flowering of maize stage

2013

3-leaf maize Maize flowering

H' S D H' S D
Oat 1.45+0.07ab  6.33+0.27cd  0.69 +0.03ab 1.52+0.26ab  7.00+1.25ab  0.71+0.07
English ryegrass 1.11+0.17ab  4.33+0.72de  0.58 £ 0.07bc 141+0.22ab  6.33+0.98ab  0.67 +0.09
Ryegrass- clover IC 0.90+0.21b 3.33+0.72e 0.49 +0.09¢ 1.21+0.18b 4.33+0.54b 0.64 +0.07
White clover 1.53+0.27ab  7.00+0.94bc  0.75+0.06ab 1.58+0.15ab  6.00+0.47ab  0.75+0.05
Alfalfa 1.73+0.10ab  9.33+0.54ab  0.77 £0.03ab 1.73+0.19a 8.33+1.66a 0.76 +0.04
No cover 1.80 +0.07a 10.0 +0.47a 0.78 +0.01a 1.61+0.09ab  8.33+0.54a 0.74 +0.03
P-value 2.91x10" 1.20x10% ™ 4.27x107" 4.85x107" 1.70x10" NS

2014

3-leaf maize Maize flowering

H' S D H' S D
Oat 1.19+0.26 5.67 +1.52 0.60 £ 0.09 0.99+0.26 4.67£1.19 0.5+0.11
English ryegrass 1.17£0.18 5.67 +0.27 0.57 £0.10 1.43+0.11 6.67+0.54 0.69+0.04
Ryegrass- clover IC 1.21 +0.06 6.00 +0.00 0.60 +0.04 1.12+0.16 5.33+0.72 0.57+0.08
White clover 1.44 +0.05 6.67 £ 0.27 0.70 £ 0.02 1.25+0.16 6.67+0.72 0.59+0.07
Alfalfa 1.21+0.21 7.33£0.72 0.59+0.10 1.41%0.03 6.33+0.27 0.740.01
No cover 1.23+0.15 6.67 £0.72 0.60 + 0.06 1.48+0.14 8.33+0.72 0.67+0.06
P-valué NS NS NS NS NS NS

Means within each column with different letters significantly different aP<0.05

NS: Means were not significantly different

ek k% indicate significant differences amongeatments gv<0.001,p<0.005,p<0.01, respectively

'p-values (analysis of variance ANOVA Type I, sufnisquaresg=0.05)
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7.3.5. Effect of living and dead mulch on maize growth aield

Living mulch system

At flowering stage, maize biomass was considerhlgiier in 2014 than in 2013 and maize grain was
harvested only in 2014. In both experimental yediféerences were observed in maize biomass and
grain yield (Table 7.9). In 2013, due to a high petitive ability between living mulch cover crops
and maize, maize biomass was very low (on averdifetthd) in all cover crops and six times lesser
than that in no cover treatment whereas the grebitesass was observed in conventional maize (2 t
ha'). Unlike 2013, the competition between living mhés and maize was lower in 2014. Maize
biomass in alfalfa and the mixture ryegrass-clowas six times greater than that in the no cover
treatment and similar to that in conventional maf4et ha'). Maize was harvested in 2014 and
differences in grain yield were found among treatteeThe grain yield was the greatest with alfalfa
(3.38 t hd) and close to grain yield obtained in conventianaize. However, the grain yield was the
lowest with oat (0.5 t K. Maize grain yield was similar under ryegrassitevhlover and the mixture
(on average 2.07 t Ha

Dead mulch system

In 2013, maize biomass was low for all treatmentsept conventional maize which showed the
greatest maize biomass (2 thaMoreover, maize biomass was three times gréat2014 than that

in 2013 whatever treatment but no differences wbserved among treatments.

In 2014,maize grain yield obtained with alfalfa (6.2 t'hand oat (5.02 t 1 were greater than that
obtained with ryegrass, white clover, the mixtuyegrass-clover and the no cover treatment and

similar to that obtained with conventional maize.

130



Table 7.9.Maize biomass at flowering stage and maize gragllyinder living and dead mulches in both 2013 20i4.

Living mulch system

Dead mulch system

2013 2014 2013 2014

Biomass Grain yield Biomass Grain yield Biomass Grain yield Biomass Grain yield

(tha?) (tha) (tha) (tha) (tha (tha) (tha (tha?)
Oat 0.10 £ 0.04 bc 1.68 £ 0.54bcd 0.50 £0.16¢C 0.52+0.21b 3.56 £ 0.96 5.02+0.8 abc
English ryegrass 0.01+0.00 cd 0.93 +0.08cd 1.77 £0.36bc 0.29+0.12b 3.76 £0.94 1.76 £ 0.99¢c
Ryegrass-clover IC 0.003 + 0.002d 4.01 £0.29ab 1.89 +£0.36bc 0.10 +0.05b 1.87 £0.32 1.85+0.53c
White clover 0.01+0.01cd _ 2.40 + 0.05abcd 2.56 +0.69bc 0.36 +0.11b _ 4.29+1.13 2.20 £ 0.50c
Alfalfa 0.05 £ 0.01 bed 3.27 £ 0.76abc 3.38£0.67ab 0.90 £ 0.28b 3.81+£0.25 6.20 £ 0.94a
No cover 0.22+0.14 b 0.60 £0.14d 1.48 £ 0.56bc 0.58 £ 0.02b 4.19 £0.37 2.47 £0.55bc
Maize conventional 2.01+0.13a 4.25 +0.56a 5.73+0.09a 2.01+0.13a 4.25 +0.56 5.73 +0.09ab
P-valug 9.90x10% ™ 1.05x10*" 4.70x104™ 9.64x10°™ NS 1.58x1CG°"

- No maize harvest in 2013

Means within each column with different letters significantly different aP<0.05

NS: Means were not significantly different

*x xk % indicate significant differences amongeatments gv<0.001,p<0.005,p<0.01, respectively

'P.values (analysis of variance ANOVA Type IlI, sufrsquaresg=0.05)
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7.4.Discussion

The approach of using cover crops established imewand combined with maize growth as living or
dead mulches, proved to be efficient for weed seggion. This practice required a good management
of cover crops in order to reduce the interferelpemveen maize and cover crops. Weed suppression

differed as a function of cover crops species.

Cover crop competitiveness during winter

Our results demonstrated that the differences encttimpetitive ability of cover crops against weeds
can be observed even before maize sowing duringr tbstablishment in the winter. This
competitiveness against weeds differed as a fumctidhe characteristics of cover crops such &fs lea
area, crop height, aboveground biomass and thdityaio deplete soil N. Our results showed that
grass cover crops (oat and ryegrass) were more afitime against weeds than legume cover crops
(alfalfa and white clover) while the mixture of grass-white clover had an intermediate competitive
ability during cover crop establishment.

Oat produced more aboveground biomass associatewreat ability for soil N depletion leading to
a greater weed suppression suppress more efficigregh white clover and alfalfa. Even if ryegrass
produced less aboveground biomass than oat, thectams had a similar ability to reduce weed
biomass and density which may be due mainly tayh koil N depletion for both species. The greatest
weed biomass was obtained in white clover andfalf&revious studies showed that legume species
are known less competitive than grasses againstsyetated to a low growth and a low soil N uptake
(Blackshaw et al., 2007; Corre-Hellou et al., 20ddyidhof et al., 2008).

The effect of cover crops on the composition of dvepecies has not been investigated before in
relation to crop and weed species traits. In oudystweed species composition was modified early
and differed also as a function of cover crops.ighér percentage of high nitrophilic weed species

was observed under legume cover crops in relatiohet low soil N depletion ability.

Living mulch

Although mowing practices were achieved in 2013ider to reduce cover crop growth and the

interference with maize, their aboveground bionw@sginued to increase except for oat during maize
growth entailing a strong competitive ability agaiboth weeds and maize in 2013. Weed density and
biomass were reduced by 89% under living cover <ropmpared to no cover treatment at maize

flowering stage. Other previous studies have shavatrong reduction in weed biomass from 52 to

81% (Abdin et al., 2000; Fisk et al., 2001). Morenwa previous study by Enache and llnicki (1990)

has shown that a living mulch of subterranean cl¢Ve subterraneuni..) was able to reduce fall

panicum biomass by 85%.
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However, the competiveness against weeds diffeoedrding to cover crop species and cultural
practices. White clover, ryegrass and the mixtysgrass/clover produced the greatest aboveground
biomass that reached up to maximally 6 t' la 2013, thereby they contributed greatly in weed
suppression but it was associated with a largesdserin maize biomass.

Cover crops were better controlled in 2014 tha20d3 by cultural practices such as strip-till and
mowing. All cover crops had a aboveground biomasiew 2 t hd during maize growth. This
threshold provided a sufficient and stable weedmgsion during maize growth while allowing the
maize harvest. Moreover, we observed a strong ivegatrrelation between aboveground biomass of
living mulches and weeds. Such negative correlatibave been previously observed with living
mulches associated with mustard (Ross et al., 280¢pean (Sheaffer et al., 2002) or pea (Akemo et
al., 2000).

Despite of the low biomass of oat in 2013 (belowha') and its poor establishment in 2014, it was
able to reduce weed biomass more than no covemeeawhich may due to their allelopathic effects
against weeds as mentioned previously by Westof6)lMoreover, oat maintained a stable and a
high weed species diversity with the occurrencbath high and low nitrophilic weed species in both
experimental years.

Legume living mulches are usually used to incresasieN availability in cropping systems because of
their low soil N uptake ability, their ability taxf N, from atmosphere and the supply of nitrogen fixed
through rhizodeposition and mineralisation of theisidues (Fustec et al., 2011; Hggh-Jensen and
Schjoerring, 2001). We observed effectively a higb@l N nitrogen availability under legume than
under grass cover crops. One main original reguiuo work is to show the influence of legumes on
weed species composition in relation with soil Ni&ability. Perennial forage legumes, alfalfa and
white clover, were more favourable for high nitrdichweed species than for low nitrophilic ones in
both 2013 and 2014. On the contrary, the high pitilcc weed species were well controlled by
ryegrass more than by legume cover crops. A stneggtive correlation was observed between soil N
availability and the percentage of low nitrophiieed species. The response of weed community to
living mulch may depend also on other traits tharophilic traits. For example, when white clover
growth was not controlled in 2013, it was more faable for creeping weeds than upright ones.
Because white clover possesses a particular actinigeas creeping cover, having stolons, thus we
assumed that it provided an environment unfavoerfilsl upright stem weeds. Conversely, alfalfa had
an upright stem allowing the appearance of all waeties.

A high competitive ability against weeds was obedrwith white clover, ryegrass and the mixture,
was associated with the lowest species diversjigcific richness and species evenness of weed
community. Alfalfa had the lowest weed suppressiod the highest species diversity and richness of
weed community. In addition, although alfalfa arad were more efficient than no cover treatment to
suppress weeds, the three treatments showed arsandl a high species diversity and a high species

richness of weeds. A previous study in Switzerlahdwed also that a living mulch of white clover
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was able to reduce the number of weed species %Wycd8npared to a no cover control (Hiltbrunner et
al., 2007a). Campiglia et al. (2012) have also ofesk a negative correlation between weed

suppression and weed species diversity.

Dead mulch

The dose of glyphosate applied in 2013 was notiefit to kill cover crops and cover crops behaved
as living cover crops. Unlike to 2013, all coveopms were killed by glyphosate in 2014 except white
clover and the mixture ryegrass-clover. Howeveveca@rops maintained a sufficient level of biomass
(living crop+ residues) approximately 2 ttallowing an efficient and stable weed suppressiming
maize growth with no differences among cover crspecies.

The composition of weed species was not affectetbiudead cover crops system by the cover crops
species. The high nitrophilic weed species wereidam whatever years and treatments. A higher soil
N availability was observed with dead mulch comgareliving mulch

As a result, we assumed that the application gilghgate on the weed species composition was more
important than the effect of cover crops speciaswéler, the glyphosate application was not able to
kill the high nitrophilic weed species. A previastsidy in Italy showed that oat mulch had the highes
weed suppression ability which corresponded alshédowest species richness, Shannon’s H index
and Shannon evenness. Other study had shown séewsain weed species diversity. Hairy vetch
mulch showed high values both for community riclsn@sd Shannon’s index, while the hairy

vetch/oat mixture had intermediate values (Campigtial., 2012).

Maize yield in 2014:

The maize grain yield was not harvested in 2013adn, the particularity of seed maize that the two
maize cultivars (males and females) should reaehfldwering stage simultaneously. However, the
high competition and the heterogeneity in coveparamize competition resulted in an important lag
between the two cultivars stages. In 2014, cultprattices (strip-till) and glyphosate applicativare
more efficient than in 2013, allowing harvest. kngral, regardless of treatments, maize grain yield
under dead mulch was higher than under the livinicin The highest maize grain yield was obtained
in alfalfa dead cover crops which produced (6.88", twice more than that obtained in alfalfa living
mulch. A previous study has observed also that engiain yield was higher under living mulch of
subterranean clover than that obtained in conveatimaize (Enache and lInicki, 1990). Abdin et al.
(2000) have shown that cover crops reduced maiam gield compared to weeded control but this
yield was higher than that obtained in the no coweedy treatment.

As a result from our study, we showed that alfédfaan interesting cover crop in maize cropping
systems. The least grain yield was obtained ineutibver and ryegrass and its mixture (on average 2
t ha'). However, these three cover crops; could be @sal in maize cropping system if they are well

managed in order to reduce their interference milive.
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As successful innovative system ensuring both veeggbression and a high crop production required
a good choice of cover crops species in additioa better management of these species since their
establishment. Several ways could be integratethaize system in order to build a system less
dependent on herbicide applications. The sowing datover crops (Abdin et al., 2000), a low dose
of selective herbicides application on the rows emitural practices such as strip-till are key picas

to be studied. When perennial cover crops are sten maize sowing, they are established between
maize rows, with a reduction of weed density araagin without a strong interference with maize.
After the harvest of maize, the cover crop caniooetits growth for the next year with taking into

account the integration of several practices wheacessary to regulate its growth.
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Appendix
Weed species observed in living and dead coveisavugr replications across the years of the stady i
maize. Latin names and symbols are from EPPO cdaebase and nitrophily index extracted from

the ecological database of Ellenberg (1974

Code Bayer  Botanic name Plant taxonomy Family Life cye Ellenberg N score  Category
AMARE Amaranthus retroflexus. Dicot Amaranthaceae Annual 7 A
ANGAR Anagallis arvensid.. Dicot Primulaceae Annual 6 C
AVEFA Avena fatual. Monocot Poaceae Annual _ E
CAP Capsella bursa-pastori¢L.) Medik. ~ Dicot Brassicaceae Annual 6 A
CHEAL Chenopodium albunt. Dicot Chenopodiaceae  Annual 7 A
CIRAR Cirsium arvensgL.) Scop Dicot Asteraceae Perennial 7 A
CONAR Convolvulus arvensis. Dicot Convolvulaceae Perennial _ D
DATST Datura stramoniumL. Dicot Solanaceae Annual 8 A
DIGSA Digitaria sanguinalis(L.) Scop. Monocot Poaceae Annual 5 E
ECHspp Echinochloaspp Monocot Poaceae Perennial 8 E
EPIAD Epilobium tetragonunsubsptetragont Dicot Onagraceae Annual 5 A
EPHPE Euphorbia peplud.. Dicot Euphorbiaceae Annual 7 A
GERspp Geranium dissectunt. Dicot Geraniaceae Annual 5 C
JUNBU Juncus bufoniug.. Monocot Juncaceae Annual 4 F
KICSP Kickxia spuria (L.) Dumort. Dicot Scrophulariaceae  Annual 3 D
LAMPU Lamium purpureurrL. Dicot Lamiaceae Annual 7 A
LOLPE Lolium perennel. Monocot Poaceae Perennial 4 F
LYCAR Lycopsis arvensig. Dicot Boraginaceae Annual 7 A
MATRE Matricaria recutita L. Dicot Asteraceae Annual/biennial 5 A
MERAN Mercurialis annual. Dicot Euphorbiaceae Annual 8 A
MYGPE Myagrum perfoliatumL. Dicot Brassicaceae Annual 4 B
MYSMI Myosurus minimug.. Dicot Ranunculaceae Annual 5 C
PICPE Picris hieracioidesL. Dicot Asteraceae Biennial 4 B
POATR Poa trivialis L. Monocot Poaceae Perennial 7 E
POLspp Polygonumspp. Dicot Polygonaceae Annual 8 C
RUBFR Rubus fruticosud.. Dicot Rosaceae Perennial 4 D
RUMOB Rumex obtusifoliug. Dicot Polygonaceae Perennial 9 A
SENVU Senecio vulgarid.. Dicot Asteraceae Annual 8 A
SETVI Setaria viridis (L.) P.Beauv. Monocot Poaceae Annual 7 E
SINAR Sinapis arvensis. Dicot Brassicaceae Annual A
SOLNI Solanum nigrumL. Dicot Solanaceae Annual 8 A
SONAR Sonchus arvensik. Dicot Asteraceae Perennial _ A
STEME Stellaria mediaL. Dicot Caryophylaceae ~ Annual 8 C
TAROF Taraxacum officinaleF.H.Wigg. Dicot Asteraceae Perennial 8 A
TRIRE Trifolium repenseL. Dicot Fabaceae Perennial 6 C
VERPE Veronica persicaPoir. Dicot Scrophulariaceae  Annual 7 C
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8.Discussion générale et perspectives de la these
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Les résultats obtenus a la suite de ce travail noupermis de mettre en évidence une variabilité
de la capacité a capter I'azote minéral du sol pogrgamme d’espéces de Iégumineuse en identifiant
les traits majeurs impliqués dans cette capacit@rese de croissance précoce. Ensuite, ce travail
nous a permis d'évaluer la réponse d’'une advenitcephile aux différentes espéces de légumineuse
ayant des traits contrastés. Enfin, les résultatsnus en plein champ nous ont permis de quantifier
I'impact de I'association d’'une légumineuse, cdtien tant que plante de service avec une culture
principale, sur la croissance des adventices, laposition de la flore adventice ainsi que le

rendement de la culture principale.

8.1.Compétitivité de différentes especes des légumin@ssvis-a-vis des adventices en lien

avec leurs traits fonctionnels pendant la phase d@oissance précoce

8.1.1. Différences de capture précoce d'azote minéral oluckez différentes espéces de

légumineuse

Les légumineuses sont connues pour avoir une faidpacité a prélever I'azote du sol (Thorup-
Kristensen, 1994) mais la caractérisation de datlde capacité ainsi que la mise en évidence de la
variabilité entre especes avaient été peu expfwtsnment au cours la croissance précoce.

Ce travail a permis d’identifier les traits fonctiels de différentes espéces de légumineuse indgsliqu
dans leur capacité a capter I'azote minéral dpsntlant la croissance précoce.

Nous avons testé une gamme d’espéces légumineultiggées en rhizotrons en conditions controlées
pendant le premier mois de leur croissance. Tdatesspéces étudiées ont montré une faible capacité
a capter I'azote minéral du sol par rapport auxesp non-légumineuses telles que le colza ou le blé
Par contre, nous avons montré qu’il existe bien vwargbilité au sein des légumineuses concernant
leur compétitivité pour capter I'azote minéral dulitses tét au début du cycle.

Ce travail a caractérisé des traits impliqués damapacité a capter I'azote du sol, que sont Issma
de la semence, la biomasse aérienne et racin@rpahsion racinaire latérale, le démarrage de la
fixation symbiotique de Net le niveau de vidange des réserves de la semgéasdraits ont permis de
classer les especes selon leur capacité de cajgliazote au début de cycle. La masse de la saamenc
et 'expansion racinaire latérale semblent parigcament déterminants.

Certaines espéces comme le fenugrec, la lentdlduderne et la vesce commune apparaissent les
moins compétitives pour I'azote du sol en raisonede faible biomasse (aérienne et racinaire) @t le
faible enracinement latéral en lien avec une faiesse de semence. En revanche, d’autres espéces de
légumineuse comme l'arachide, le pois, le poishahiet le soja sont caractérisées par une plus forte
biomasse aérienne, une plus forte expansion raeitaeérale et 'absence de démarrage de la fixatio
de N,; ces especes ont présenté une plus forte cambit@pture d’'azote du sol. La féverole a la
particularité de démarrer t6t a la fois la captled’azote du sol et la fixation symbiotique de Rette

espece s'est distinguée des deux autres groupampaplus forte biomasse de nodules et une plus
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faible utilisation des réserves de la semence. Noetons en évidence que durant la croissance
précoce les légumineuses reposent beaucoup sate’de la semence comme montré précédemment
par (Herdina and Silsbury, 1990). Un grand nomleréédumineuses ont des grosses semences riches
en azote, ce qui peut retarder |'utilisation d’&ekogene par rapport d’autres especes. En revanche
nous montrons que toutes les légumineuses n‘onfap@a&me stratégie d'utilisation des trois sources
d’azote (azote de la semence, azote de l'air eteado sol). Comme d’autres travaux (Durr and
Boiffin, 1995; Fayaud et al., 2014; Tamet et a98), nous montrons pour une gamme d'especes que
la biomasse précoce est corrélée avec la massentmese. Néanmoins, les |égumineuses ayant une
masse de semence supérieure a 0.17g, telles gogl€.18q), le pois (0.279), le pois chiche (§)36
I'arachide (0.419) et la féverole (0.544), ont bimmasse aérienne similaire, mais présentent di¢s tr
contrastés au niveau racinaire. Les légumineuses sonnues pour avoir une faible vitesse
d’enracinement en profondeur en comparaison avecnde-légumineuses (Bellostas et al., 2003;
Corre-Hellou et al., 2007; Thorup-Kristensen, 20@3ns cette étude, nous montrons gu'il existe trés
tét des différences de vitesse de progressionatdises a la fois en profondeur et en latéral. e,pl
nous avons mis en évidence que la vitesse d'emaent en latéral a plus d'impact sur la capture de
'azote du sol que la vitesse d’enracinement erfopeur pendant la phase précoce. A ce stade
précoce, les racines latérales contribuent davargag le pivot a I'exploration rapide du volume de
sol disponible.

Plusieurs auteurs ont montré I'existence de vdii@lntraspécifique sur certains traits racinaidest

le nombre des nodules, la biomasse racinaire, gukeur racinaires et le ratio root: shoot, par
exemple, chez le pois (Bourion et al., 2010; McRPR6865) et le lupin (Chen et al., 2012; Tang et al.
1999). En revanche, peu de travaux comparent pitssespeces de légumineuses et ils n’étudient pas
spécifiquement ces traits pendant des stades téesqes et en relation avec la fonction de capture
d’N minéral. Notre travail a comparé des espéecasaepas exploré la variabilité entre génotypes au
sein d’'une espéce ; les écarts entre especes mégidence dans ce travail peuvent dépendre des
génotypes choisis. Toutefois le travail a permisntre en évidence des traits clés permettant de

mieux caractériser la variabilité qu’elle soit @t inter spécifique.

8.1.2. Réponse d’'une espéce adventice nitrophile auxrdiffés Iégumineuses en liens avec leur

capacité contrastée a capter I'azote du sol

Nous avons étudié la réponse d’une adventice titlfla morelle noire) en présence de trois espéce
des Iégumineuses (la féverole, le pois chiche eefe commune) ayant des traits contrastés pour
capter I'azote du sol. Ces espéces ont été chalaiesla gamme des especes étudiées dans le ehapitr
1. Chaque espéce appartient a une de trois claEsegiées dans le chapitre 1. Ce travail a étdigé

avec un dispositif additif en rhizotrons en compaias combinaisons légumineuse-adventice et les
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espéces pures correspondantes. La morelle notéeiaflé@encée tot et difféeremment en fonction de la
légumineuse associée. Dans cette étude, nous awan®en évidence que la compétitivité des
légumineuses vis-a-vis de la morelle noire commedtenais differe en fonction de la capacité de la
léegumineuse a capter I'azote du sol. Le pois chichmontré une forte compétition vis-a-vis de la
morelle noire en raison d’'une forte biomasse précetcd’une forte capacité de capture de I'azote
minéral du sol. De plus, le pois chiche a présknpdus fort enracinement en profondeur et endatér
Quand la morelle noire est associée au pois chiobigs avons observé une forte réduction de la
biomasse totale (-77%) ainsi que de I'azote accé@rdahs la morelle noire (-85%) en comparaison
avec la morelle noire pure. Au contraire, la féleet la vesce commune n'impactent pas la biomasse
de la morelle par rapport une morelle pure. De ,pigs deux especes améliorent la croissance
racinaire de I'adventice en profondeur de 73% paport a la morelle noire pure. La féverole et la
vesce commune fournissent un environnement fawergiolur la morelle noire et facilitent sa
croissance a ce stade précoce. Les principauxtaésdes chapitres 1 et 2 sont présentés dang.la Fi
8.1. Les interactions (compétition, facilitatiomtee la morelle noire et la [égumineuse peuverd étr
aussi liées aux exsudations racinaires et auxsgffeentiels allélopathiques de la morelle noirales
légumineuses. En effet, une étude précédente aénqune la féverole peut avoir un effet stimulasat vi
des exsudats sur la croissance racinaire de msdsi@sainsi que sur la disponibilité du phosphore
pour le mais (Zhang et al., 2016). De plus, cegmiétudes ont détecté un effet allélopathique de la
morelle noire sur certaines espéces des légumisedset le pois, la vesce et le soja (Marinov-
Serafimov, 2010; Verma and Rao, 2006).

D’autres auteurs ont mis en évidence, au champJajaempétition légumineuse-adventice démarre
précocement dés les trois premiéres semaines €Carel Masiunas, 1998).

Beaucoup d’études explorent I'effet des adventszgda croissance et le rendement des Iégumineuses
(Avola et al., 2008; Bensch et al., 2003; Dusabemyi et al., 2014; Tepe et al., 2005) mais la
relation inverse, a savoir I'effet des Iégumineusas les adventices est moins documenté, et en
particulier sur la croissance et I'exploration rexie. Nous mettons en avant que la biomasse aérien
mais aussi les traits racinaires (profondeur d@nement notamment) d’'une adventice nitrophile
peuvent étre impactés trés tot par la Iéguminesseciée.

Notre travail a permis de mettre en lumiére I'impace de la capture d’azote en début de cycle pour
comprendre la compétitivité des légumineuses visddes adventices. Les travaux portant sur la
compétitivité des cultures vis-a-vis des adventireprennent pas habituellement en compte les trait
racinaires. Ces travaux en rhizotrons ont été dtsidu deux niveaux d’azote minéral du sol.
Toutefois, nous montrons que la disponibilité erotazdu sol n'affecte pas la compétition
légumineuse-adventice pendant la phase précoceétude récente a montré aussi que la disponibilité
en azote minéral du sol n’impactait pas les tradtsinaires dont I'élongation et la ramification

racinaire chez certains especes (adventices etres)tau début de cycle (Moreau et al., 2017).
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Traits déterminants
Masse de la semence
Expansion racinaire latérale
Biomasse aérienne et racinaire
Démarrage de la fixation N,

Variabilité a capter I’azote du sol au sein des
légumineuses pendant la croissance précoce

Classification des espeéces

Espéces moins compétitive

Espéces plus compétitive
pour N du sol

pour N du sol

d S

Groupe 1 (exemple : la Vesce commune)
Faible biomasse
Faible enracinement latéral Fixation de
N,

Groupe 2 (exemple: le Pois chiche)
Forte biomasse
Fort enracinement latéral
Pas de fixation de N,

Groupe 3: La Féverole
Forte biomasse
Enracinement latéral moyenne
Fixation de N,

Augmentation de ’enracinement en
profondeur
Pas de modification de biomasse et de la
quantité d’azote

Réduction de la biomasse et de la
quantité d’azote
Réduction de I’enracinement en
profondeur

Augmentation de I’enracinement en
profondeur
Pas de modification de biomasse et
de la quantité d’azote

Adventice nitrophile
Morelle noire

Figure 8.1.Schéma résumant les résultats obtenus sur la ¢ivivipdes légumineuses vis-a-vis des adventices

pendant la croissance précoce, en fonction dds trantrastés pour la capture de I'azote minéraladu
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8.2.L'intérét de cette approche et ses applications 2kchelle de la parcelle

Dans notre travail nous avons mis en évidencesterce d’'une variabilité au sein des espéces de
léegumineuses concernant la capture précoce detd’aho sol qui peut influencer la croissance des
adventices dés les premiers stades de développemémiculture. Ces résultats obtenus peuvent nous
servir & mieux comprendre la compétition légumieeadventice au champ et aider aux choix des
especes en fonction de leur compétitivité.

Ainsi, les especes de légumineuse ayant des faaitsisant une croissance précoce rapide et ube for
capacité a capter I'azote du sol peuvent conduiteé forte compétitivité avec d'autres espéces
associées (cultures ou adventices) des la phasecger.é

En revanche, d'autres légumineuses ayant une faiblssance précoce et une faible capacité a capter
I'azote du sol, seront des espéces moins compasitiis-a-vis des autres especes voisines au début d
cycle.

Nos résultats peuvent guider la sélection des gpast pour leur compétitivité vis-a-vis des
adventices en lien avec des traits aériens mais sacinaires. Des précédents travaux ont montré
l'importance de certains traits impliqués dansdmpétitivité vis-a-vis des adventices chez les ezpé

de légumineuses (Den Hollander et al., 2007; MchrizD03; Uchino et al., 2011). Cependant, ces
travaux ont mis I'accent principalement sur legtidraériens liés a la compétition pour la lumiéis t
gue la vitesse de la croissance aérienne, la hade=uplantes, la couverture de sol et la surface
foliaire en négligeant I'importance des traits nagies. Notre travail met en valeur l'intérét de
s'intéresser aussi aux traits racinaires et leaot@ristiques des semences (masse et richesseteh az
influencant la stratégie d’acquisition d'azote chks Iégumineuses et donc la compétition
légumineuse-adventice pendant la croissance précoce

Quel que soit le mode d’insertion de la léguminedsies les systéemes de culture, la variabilité des
traits pour le choix des espéces est un leviemaidérer dans la conception de systémes de culture
incluant davantage de légumineuses. En culturessplar compétitivité des légumineuses vis-a-vis des
adventices peut varier en fonction de I'espéce®traits présentés précédemment. Une Iégumineuse
ayant une faible capacité a capter I'azote du wmllaisser davantage d’azote disponible pour les
adventices. La légumineuse peut étre aussi culevéassociation avec une non-légumineuse. Dans
ces associations ou les deux espéces sont sentéeslaies en méme temps, la non-légumineuse peut
pallier a la faible capacité de capture d’azotéadégumineuse. La complémentarité des deux espéces
en terme de stratégie d’acquisition d’azote peuntrdmuer a accroitre la compétitivité de la cultvige

a-vis des adventices pendant la phase précoce

Des associations de deux especes (ou plus) de ildguse aux traits contrastés peuvent étre aussi
envisagées. Enfin, quand la Iégumineuse est unecbaans une culture principale, le choix d’'un
couvert qui démarre tot et rapidement avec une ftapacité a capter I'azote du sol peut étre um ato

pour accroitre la compétitivité vis-a-vis des adiass au début de cycle.
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8.3.Impact de l'insertion d’'un couvert de légumineusescomme couvert dans une culture

principale sur la régulation des adventices et laanposition de la flore adventices

Dans les chapitres 3 et 4, le travail s’est sitdésiéchelles temporelles et spatiales trés diffésede
celles des expérimentations conduites dans les d®eriers chapitres. Toutefois dans les
expérimentations au champ, nous nous sommes abdRIses a la question de la compétitivité des
légumineuses vis-a-vis des adventices en relati@mt des caractéristiques des légumineuses et
notamment leur capacité a capter I'azote minérakalu Toutefois dans ces essais au champ, les
légumineuses sont aussi étudiées en interaction leveystéme de culture dans lequel elles sont
insérées. Par ailleurs on ne s’intéresse non sealeaux traits des especes de légumineuse mais auss
aux traits des autres especes cultivées auxqudldsssont associées ainsi qu’aux traits de répdese
adventices. Deux types d'expérimentations ont éwédgites au champ afin d'étudier l'effet de
l'insertion d’'un couvert de Iégumineuse dans un&uoel principale sur la gestion des adventiceg et |
rendement. La premiére expérimentation consistaltisertion de Iégumineuses annuelles dans une
culture de colza a I'échelle du cycle de culturecdalernier. La deuxieme expérimentation a permis
de tester différents couverts de légumineuses pésean comparaison de graminées dans une culture
de mais semence a I'échelle pluriannuelle (étudedwite sur deux ans, deux cycles culturaux de mais

successifs).

8.3.1. Impact de l'insertion de différentes espéces dertégeuse dans une culture principale

sur la densité et la croissance des adventices

Nos travaux confirment que la diversification degst8mes de culture par linsertion d’une
léegumineuse semée soit avant, soit en méme tenypsegeulture principale contribue au contréle des
adventices en améliorant la compétitivité du couveulture principale + légumineuse). D’ailleurs,
beaucoup de précédents travaux ont montré que degciations d’especes (légumineuse/non-
léegumineuse) sont une stratégie efficace pour isaities adventices (Abdin et al., 2000; Corre-
Hellou et al., 2011; Gronle et al.,, 2014; Hauggddielsen et al., 2001b; Poggio, 2005). Nous
observons cependant que la compétitivité des aimts vis-a-vis des adventices différe en fonction
des traits des espéces associées, du mode domsdeila Iégumineuse dans le systéme de culture et
des pratiques culturales ainsi qu’en fonction deeail initial d’'infestation des adventices. Nousresvo
montré que l'association colza-féverole a une plute capacité a maitriser les adventices que
I'association colza-vesce commune. L'associatidmecéverole a permis de réduire la biomasse des
adventices de 35% et la quantité d’azote accumamé tes adventices de 11% en comparaison avec
un colza pur, en 2015/16 (année présentant lafpitesinfestation d’adventices). Cette réductionsia

la croissance des adventices semble permise pawnigplémentarité observée entre le colza et la
féverole, especes présentant des traits contr&siéffet, la féverole possede une plus forte bgsma

aérienne et une hauteur plus élevée que le colzmdia phase hivernale. Le colza malgré une faible
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croissance aérienne se distingue par une fortecit@@acapter I'azote. La féverole, en complément d
ses traits aériens intéressants, a présenté umleitéapge capture d’'N du sol également élevée. Par
conséquent, cette combinaison de traits semble pgainis une meilleure utilisation des ressources e
particulier la lumiére et I'azote de sol, laissamins de ressources disponibles pour les adventiees
vesce, en revanche, ne permet pas comme la féverelaugmentation de la diversité des traits et ne
permet pas d’accroitre la compétitivité par rapgoun colza pur. Dans ce travail, nous retrouvans a
champ des différences observées en conditions Géesr en début de cycle entre la vesce et la
féverole en terme de capture précoce de I'N du lsblvesce est bien moins compétitive que la
féverole.

Nous montrons que la compétitivité vis-a-vis degeatices du colza est liée a sa forte capacité de
capture de I'azote. D’'autres travaux ont montré lqueompétitivité du colza vis-a-vis des adventices
dépendait de la possibilité de bénéficier d'unendeaquantité d'N disponible en début de cycle
(Valantin-Morison and Meynard, 2008). Nos travauggerent que l'association d’'une autre espece
avec le colza permet de sécuriser cette compéditan garantissant une forte biomasse et une forte
capture d'azote qui est plus difficile a atteindystématiquement en culture seule notamment dans de
systémes moins dépendants des intrants (azoterlgitiles). Nous avons observé que l'effet de
I'association d’'un colza avec une légumineuse augdstion des adventices était plus efficace sous
une forte infestation initiale des adventices.

D’autres travaux récents ont aussi montré l'intéféssocier un colza avec une légumineuses ou avec
un mélange d’espéces en comparaison avec un amzzopr la gestion des adventices (Gharineh and
Telavat, 2009; Lorin et al., 2015). Ces travaux amnparé différentes espéces de couvert et mettent
aussi en évidence une relation forte entre la bssmalu couvert et la biomasse ou la densité des
adventices. L'accent a été jusque-la davantagesurides différences entre les caractéristiques des
couverts plutdét que sur la complémentarité qu'atent avec la culture principale. Par ailleurs
'accent est surtout mis, dans ces travaux, suitrbts relatifs a la compétitivité pour la lumiére
négligeant les traits impliqués dans la compétéipour capter des ressources du sol. Nos trawaux s
ces associations confirment I'intérét de s’intéeesaissi aux traits influencant les capacités geuca

de I'N minéral du sol comme expliqué dans les dhepil et 2.

L’insertion de différents couverts vivant ou détrdans une culture du mais semence a contribué a
réduire la densité et la biomasse des adventicesapport a un traitement sans couvert avant et
pendant la croissance du mais lors de deux cyaesndis successifs. Cependant, le couvert a
influencé la croissance des adventices différemmaprfonction des traits des espéces et la gestion d
systéme. Pendant la période d’installation des exshavant le semis du premier mais, les couverts
ayant accumulé le plus de biomasse aérienne et ed@duit fortement I'azote disponible dans le sol,
se sont montrés les plus efficaces a maitriseadesntices. Les [égumineuses étaient les coutesrts
moins compétitifs pendant cette phase d'instaltatidous retrouvons au champ la faible croissance et

capture précoce d'N des légumineuses comme celaéa@adentifié en conditions contrélées dans les
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deux premiers chapitres. Ensuite, pendant la @o¢es du mais, la compétitivité vis-a-vis des
adventices dépend de la dynamique de croissancieadgie couvert. Aprés une installation trés rapide
et trés efficace, I'avoine a ensuite une plus &drbissance ensuite en lien avec son cycle anoesl.
couverts de trefle blanc, ray-grass anglais et faé@tange sont les plus compétitifs vis—a-vis des
adventices. La luzerne, faiblement compétitiveltiéstallation, reste un couvert peu compétitif-ais

vis des adventices pendant la croissance du maiginAet al. (2000) observait aussi que tous les
couverts et les mélanges insérés dans une cukungacs étaient capables de maitriser les adventice

par rapport & un témoin sans couvert mais de nmeadifférente en fonction des espéces.

8.3.2. Modification de la composition de la flore adventiselon les espéces et le mode

d’insertion

Dans les associations colza-légumineuse, les esitéiatifs a la diversité des adventices ont ndontr
une stabilité dans la composition de la flore atigendans les associations et les cultures pures
indépendamment de I'année et de la modalité. L@sson du colza avec une légumineuse peut
contribuer a réduire la densité ainsi que la biemades adventices en maintenant en revanche la
composition de la flore adventice et la richesse efgpéces. Une étude précédente en Argentine a
montré qu’une association pois-orge produit destefimilaires sur les communautés des adventices
par apport & l'orge pure; en revanche, le poiséture pure était moins compétitif et la flore
adventice était plus diversifiée par rapport adéasation et I'orge pure (Poggio, 2005).

D’autre part, quand un couvert pérenne est inséngaentenu dans une culture du mais semence, la
composition de la flore adventice est modifiéeeefaton différente selon les couverts. Nous mettons
en avant que les légumineuses pérennes, la luzgriee tréfle blanc, ont favorisé la préférence
d’adventices ayant une forte nitrophilie (morelleira, chénopode blanc, amarante réfléchie) par
rapport a d’autres couverts en raison de leurdaibbacité a réduire I'azote minéral du sol. Patreo

les adventices fortement nitrophiles ont été nees par le couvert de ray-grass ayant lui une fort
capacité a réduire I'azote du sol. Nous avons d&gag relation étroite entre la disponibilité entaz

et la proportion d'especes nitrophiles présentes da systéme. Les légumineuses laissent beaucoup
d’azote disponible et ont considérablement enilielsol contrairement a des couverts de graminées,
entrainant une réponse de la flore adventice difitér.

En revanche, quand le couvert a été détruit aveqylgphosate, aucune modification dans la
composition de la flore adventice n’a été obserlgeadventices fortement nitrophiles dominent dans
toutes les modalités. Dans le systéme ou le cowatrtétruit, la disponibilité en N est encore plus
forte que dans le systeme ou les couverts sontiemaig vivants.

Par ailleurs, nous pouvons noter que le couvertmténs compétitif (la luzerne) vis-a-vis des
adventices est aussi le couvert le plus diversifiéc une richesse spécifique élevée quel queesoit |

systeme. Une étude précédente comparant diffécenitgerts a montré aussi que le couvert le plus
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compétitif (I'avoine) était en méme temps le maiiersifié (Campiglia et al., 2012). Méme si nous
n’avons pas quantifié ce phénomene, nous avonswgbgee I'avoine est capable de mieux maitriser
les adventices que d’autres couverts alors quésaalsse est inférieure.

D’autres phénoménes, non étudiés dans ce trawailyemt influencer la composition de la flore
adventice dans les systémes étudiés. Certainesesspemme l'avoine peuvent étre intéressantes
comme couvert grace a leur effet allélopathiqueavigs des adventices (Belz, 2007; Weston, 1996).
Le couvert peut aussi attirer des prédateurs dasrsees de certaines adventices et impacter le stock
semencier (Pullaro et al., 2006). Des auteurs ommtrd que l'insertion de Iégumineuse pouvait
favoriser la pourriture de semences d'adventices deés pathogénes du sol ddagsarium et
Trichoderma(Davis et al., 2006; Gomez et al., 2014).

8.3.3. Amélioration du rendement de la culture princigade I'insertion d’un couvert

Plusieurs travaux soulignent la difficulté de réusda l'insertion d’'un couvert a maitriser les
adventices sans pénaliser le rendement de la eyltincipale. Dans nos travaux, nous montrons qu'il
peut étre possible, dans certaines situations,od@iner le contrdle des adventices et le maintien
voire I'amélioration du rendement de la culturenpippale. Nous avons ainsi observé des effets fositi
de I'association colza-féverole sur la croissanéeeane, la hauteur, la surface foliaire et I'azote
accumulé et le rendement du colza par plante. @efts semblent issus de la complémentarité pour
I'utilisation des ressources résultant des tratstrastés des espéces associées. La capacitéaitzan c
associée a capter I'azote de sol de fagon plusae#i qu'un colza pur a été aussi observée dans
quelques études précédentes (Andersen et al., 280@nt et al., 2013).

Nous montrons que les LER.Gnd Equivalent Ratjoconcernant la biomasse aérienne et I'azote
absorbé du sol peuvent étre supérieurs a 1 indiguenplus forte croissance et accumulation d’azote
dans l'association colza-féverole par rapport auiuces pures. Banik et al. (2000) ont observéiauss
des valeurs de LER > 1 dans les associations bazgs-légumineuse, moutarde-lentille ou moutarde-
pois dans des dispositifs substitutifs comme darsstravaux. Dans nos essais, malgré que le colza
associé était semé a 50% de sa densité en puwndiement en grains du colza dans I'association
colza-féverole était similaire au colza pur. Cetbenplémentarité entre les deux espéeces a perrais a |
fois d’accroitre la compétitivité vis-a-vis des adtices et d'atteindre des niveaux de rendemerst san
désherbage satisfaisants par rapport a la culture. fCette complémentarité a été probablement
favorisée par le choix d’'un dispositif substitutifes associations colza-légumineuse et de fac@n plu
générale les associations ayant une culture peteipt un couvert non récolté sont le plus souvent
étudiées avec un dispositif additif. La densité omipnte de plantes dans un systeme additif peut
rendre difficile I'expression d’'une complémentaiitéerspécifique. Le choix d’un dispositif substitu

peut étre conseillé dans le cas d’'une plante ayamforte plasticité telle que le colza.
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Le couvert végétal pérenne inséré en culture ds smmence a influencé négativement la biomasse et
I'élaboration du rendement du mais pendant la presmannée. En effet, certains couverts ont produit
une forte biomasse lors de linstallation (favoeiggar un automne et un hiver doux). La maitrise du
couvert n'a pas été suffisante avant le semis dis.nha&s variétés en mais semences sont moins
vigoureuses que les variétés de mais utilisées lgoproduction de mais (grain ou ensilage). La
croissance du mais dans les premiers stades arfigulerement délicate surtout que, la encorg, le
conditions n’étaient pas optimales : températureisids et forte pluviométrie. Par ailleurs, la gtes

de la production de mais semence nécessite degionagarticulieres dont une floraison simultanée
pour les méles et femelles. La forte compétitidiéécertains couverts vis-a-vis du mais ont provoqué
un grand décalage dans le stade de floraison edropéché la récolte du mais la premiere année. La
gestion technique du couvert a été améliorée ere 2Z8meée en intégrant $rip-till et la compétition
entre le couvert et le mais a été beaucoup réldest.rendements ont été satisfaisants avec certains
couverts. L’insertion de luzerne a permis I'obtentd’'un rendement de mais de 3.38 avec un couvert
vivant et 5.06 t hidavec un couvert mort, rendement équivalent & céténu en mais conventionnel
(sans couvert, conduite classique).

D’autre travaux ont montré aussi I'effet négatiflilesertion de couverts sur le rendement du mais e
ils ont aussi insisté sur la nécessité de géreectmment le couvert, par I'utilisation d’herbicsdeu le
travail du sol entre les rangs de mais (Abdin gt2000; Carruthers et al., 1998). Les principaux

résultats des chapitres 3 et 4 sont présentédetahkgy. 8.2, 8.3, et 8.4.
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Effet du mode d’insertion d’une
légumineuse dans une culture de colza
sans désherbage

Effet des conditions climatiques
légumineuses sensibles au gel

Colza

Faible surface foliaire
Faible hauteur

Faible biomasse aérienne

Forte capacité a capterl’azote du sol

La féverole de printemps

Forte biomasse aérienne,

Forte surface foliaire et hauteur €élevée
Forte capacité a capter ’azote du sol

La vesce commune

Faible biomasse aérienne,

Faible surface foliaire et faible hauteur
Faible capacité a capter PN du sol

Colza

Association (féverole -colza)

v/ Augmentation de la hauteur, biomasse, surface
foliaire et PN accumulé par plante

v LER supérieur a 1

v' Rendement en grain (t ha'l) similaire au colza
pur

Association (vesce -colza)

v' Effet positif mais moindre sur la croissance du
colza

v' Rendement en grain (t ha'l) similaire au colza
pur

5 A -
V4 \‘
1 ~~
! E oy Pas de 1
i Complémentarité z o 1
1 . complémentarité 1
des traits entre la . I
I p des traits entre la I
I féverole et le colza i
: A Vesceet le colza 1
\ 7
~ 7’

Adventices

v/ Stabilité dans la composition de la
flore adventice quelle que soit

I’association

¥

Adventices

Association (féverole -colza)

Association (vesce -colza)
v’ Pas d’effet

v Réduction de biomasse (-35%)
v Réduction d’N accumulé (-11%)

Figure 8.2.Schéma résumant les résultats obtenus dans ESa&ms légumineuses-colza
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N,

~

une culture de mais semence

Gestion des couverts par des pratiques
culturales:

En 2013: Fauchage

En 2014: Fauchage + strip-till

Impact des conditions climatiques

des couverts ; semis du 1°" mais en
conditions froides et humides

Effet du mode d’insertion des légumineuses
pérennes sous forme du mulch vivant dans

Automne-hiver doux pendant Uinstallation

La luzerne

Installation en 2013

Faible biomasse aérienne , faible hauteur, faible
surface foliaire

Faible capacitéa capter I’N du sol

Pendant la croissance du mais

Tres faible biomasse aérienne

Faible capacité a capter PN du sol

Le tréfle blanc

Installation en 2013

Biomasse aérienne modérée, faible hauteur, forte
surface foliaire

Faible capacité a capter ’N du sol

Pendant la croissance du mais

Forte biomasse aérienne

Faible capacité a capter N du sol

Ray-grass

Installation en 2013

Forte biomasse aérienne, hauteur modérée,
Forte surface foliaire

Biomasse aérienne modérée

Forte capacité a capter ’N du sol

Pendant la croissance du mais

Faible biomasse

Forte capacité a capter I’N du sol

Avoine

Installation en 2013

Forte biomasse, hauteur et surface foliaire
Forte capacité a capter I’N du sol
Installation faible en 2014

Pendant la cycle du mais

Faible biomasse aérienne

Faible capacité a capter I’N du sol

Disponibilité en
azote dans le sol

du couvert

Mais semence W

En 2013 e

v’ Forte compétition exercée parle couvert

v’ Forte réduction de la biomasse/mais sans
couvert

v Pas de rendement (trop forte compétition,
décalage des stades entre males et femelles)

En 2014

v' Moins de compétition exercée par le couvert

v Pas de réduction de la biomasse/mais sans
couvert

v" Rendement dans la luzerne équivalent au
rendement du mais conventionnel

i

A Y

1

1

. . 1
Biomasse aérienne :
]

1

1

]

Y

Adventices P
En 2013 et2014

tréfle blanc

flore adventices

v’ Adventices les plus nitrophiles sont
dominantes dans la luzerne etle

v’ Adventices moins nitrophiles dans le
ray-grass anglais
v’ Luzerne a la plus forte diversité de la

Adventices
Installation en 2013

Pendant la cycle du mais

Ray-grass et avoine sont plus compétitifs
que la luzerne etle tréfle blanc

Trefle, ray-grass : Réduction de biomasse
et densité (-89%)/ mais sans couvert
Impact corrélé a la biomasse ; biomasse >
a 2t/ha pour un contrdle efficace

Figure 8.3.Schéma résumant les résultats obtenus dans lgssaulch vivant dans une culture du mais semence

o
N i —————— - - - - -

~
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Effet du mode d’insertion des [égumineuses
pérennes sous forme du mulch vivant dans
une culture de mais semence

Gestion des couverts par des pratiques
culturales:

En 2013: Glyphosate
En 2014: Glyphosate+ strip-till

Impact des conditions climatiques
Automne-hiver doux pendant installation
des couverts ; semis du 1°" mais en
conditions froides et humides

La luzerne

Installation en 2013

Faible biomasse aérienne , faible hauteur, faible
surface foliaire

Faible capacitéa capter ’N du sol

Pendant la croissance du mais en 2013

Faible biomasse aérienne

Faible capacitéa capter ’N du sol

Le trefle blanc

Installation en 2013

Biomasse aérienne modérée, faible hauteur, forte
surface foliaire

Faible capacité a capter N du sol

Pendant la croissance du mais

Forte biomasse aérienne en 2013

Faible biomasse aérienne en 2014

Faible capacitéa capter ’N du sol

Ray-grass

Installation en 2013

Forte biomasse aérienne, hauteur modéreée,
forte surface foliaire

Biomasse aérienne modérée

Forte capacitéa capter PN du sol
Pendant la croissance du mais en 2013
Faible biomasse

Forte capacitéa capter PN du sol

Avoine

Installation en 2013

Forte biomasse, hauteur et surface foliaire
Forte capacitéa capter ’N du sol
Installation faible en 2014

Pendant la cycle du mais en 2013

Faible biomasse aérienne

Faible capacitéa capter ’N du sol

Mais semence W
En 2013 &

v’ Pas de détruit de couvert par le glyphosate

v Forte compétition exercée par le couvert

v Forte réduction de la biomasse/mais sans
couvert

Disponibilité en
azote dans le sol

A Y
1
i
Biomasse (mulch '
vivant + mort) I

1

J

v' Pas de rendement

En 2014

v' Couvert détruit saufle tréfle blanc

v" Moins de compétition exercée par le couvert

v' Pas de réduction de la
biomasse/biomasse/mais sans couvert

v Rendement dans la luzerne etavoine
€quivalent / mais conventionnel

Adventices |

En 2013 et2014

v' Pas de modification dans la flore

adventice

v Adventices plus nitrophiles sont
dominants dans tout le systéme
mulch mort (80%)

Adventices
Installation en 2013

luzerne et le tréfle blanc

Ray-grass et avoine sont plus compétitifs que la

Pendant la cycle du mais en 2013/2014

mais

Tous les couverts ont maintenus une faible biomasse
d’adventice inférieure a 2 t ha! toutlong du cycle du

Figure 8.4.Schéma résumant les résultats obtenus dans l@ssaulch mort dans une culture du mais semence

-
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8.4.Le rble clé des Iégumineuses dans les systemesulaice

Les légumineuses dans les systémes de culturesadout étudiées pour I'apport d'azote qu’elles

peuvent fournir aux cultures compagnes et/ou eestguivantes. L’effet de I'insertion de légumineuse

sur la gestion des adventices est moins étudiés Das travaux nous montrons l'intérét d’étudier

conjointement I'effet des légumineuses sur la gasties adventices et leurs effets sur la dispaébil

en N dans le milieu, ces effets étant en partge Mous observons aussi que la faible compétitdes

légumineuses vis-a-vis de l'azote du sol (processestral étudié dans nos travaux) a des

conséquences a différents niveaux.

Les Iégumineuses ont une faible capacité de capfivedu sol en début de cycle, ce qui
contribue a leur faible compétitivité vis-a-vis dabrentices.

Cette faible capacité de capture d’'N couplée afmcité a fixer a I'BNde l'air dans des stades
plus avancés que ceux de la croissance précocenpantmoins devenir un atout quand ces
légumineuses sont insérées comme plante de coreregtu association avec une culture
principale. Elles exercent moins de compétition lsuculture principale par rapport a des
couverts graminées. En effet, les graminées ontfane capacité a maitriser les adventices
mais elles peuvent aussi réduire la croissance dalture principale par leur forte capacité a
réduire I'azote du sol disponible.

Les légumineuses ont une faible de capture de liNal et leur capacité a fixer I;2Nle I'air
offre, notamment dans des associations substifijtivee complémentarité intéressante avec
une espece associée a forte besoins en N quiren&rtaine meilleure croissance et un meilleur
rendement comparativement aux cultures pures. @es gle croissance et de capture d'N
observés dans l'association colza-féverole corgrib@aussi a accroitre la compétitivité vis-a-
vis des adventices et assurer une productivité delture principale satisfaisante.

La faible capacité des légumineuses a capter I'Naluassociée a d’autres processus que sont
la fixation de N, la restitution au sol d'une partie de cet azamueulé via la rhizodéposition
et la minéralisation de ces résidus si elle esudétau cours du cycle (Fustec et al., 2011;
Hagh-Jensen and Schjoerring, 2001) contribuengeanter la disponibilité en azote pour les
cultures associées et les cultures suivantes damsysteme de culture. Dans le cas d'un
systéme pérenne, l'augmentation de la disponibiité azote est forte et impacte la
composition de la flore d’adventices en favoridaatespéces fortement nitrophiliques.

Nous montrons qu'il existe des différences entguibdineuses et nous mettons en avant

certaines espéces tout a fait intéressantes dasgdeemes étudiés.

La féverole se distinguait déja dans les expériatams en conditions contrblées par sa capacité a

démarrer plus rapidement que d’autres especefoss lBacquisition de I'N du sol et la fixation de,

en tout début de cycle. Elle s’est aussi distingagechamp par ses traits morphologiques aériens
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(forte hauteur, surface foliaire et biomasse aéggret sa capacité a capter I'azote du sol plue for
que la vesce commune. Nous avons mis en évidenuérét d’associer des especes aux traits
contrastés mais nous montrons aussi que chezreetBigumineuses comme la féverole, on trouve
différents traits favorables a la compétitivité-giwis des adventices ; ceci peut constituer untage

par rapport a d’autres espéces qui aurait unttraita fait favorable mais unique.

Par ailleurs, la luzerne est apparue peu competitiis de son installation (faible croissance gti¢a
capture d’'N du sol) a la fois en conditions coréed et au champ. Elle est apparue moins compétitive
vis-a-vis des adventices que d’autre couverts, wilddsa réussi a réduire la croissance des adesntic
par rapport une modalité sans couvert tout en maamt la diversité des espéces et la richesse
spécifiqgue dans la communauté d’adventices et etupsant un rendement de mais équivalent a celui

du mais conventionnel.

8.5.Le choix des espéces en fonction de leurs traits

L'approche visant a choisir des especes en fondoleurs traits fonctionnels est un levier esséati
recommander dans la conception d'associations &iéesp En effet, 'augmentation de la diversité
d’'un systeme conduit & augmenter aussi la divedsités les traits fonctionnels présents permettant
une plus grande compétitivité vis-a-vis des adeestipar rapport aux cultures pures. Afin d’obtenir
une complémentarité dans I'utilisation des ressmirentre deux espéces et donc accroitre la
compétitivité vis-a-vis des adventices, il est @lhés de choisir des espéces ayant des traitsasigs

au niveau aérien mais aussi racinaire pour favoéisa fois la capture de la lumiere mais ausgiota

du sol. Dans nos travaux, la féverole a présensévdteurs des traits particuliers dont une grande
hauteur, une forte biomasse aérienne et une asdezhpacité de capture de 'azote du sol. Leacolz
est moins haut et produit une plus faible biomeasiseenne que la féverole mais avec une forte
capacité a capter l'azote du sol par rapport aidenéisse aérienne produite. Par conséquent, le
mélange des deux especes peut contribuer a dieeigi$ traits et augmenter les valeurs de certains
traits comme la capacité a capter les ressour@sommbinaison des espéces ayant une gamme des
traits contrastés permettrait d’améliorer des ses/icomme la gestion des adventices et le rendement
de la culture principale. Des travaux en écologmpsent des méthodes pour I'assemblage d’espéces
en fonction de leurs traits fonctionnels (Barotkt 2017) et proposent d'analyser la varianceeentr
traits pour caractériser les combinaisons de &wiéu d'especes. L'atteinte d'un service peut étre
caractérisée en fonction des traits des espécesi@ss. Par ailleurs l'atteinte de plusieurs sewvic
peut faire appel a des traits antagonistes. Assalde especes aux traits contrastés peut aider a

atteindre plusieurs services qui peuvent étre giffisiles a concilier en cultures pures.

154



Méme si la motivation centrale des agriculteurdiguant ces associations concerne la gestion des
adventices, les associations étudiées peuventcéliigées aussi pour d’autres objectifs (restitutio
d’'N, régulation des ravageurs et maladies...). Laaarisation de traits pour différents servicelm et
recherche de compromis entre traits seraient ausavailler en fonction des objectifs recherchés.

Pour guider le choix des espéces pour accroiteergpétitivité vis-a-vis les adventices, les relasio
mises en évidence entre la biomasse de la cultueebdomasse des adventices peuvent étre utilisées
pour identifier des seuils de biomasse nécessaue maitriser suffisamment les adventices. Dans
cette étude, nous mettons en évidence des seliismiasse aérienne (2 that de d’azote accumulé
(80 kg hd) en production de colza qui sont nécessaires ptaindre une forte réduction de la
biomasse des adventices. En production de maishsemeous avons observé qu'un niveau de
biomasse de couvert maintenu (vivant ou mert)dessous de 2 t hpendant la croissance du mais
est suffisant pour assurer un bon contrdle desmdides sans pénaliser le rendement du mais. Ces
seuils seraient toutefois a confirmer avec davantiigbservations dans une plus grande gamme de
conditions via de nouvelles expérimentations ounlatualisation de différentes données publiées
existantes.

Le choix des especes peut étre adapté aussi etiofode la flore adventice présente dans le systeme
Par exemple, si le systeme de culture est infestélgs adventices connues pour leur forte nitreghil

I'insertion de couverts plus compétitifs pour I'ézalu sol peut-étre préférable dans telles conmmitio

8.6.Complexité de la gestion de systéme de culture

La gestion du systeme de culture peut étre plusmoins complexe en fonction de la culture
principale, le type de couvert a insérer et aussimbde d’insertion. La gestion de l'association
annuelle colza-légumineuse est beaucoup plus sioydela gestion du systéme pluriannuel mais
semence-légumineuse. Dans le systeme pluri-anonepeut considérer que le raisonnement des
pratiques de gestion du couvert et du mais a umdmplus fort que le raisonnement du choix des
couverts. Travailler sur ces systemes demande desgierimenter de facon différente : en conditions
agricoles sur de grandes surfaces pour adapteniiuite a chaque modalité, adapter les pratiques en
cours d’essai en fonction de I'évolution du couvantinteraction étroite avec I'agriculteur, formule
des regles de décision pour l'adaptation des presigmalgré le niveau d'incertitude sur les
conséquences des choix. Dans I'association annuebtée avec un dispositif expérimental plus
simple en station expérimentale en petites pas;etieus mettons aussi en évidence des difficultés
notamment la forte dépendance aux conditions ndt#Egigues. Ces associations colza-légumineuse
visent a couvrir mieux le sol pendant I'automneehnjvet réduire ainsi la croissance des adventices

mais l'insertion de légumineuse vise aussi a faoutei I'azote aprés sa destruction par le gel. Les
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conditions hivernales ne sont pas toujours favesapbur le gel de la légumineuse et la sensilailité

gel est aussi un critére de choix des espécesdrgren compte.
8.7.Perspectives de recherche

Nous avons montré I'importance de certains traétssdla mise en place de la compétition
(legumineuse-adventice) pendant la croissance peéddotre travail a porté sur quelques espéces
contrastées pour lesquelles nous avons approf@sdicbnnaissances sur les traits influengant la
croissance et I'acquisition précoce de 'azotetr@eail pourrait étre étendu a davantage d’espeéges
a une gamme de génotypes au sein d'une especamuugant sur nos travaux qui ont permis de
repérer des traits déterminants a bien caractéri@mment la vitesse d’enracinement en latér et
niveau d'utilisation des réserves azotés. L'util@a des rhizotrons est tout a fait pertinente poair
type d’investigation. Des dispositifs expérimentgermettant un phénotypage haut-débit pourraient
étre utilisés pour caractériser quelques traits €l une gamme importante de génotypes.

Des travaux précédents montrent qu’il peut exiatessi une variabilité intraspécifique sur les srait
racinaires (Chen et al., 2012; McPhee, 2005) bi€ellg soit probablement inférieure a la variaBilit
interspécifique. Ces travaux ne se sont toutefassfpcalisés sur la croissance précoce.

Certains processus particuliers identifiés pendmmthase précoce pourraient étre approfondis a
I'aide d’expérimentations spécifiques. lls concetn& remobilisation des réserves azotées de la
semence (avec un suivi dynamique depuis la gerramétut au long de la vidange) et son impact sur
le démarrage de capture de l'azote exogene. Lésuiacinfluengant la mise en place de I'appareil
fixateur pourraient étre davantage étudiés. Cetiieleé nécessiterait des méthodes plus fines de
mesures de I'activité fixatrice a différents stades détection précise du démarrage de la fixadien
N, & des stades aussi précoces et le suivi de sduiémonécessiteraient des méthodes plus fines de

mesure de l'activité fixatrice (méthodes de marguiagtopique adaptées).

Des travaux supplémentaires pourraient étre comgaitir identifier si les différences identifiées
entre especes au début du cycle se maintienness atddes ultérieurs. Ces travaux pourraient aussi
étudier des relations entre des traits racinaireglens et les interactions entre la capturéadete
du sol et le capture de la lumiere pendant la pldaseroissance précoce et surtout dans la suite de

cycle, ces processus étant fortement connectés.
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Nous avons montré l'intérét de I'approche basédesutraits des espéces pour le choix des espéces a
associer. Il s’agit d'un levier essentiel dansdaaeption d’associations d’espéces.

Il serait intéressant de tester cette approcherseirgamme de combinaisons d’espéces afin d’évaluer
la complémentarité des traits des espéces et lesgoences sur la productivité et le controle des
adventices. Nous pourrions aussi identifier degaux de complémentarité a atteindre sur tel ou tel
trait déterminant pour maximiser la complémentagtielle que soient les especes travaillées. Le
travail peut étre fait sur des associations inntasdéja pratiquées par des agriculteurs pour mieux
comprendre leurs intéréts et favoriser leur dépieiet. Cette approche peut aussi étre utilisée pour
guider la conception de nouvelles associationsréir gges connaissances existantes sur les traits de
différentes especes.

Concernant les systemes testés dans cette thésemontrons I'importance de certaines pratiques sur
la réussite de ces systemes. Des expérimentatigdésnentaires pourraient permettre de tester
'effet de quelques leviers techniques tels queddée de semis, l'utilisation dstrip-till et les
combinaisons de plusieurs méthodes de gestion desntices (effet du couvert combiné a du
désherbage mécanique et chimique). L'intégratiopldsieurs techniques est considérée aujourd’hui

essentielle pour développer des systemes de cpluselurables et moins dépendants des herbicides.

Ce travail de these a été financé par le Gouverne8wrien. Dans cette étude, nous nous intéressons
aux especes de légumineuse comme la lentille chédla ainsi que le pois chiche qui sont des cudture
principales dans les assolements et des ressoaliogsntaires essentielles riches en protéines en
Syrie. Ces légumineuses ont d’ailleurs beaucoup gfimportance qu’en Europe.

D’autre part, Solanum spp. (espéce nitrophile étudiée dans cette thaségmment Solanum
elaeagnifoliumL. est une problématique majeure dans une graaceng de cultures en Syrie telles
que le mais et le blé depuis quelques années. &btemtice est devenue invasive et répandue dans la
région et des projets sont lancés par la FAO aimédiuire la propagation de cette adventice depuis
2015. Les résultats de ce travail serviront aussipaulser de nouvelles stratégies dans la gestsn d

adventices, ainsi que des systémes de culture am®wmoins dépendants des herbicides en Syrie.

157



9.Références bibliographiques




159



Abdin OA, Zhou XM, Cloutier D, Coulman DC, Faris M&mith DL (2000) Cover crops and
interrow tillage for weed control in short seasoaize Zea mays European Journal
of Agronomy 12:93-102.

Adler MJ, Chase CA (2007) Comparison of the allatbc potential of leguminous summer
cover crops: cowpea, sunn hemp, and velvetbeariSEience 42:289-293

Akemo MC, Regnier EE, Bennett MA (2000) Weed Supsien in Spring-Sown Rye (Secale
cereale)—Pea (Pisum sativum) Cover Crop Mixes ledNechnology 14:545-549.

Amarger N, Mariotti A, Mariotti F, Durr J, Bourguign C, Lagacherie B (1979) Estimate of
symbiotically fixed nitrogen in field grown soybesansing variations in 15N Natural
abundance. Plant and Soil 52:269-280.

Andersen MK, Hauggaard-Nielsen H, Ambus P, Jens8n(ZD05) Biomass production,
symbiotic nitrogen fixation and inorganic N usednoal and tri-component annual
intercrops. Plant and Soil 266:273-287.

Andersen MK, Hauggaard-Nielsen H, Weiner J, Jeris®r(2007) Competitive dynamics in
two-and three-component intercrops. Journal of AgobEcology 44:545-551.

Andrews D, Kassam A (1976) The importance of mldtgropping in increasing world food
supplies: American Society of Agronomy, Crop Sceociety of America, and Soil
Science Society of America

Asif M, Igbal M, Randhawa H, Spaner D (2014) Mamagand breeding wheat for organic
systems: enhancing competitiveness against wegasngsr Science & Business
Media.

Avola G, Tuttobene R, Gresta F, Abbate V (2008) @eentrol strategies for grain legumes.
Agronomy for sustainable development 28:389-395.

Ayub M, Shehzad M, Siddique MS (2013) Allelopatleitect of legumes leachates on seed
germination and seedling growth of maize (Zea miays Journal of Agricultural
Technology 9:863-875

Banik P, Midya A, Sarkar BK, Ghose SS (2006) Whaad chickpea intercropping systems
in an additive series experiment: Advantages anedveenothering. European Journal
of Agronomy 24:325-332.

Banik P, Sasmal T, Ghosal P, Bagchi D (2000) Evedoeof Mustard Brassica compestris
Var. Toria) and Legume Intercropping under 1: 1 @nd Row-Replacement Series
Systems. Journal of Agronomy and Crop Science 185:9

Barberi P, Lo Cascio B (2001) Long-term tillage amdp rotation effects on weed seedbank
size and composition. Weed Research 41:325-340.

Barot S, Allard V, Cantarel A, Enjalbert J, Gautéau A, Goldringer |, Lata J-C, Le Roux X,
Niboyet A, Porcher E (2017) Designing mixtures @rigties for multifunctional
agriculture with the help of ecology. A review. Agomy for sustainable
development 37:13

Beckie HJ, Johnson EN, Blackshaw RE, Gan Y (200&edlVsuppression by canola and
mustard cultivars. Weed Technology 22:182-185.

Bedford I, Kelly A, Banks G, Briddon R, Cenis J, Miaam P (19985o0lanum nigruman
indigenous weed reservoir for a tomato yellow l@at geminivirus in southern Spain.
European Journal of Plant Pathology 104:221-222.

Begna S, Fielding D, Tsegaye T, Van Veldhuizen Rgadi S, Smith D (2011) Intercropping
of oat and field pea in Alaska: An alternative aggmh to quality forage production
and weed control. Acta Agriculturae Scandinavicagti®n B - Soil & Plant Science
61:235-244.

Bellostas N, Hauggaard-Nielsen H, Andersen MK, éenkES (2003) Early Interference
Dynamics in Intercrops of Pea, Barley and OilseaegeR Biological Agriculture and
Horticulture 21:337-348.

160



Belz RG (2007) Allelopathy in crop/weed interacgeran update. Pest Management Science
63:308-326.

Bensch CN, Horak MJ, Peterson D (2003) Interfereoceedroot pigweed Amaranthus
retroflexug, Palmer amaranthA( palmer), and common waterhem@.( rudig in
soybean. Weed Science 51:37-43.

Berendse F (1979) Competition between plant pojuatwith different rooting depths.
Oecologia 43:19-26.

Bhowmik PC (2003) Challenges and opportunitiesmplementing allelopathy for natural
weed management. Crop Protection 22:661-671.

Blackshaw R, Anderson R, Lemerle D (2007) Cultui&ded Management. Non-Chemical
Weed Managament: Principles, Concepts and Techy@bg

Blackshaw RE, Brandt RN, Janzen HH, Entz T, Grafait Berksen DA (2003) Differential
response of weed species to added nitrogen. Waedcedb1:532-539.

Blackshaw RE, O'Donovan JT, Harker KN, Clayton GS8fpugaard RN (2006) Reduced
herbicide doses in field crops: A review. Weed Bgyl and Management 6:10-17.

Booth BD, Swanton CJ (2002) Assembly theory appitedieed communities. Weed Science
50:2-13.

Bourion V, Rizvi SMH, Fournier S, de Larambergue Glalmiche F, Marget P, Duc G,
Burstin J (2010) Genetic dissection of nitrogenrition in pea through a QTL
approach of root, nodule, and shoot variability.edietical and Applied Genetics
121:71-86.

Bvenura C, Afolayan AJ (2014) Growth and physiotagiresponse of Solanum nigrum L. to
organic and/or inorganic fertilisers. Journal ofpipd Botany and Food Quality 87.

Cadoux S, Sauzet G, Valantin-Morison M, Pontet Gai@polivier L, Céline R, Lieven J,
Flénet F, Mangenot O, Fauvin P (2015) Intercroppimmgt-sensitive legume crops
with winter oilseed rape reduces weed competitiosect damage, and improves
nitrogen use efficiency. Oilseeds and fats, Cropslapids: 22(3) D302.

Campiglia E, Mancinelli R, Radicetti E, Caporal(Z010) Effect of cover crops and mulches
on weed control and nitrogen fertilization in tom#tycopersicon esculentuMill.).
Crop Protection 29:354-363.

Campiglia E, Radicetti E, Mancinelli R (2012) Wemahtrol strategies and yield response in a
pepper cropGapsicum annuurh.) mulched with hairy vetchicia villosaRoth.) and
oat (Avena sativd..) residues. Crop Protection 33:65-73.

Cardina J, Herms CP, Doohan DJ (2002) Crop rotadimh tillage system effects on weed
seedbanks. Weed Science 50:448-460.

Carr PM, Gardner JJ, Schatz BG, Zwinger SW, Gul8an(1995) Grain yield and weed
biomass of a wheat-lentil intercrop. Agronomy Jalid7:574-579.

Carruthers K, Fe Q, Cloutier D, Smith D (1998) fntepping corn with soybean, lupin and
forages: weed control by intercrops combined witterirow cultivation. European
Journal of Agronomy 8:225-238.

Casper BB, Jackson RB (1997) Plant competition rgrdand. Annual Review of Ecology
and Systematics 28:545-570.

Chang C-F, Suzuki A, Kumai S, Tamura S (1969) Cleahstudies on “clover sickness” part
II. Biological functions of isoflavonoids and theelated compounds. Agricultural and
Biological Chemistry 33:398-408.

Chauvel B, Dessaint F, Lonchamp J, Gasquez J Emgsét les mauvaises herbes
envahissantes en France

Chauvel B, Guillemin J, Colbach N, Gasquez J (2d®3luation of cropping systems for
management of herbicide-resistant populations akgrassAlopecurus myosuroides
Huds.). Crop Protection 20:127-137.

161



Chen YL, Dunbabin VM, Diggle AJ, Siddique KH, Reh@e(2012) Assessing variability in
root traits of wild Lupinus angustifolius germplasbasis for modelling root system
structure. Plant and Soil 354:141-155.

Corre-Hellou G, Brisson N, Launay M, Fustec J, @to¥ (2007) Effect of root depth
penetration on soil nitrogen competitive interaci@nd dry matter production in pea—
barley intercrops given different soil nitrogen plips. Field Crops Research 103:76-
85.

Corre-Hellou G, Crozat Y (2005).Nixation and N supply in organic peBigum sativuni..)
cropping systems as affected by weeds and peaw@toha lineatud..). European
Journal of Agronomy 22:449-458.

Corre-Hellou G, Dibet A, Hauggaard-Nielsen H, Cto¥aGooding M, Ambus P, Dahlmann
C, von Fragstein P, Pristeri A, Monti M (2011) Téempetitive ability of pea—barley
intercrops against weeds and the interactions withp productivity and soil N
availability. Field Crops Research 122:264-272.

Corre-Hellou G, Fustec J, Crozat Y (2006) Inter#fpecompetition for soil N and its
interaction with N fixation, leaf expansion and crop growth in peaildyaintercrops.
Plant and Soil 282:195-208.

Croster MP, Masiunas JB (1998) The effect of weed-period and nitrogen on eastern black
nightshade competition with English pea. HortScee88:88-91.

Davis AS, Anderson KI, Hallett SG, Renner KA (200&eed seed mortality in soils with
contrasting agricultural management histories. Waadnce 54:291-297.

Dayoub E, Naudin C, Piva G, Shirtliffe SJ, Fuste€drre-Hellou G (2017) Traits affecting
early season nitrogen uptake in nine legume spddadg/on 3:Article e00244.

De Tourdonnet S, Shili I, Scopel E (2008) Utilisatides mulchs vivants pour la maitrise des
flores adventices. Innovations agronomiques 3:43-48

Defelice MS (2003) The Black Nightshad&salanum nigruni. et al.—Poison, Poultice, and
Pie. Weed Technology 17:421-427.

Den Hollander N, Bastiaans L, Kropff M (2007) Clowas a cover crop for weed suppression
in an intercropping design: |. Characteristics effesal clover species. European
Journal of Agronomy 26:92-103.

Diepenbrock W (2000) Yield analysis of winter odserape Brassica napud..): a review.
Field Crops Research 67:35-49.

Dixon GR (2007) Vegetable Brassicas and relatedifems: CABI.

Dobert RC, Blevins DG (1993) Effect of seed sizd ptant growth on nodulation and nodule
development in lima bea®faseolus lunatuk.). Plant and Soil 148:11-19.

Donald C (1968) The breeding of crop ideotypes.Hytipa 17:385-403.

Duc G, Mignolet C, Carrouée B, Huyghe C (2010) Im@ace économique passée et présente
des légumineuses: Réle historique dans les assotene¢ les facteurs d’évolution.
Innovations agronomiques 11:1-24.

Dunbabin V (2007) Simulating the role of rootingits in crop-weed competition. Field
Crops Research 104:44-51.

Durr C, Boiffin J (1995) Sugarbeet seedling groviithm germination to first leaf stage.
Journal of Agricultural Science 124:427-427.

Dusabumuremyi P, Niyibigira C, Mashingaidze A (2DMarrow row planting increases
yield and suppresses weeds in common bldageolus vulgarid.) in a semi-arid
agro-ecology of Nyagatare, Rwanda. Crop Prote@&#i3-18.

Dyck E, Liebman M (1994) Soil fertility managemeat a factor in weed control: the effect
of crimson clover residue, synthetic nitrogen fesdr, and their interaction on
emergence and early growth of lambsquarters andtsween. Plant and Soil 167:227-
237.

162



Ellenberg H (1974) Indicator values of vasculampdain central Europe. Indicator values of
vascular plants in central Europe. 9.

Enache AJ, llnicki RD (1990) Weed Control by Sutdaean Clover (Trifolium
subterraneum) Used as a Living Mulch. Weed techgyotb534-538.

Ercoli L, Masoni A, Pampana S, Arduini | (2007) élbpathic effects of rye, brown mustard
and hairy vetch on redroot pigweed, common lamhsguand knotweed. Allelopathy
Journal 19:249.

Evans LT (1998) Feeding the ten billion: plants aogulation growth: Cambridge University
Press.

Evers GW (1982) Seedling growth and nodulation rodwa-leaf, crimson and subterranean
clover. Agronomy Journal 74: 629-632.

Fargione J, Tilman D (2006) Plant species trait$ eapacity for resource reduction predict
yield and abundance under competition in nitretjeited grassland. Functional
Ecology 20:533-540.

Fayaud B, Coste F, Corre-Hellou G, Gardarin A, BZi(2014) Modelling early growth under
different sowing conditions: A tool to predict vaions in intercrop early stages.
European Journal of Agronomy 52:180-190.

Ferrero R, Lima M, Davis AS, Gonzalez-Andujar JD1Z) Weed Diversity Affects Soybean
and Maize Yield in a Long Term Experiment in Micarg USA. Frontiers in Plant
Science 8:236.

Fisher RA, Yates F (1938) Statistical Tables fool8gical, Agricultural and Medical
Research. Oliver and Boyd, Edinburg.

Fisk JW, Hesterman OB, Shrestha A, Kells JJ, HadMeR, Squire JM, Sheaffer CC (2001)
Weed suppression by annual legume cover crops-tillage corn. Agronomy Journal
93:319-325.

Fustec J, Lesuffleur F, Mahieu S, Cliquet J-B (20ditrogen Rhizodeposition of Legumes.
Pages 869-881lin Lichtfouse E, Hamelin M, Navarrete M, Debaeke Ms.e
Sustainable Agriculture Volume 2. Dordrecht: Speinbetherlands.

Gardarin A, Durr C, Colbach N (2010) Effects of desdepth and soil aggregates on the
emergence of weeds with contrasting seed traited/Res 50:91-101.

Gharineh M, Telavat MRM (2009) Investigation of kgpcal relationship and density
acceptance of canola in canola-field bean inteqargp Asian Journal of Agricultural
Research 1:11-17.

Ghosheh HZ, Bsoul EY, Abdullah AY (2005) Utillizatiof Alfalfa (Medicago satia L.) as a
Smother Crop in Field CorrZéa mayd..). Journal of Sustainable Agriculture 25:5-
17.

Gibson KD, Fischer AJ, Foin TC, Hill JE (2003) Cropits related to weed suppression in
water-seeded ricéfyza sativa.). Weed Science 51:87-93.

Goldberg DE (1990) Components of resource compatiti plant communities. Perspectives
on plant competition:27-49.

Gomez R, Liebman M, Munkvold G (2014) Weed seedyec conventional and diversified
cropping systems. Weed Research 54:13-25.

Greenwood DJ, Gerwitz A, Stone DA, Barnes A (198%ot development of vegetable
crops. Plant and Soil 68:75-96.

Gregory P (1988) Root growth of chickpea, faba béartil, and pea and effects of water and
salt stresses. Pages 857-867. World crops: Caebsgood legumes: Springer.
Gronle A, Bohm H, Hel3 J (2014) Effect of intercrofgpwinter peas of differing leaf type
and time of flowering on annual weed infestatiorde@ep and shallow ploughed soils

and on pea pests. Landbauforsch Agriculture andgtgr Research 64:31-44.

163



Gross KL (1984) Effects of seed size and growthmfarn seedling establishment of six
monocarpic perennial plants. Journal of Ecology:389.

Gunton RM, Petit S, Gaba S (2011) Functional treetating arable weed communities to
crop characteristics. Journal of Vegetation Sciet®:841-550.

Hall MR, Swanton CJ, Anderson GW (1992) The crltmariod of weed control in grain corn
(Zea mayp Weed Science:441-447.

Hamblin A, Tennant D (1987) Root length density amater uptake in cereals and grain
legumes: How well are they correlated?[spring whbatley; Lupinus angustifolis;
Pisum sativumnmorphology]. Australian Journal of AgriculturakBearch.

Hamblin AP, Hamblin J (1985) Root characteristifssome temperate legume species and
varieties on deep, free-draining entisols. Crop Rasture Science 36:63-72.

Hans SR, Johnson WG (2002) Influence of Shatter¢&oeghum bicolor(L.) Moench.]
Interference on CornZgea maysL.) Yield and Nitrogen Accumulation 1. Weed
technology 16:787-791.

Harker KN, Blackshaw RE, Clayton GW (2001) Timinge®d Removal in Field PeRiéum
sativun) 1. Weed technology 15:277-283.

Harper JE, Gibson AH (1984) Differential nodulatitwlerance to nitrate among legume
species. Crop Science 24:797-801.

Hartwig NL, Ammon HU (2002) Cover crops and livingulches. Weed Science 50:688-699.

Hauggaard-Nielsen H, Ambus P, Jensen E (2001a) dexhand spatial distribution of roots
and competition for nitrogen in pea-barley intepsoa field study employing 32P
technique. Plant and Soil 236:63-74.

Hauggaard-Nielsen H, Ambus P, Jensen ES (2001bjsjmcific competition, N use and
interference with weeds in pea—barley intercroppifigld Crops Research 70:101-
109.

Hauggaard-Nielsen H, Gooding M, Ambus P, Corre-¢iel, Crozat Y, Dahlmann C, Dibet
A, Von Fragstein P, Pristeri A, Monti M (2009) Pearey intercropping for efficient
symbiotic N-fixation, soil N acquisition and use of other nemts in European
organic cropping systems. Field Crops Research61131.

Heap | (2014) Global perspective of herbicide-tasit weeds. Pest Management Science
70:1306-1315.

Hebinger H (2013) Le colza. Paris: Editions FraAgecoles.

Henson JF, Jordan LS (1982) Wild oat (Avena fat@npetition with wheat (Triticum
aestivum and T. turgidum durum) for nitrate. WeetBce:297-300.

Herdina, Silsbury JH (1990) Growth, nitrogen accilation and partitioning, and MNixation
in faba bean \icia faba cv. Fiord) and peaP{sum sativuncv. Early Dun). Field
Crops Research 24:173-188.

Herridge DF, Peoples MB, Boddey RM (2008) Globgluts of biological nitrogen fixation
in agricultural systems. Plant and Soil 311:1-18.

Hill EC, Ngouajio M, Nair MG (2007) Allelopathic pential of hairy vetch (Vicia villosa)
and cowpea (Vigna unguiculata) methanol and ethgtade extracts on weeds and
vegetables. Weed technology 21:437-444.

Hiltbrunner J, Jeanneret P, Liedgens M, Stamp ReitSB (2007a) Response of weed
communities to legume living mulches in winter whe#ournal of Agronomy and
Crop Science 193:93-102.

Hiltorunner J, Liedgens M, Bloch L, Stamp P, Sti2007b) Legume cover crops as living
mulches for winter wheat: Components of biomass #ms control of weeds.
European Journal of Agronomy 26:21-29.

Hagh-Jensen H, Schjoerring JK (2001) Rhizodepasitb nitrogen by red clover, white
clover and ryegrass leys. Soil Biology and Biochstrngi33:439-448.

164



Jamont M, Piva G, Fustec J (2013) Sharing N ressuio the early growth of rapeseed
intercropped with faba bean: does N transfer nfafant Soil. 371:641-653.

Jensen ES (1996) Grain yield, symbiotic N 2 fixatiand interspecific competition for
inorganic N in pea-barley intercrops. Plant and $82:25-38.

Jensen ES, Andersen AJ, Thomsen JD (1985) Theehndliof Seed-borne N in 15N Isotope
Dilution Studies with Legumes. Acta Agriculture 8daavica, Section B Soil and
Plant Science 35:438-443.

Jensen ES, Peoples MB, Hauggaard-Nielsen H (2040 Bean in cropping systems. Field
Crops Research 115:203-216.

JKI O (2010) Growth stages of mono-and dicotyledmnplants. BBCH Skala.

Justes E, Bedoussac L, Corre-Hellou G, Fustec ikiker P, Jeuffroy M-H, Journet E-P,
Louarn G, Naudin C, Pelzer E (2014) Les processusothplémentarité de niche et de
facilitation déterminent le fonctionnement des agsmns végétales et leur efficacité
pour l'acquisition des ressources abiotiques. latiors agronomiques 40:1-24.

Kashiwagi J, Krishnamurthy L, Upadhyaya HD, KrishHiaChandra S, Vadez V, Serraj R
(2006) Genetic variability of drought-avoidancetrtaits in the mini-core germplasm
collection of chickpeaQicer arietinumL.). Euphytica 146:213-222.

Khan M, Afaq S, Afridi R (1995) Response of bladghtshade $olanum nigruniL.) to
nitrogen application. Journal of Agronomy and C8ipence 174:91-98.

Kour R, Sharma B, Kumar A, Kour P (2013) Nutriemdtake by chickpea+ mustard
intercropping system as influenced by weed managentedian Journal of Weed
Science 45:183-188.

Kruidhof HM, Bastiaans L, Kropff MJ (2008) Ecologicweed management by cover
cropping: effects on weed growth in autumn and westdblishment in spring. Weed
Research 48:492-502.

Kurdali F, Sharabi NE, Arslan A (1996) Rainfed \retmarley mixed cropping in the Syrian
semi-arid conditions. Plant and Soil 183:137-148.

Lagarde F, Champolivier L (2006) Le raisonnemeregtavancées technigues permettent de
réduire la fertilisation azotée: le cas de Farmstdza®. Oilseeds and fats, Crops and
Lipids 13:384-387.

Lé S, Josse J, Husson F (2008) FactoMineR: an Ragacfor multivariate analysis. Journal
of statistical software 25:1-18.

Lemerle D, Gill G, Murphy C, Walker S, Cousens Rok¥tari S, Peltzer S, Coleman R,
Luckett D (2001) Genetic improvement and agrononty £nhanced wheat
competitiveness with weeds. Crop and Pasture Seigh5b27-548

Lemerle D, Verbeek B, Coombes N (1995) Lossesaimgyield of winter crops from Lolium
rigidum competition depend on crop species, cultimad season. Weed Research
35:503-5009.

Lemerle D, Verbeek B, Cousens R, Coombes N (199®) fotential for selecting wheat
varieties strongly competitive against weeds. WiRegearch 36:505-513

Li H, Ma Q, Li H, Zhang F, Rengel Z, Shen J (20R9ot morphological responses to
localized nutrient supply differ among crop specigth contrasting root traits. Plant
and Soil 376:151-163.

Liebman M, Dyck E (1993) Crop rotation and intepgpong strategies for weed management.
Ecol Appl. 3:92-122.

Liebman M, Staver CP (2001) Crop diversificatiorr imeed management. Ecological
management of agricultural weeds. Cambridge Umnes$ Cambridge, UK:322-374

Lindquist JL, Mortensen DA (1998) Tolerance andvedkaf @Abutilon theophrasti)
suppressive ability of two old and two modern cddea mayp hybrids. Weed
Science:569-574.

165



Lins RD, Boerboom CM Effect of soybean row spacingveed competition

Liu L, Gan Y, Bueckert R, Van Rees K (2011) Rootaygtems of oilseed and pulse crops. II:
Vertical distribution patterns across the soil peofField Crops Research 122:248-
255.

Lépez-Bellido FJ, Lopez-Bellido RJ, Redondo R, Loillido L (2010) B value and
isotopic fractionation in Plfixation by chickpeaicer arietinumL.) and faba bean
(Vicia fabalL.). Plant and Soil 337:425-434.

Lorin M, Jeuffroy MH, Butier A, Valantin-Morison M2015) Undersowing winter oilseed
rape with frost-sensitive legume living mulchesingprove weed control. European
Journal of Agronomy 71:96-105.

Louarn G, Corre-Hellou G, Fustec J, Lo-Pelzer Hed®, Litrico |, Hinsinger P, Lecomte C
(2010) Déterminants écologiques et physiologiquetadroductivité et de la stabilité
des associations graminées-légumineuses. Innogagnonomiques 11:79-99.

Macé K, Morlon P, Munier-Jolain N, Quéré L (2007)mE scales as a factor in decision-
making by French farmers on weed management in anowps. Agricultural
Systems 93:115-142.

Magurran AE (1988) Why diversity? Pages 1-5. Egial diversity and its measurement:
Springer

Malagoli P, Laine P, Rossato L, Ourry A (2005) Dynes of nitrogen uptake and
mobilization in field-grown winter oilseed rapBré@ssica napusfrom stem extension
to harvest I. Global N flows between vegetative egqatoductive tissues in relation to
leaf fall and their residual N. Ann Bot-London. 853-861.

Marinov-Serafimov P (2010) Determination of Allelipic Effect of Some Invasive Weed
Species on Germination and Initial Development cdiG Legume Crops. Pesticidi i
Fitomedicina

Masinde PW, Wesonga JM, Ojiewo CO, Agong SG, Masddé009) Plant Growth and
Leaf N Content of Solanum villosum Genotypes in goese to Nitrogen Supply.
Dynamic Soil, Dynamic Plant 3:36-47.

McDonald GK (2003) Competitiveness against grasedsen field pea genotypes. Weed
Research 43:48-58.

McPhee K (2005) Variation for seedling root arctitee in the core collection of pea
germplasm. Crop Science 45:1758-1763.

Meiss H, Médiene S, Waldhardt R, Caneill J, Mudielain N (2010) Contrasting weed
species composition in perennial alfalfas and gmual crops: implications for
integrated weed management. Agronomy for sustarddelopment 30:657-666.

Meiss H, Munier-Jolain N, Henriot F, Caneill J (3)@Effects of biomass, age and functional
traits on regrowth of arable weeds after cuttingurdal of Plant Diseases and
Protection 21:493-499.

Miki ¢ A, Cupina B, Rubiales D, MihailoviV, Safinait L, Fustec J, Antanasavis, Krsti
b, Bedoussac L, ZatiL, bordevi¢c V, Pert V, Srebre M (2015) Chapter Six -
Models, Developments, and Perspectives of Mutuajubree Intercropping. Pages
337-419in Donald LS, ed. Advances in Agronomy: Academic Bres

Mohler CL (2001) Enhancing the competitive abildf crops. Ecological management of
agricultural weeds:269-321.

Mohler CL, Dykeman C, Nelson EB, Ditommaso A (20R¢duction in weed seedling
emergence by pathogens following the incorporatbrgreen crop residue. Weed
Research 52:467-477

Moreau D, Abiven F, Busset H, Matejicek A (2017)dets of species and sailtrogen
availability on root system architecture traitseston a set of weed and crop species.
Annals of Applied Biology 171:103-116.

166



Moreau D, Milard G, Munier-Jolain N (2013) A planitrophily index based on plant leaf
area response to soil nitrogen availability. Agnoiyofor sustainable development
33:809-815.

Munier-Jolain N, Deytieux V, Guillemin J-P, Grang& Gaba S (2008) Conception et
évaluation multicriteres de prototypes de systéaesculture dans le cadre de la
Protection Intégrée contre la flore adventice emandes cultures. Innovations
agronomiques 3:75-88.

Naudin C, Corre-Hellou G, Pineau S, Crozat Y, JeyffiviH (2010) The effect of various
dynamics of N availability on winter pea—wheat mteps: Crop growth, N
partitioning and symbiotic Nfixation. Field Crops Research 119:2-11.

Naudin C, Corre-Hellou G, Voisin A-S, Oury V, Sal@) Crozat Y, Jeuffroy M-H (2011)
Inhibition and recovery of symbiotic ;Nfixation by peas Fisum sativumL.) in
response to short-term nitrate exposure. PlanSaild346:275-287.

Oerke E-C (2006) Crop losses to pests. The JoofmEdricultural Science 144:31-43.

Ofori F, Stern WR (1987) Cereal-legume intercrogpsystems. Advances in Agronomy
41:41-90.

Ogg Jr AG, Rogers BS, Schilling EE (1981) Charaz#gion of black nightshadesflanum
nigrum) and related species in the United States. Wemth&e27-32.

Ohno T, Doolan KL (2001) Effects of red clover degmosition on phytotoxicity to wild
mustard seedling growth. Applied Soil Ecology 1G-1192.

Opiyo A (2004) Effect of nitrogen application orafeyield and nutritive quality of black
nightshade %$olanum nigrunt..). Outlook on agriculture 33:209-214.

Pakeman RJ, Karley AJ, Newton AC, Morcillo L, BreslkkRW, Schéb C (2015) A trait-based
approach to crop—weed interactions. European Jbafggronomy 70:22-32.

Poggio SL (2005) Structure of weed communities o@eg in monoculture and intercropping
of field pea and barley. Agriculture, Ecosystem&®gvironment 109:48-58.

Pridham JC, Entz MH (2008) Intercropping spring athevith cereal grains, legumes, and
oilseeds fails to improve productivity under orgamanagement. Agron J. 100:1436-
1442.

Primot S, Valantin-Morison M, Makowski D (2006) Hreting the risk of weed infestation in
winter oilseed rape crops. Weed Research 46:22-33.

Pullaro TC, Marino PC, Jackson DM, Harrison HF,né&h AP (2006) Effects of killed cover
crop mulch on weeds, weed seeds, and herbivoresculigre, ecosystems &
environment 115:97-104.

PySek P, LepS J (1991) Response of a weed commuamitpitrogen fertilization: a
multivariate analysis. J Veg Sci. 2:237-244.

Qasem J (1992) Nutrient accumulation by weeds lagid associated vegetable crops. Journal
of Horticultural Science 67:189-195.

Radicetti E, Mancinelli R, Campiglia E (2012) Coméxd effect of genotype and inter-row
tilage on yield and weed control of chickpe@ider arietinumL.) in a rainfed
Mediterranean environment. Field Crops Researchl627169.

RCore T (2012) R: A language and environment fatigtical computing. R Foundation for
Statistical Computing, Vienna, Austria.: ISBN 3-980-07-0, URLhttp://www.R-
project.org

Reddy KN, Koger CH (2004) Live and Killed Hairy \¢&t Cover Crop Effects on Weeds and
Yield in Glyphosate-Resistant Corn 1. Weed techgylt8:835-840.

Reeves T, Brooke H (1977) The effect of genotypd phenotype on the competition
between wheat and annual ryegrdsdigm rigidumGaud.). Pages 167-172.

Ross SM, King JR, Izaurralde RC, O'Donovan JT (200&ed suppression by seven clover
species. Agronomy Journal 93:820-827.

167



Saia S, Urso V, Amato G, Frenda AS, Giambalvo DjsR®&, Di Miceli G (2016)
Mediterranean forage legumes grown alone or in unétwith annual ryegrass:
biomass production, Nfixation, and indices of intercrop efficiency. Rtaand Soil
402:395-407.

Sarker A, Erskine W, Singh M (2005) Variation inosh and root characteristics and their
association with drought tolerance in lentil larcdi® Genetic Resources and Crop
Evolution 52:89-97.

Sarrantonio M, Gallandt E (2003) The Role of Co@ops in North American Cropping
Systems. Journal of Crop Production 8:53-74.

Satorre E, Snaydon R (1992) A comparison of roat simoot competition between spring
cereals and\vena fatud.. Weed Research 32:45-55.

Saucke H, Ackermann K (2006) Weed suppression xedcropped grain peas and false flax
(Camelina sativa Weed Research 46:453-461.

Schneider A, Huyghe C (2015) Les Iégumineuses gesirsystemes agricoles et alimentaires:
Editions Quae

Schott C, Mignolet C, Meynard J-M (2010) Les olémpagineux dans les systemes de
culture: évolution des assolements et des suceessiolturales depuis les années
1970 dans le bassin de la Seine. Oléagineux, Cangs, Lipides 17:276-291.

Schréder D, Kopke U (2012) Faba be¥iic{a fabal.) intercropped with oil crops—a strategy
to enhance rooting density and to optimize nitrogea and grain production? Field
Crops Research 135:74-81.

Shaner DL (2000) The impact of glyphostterant crops on the use of other herbicides and
on resistance management. Pest Management Scier3@9526.

Sheaffer CC, Gunsolus JL, Grimsbo Jewett J, LedZ8id2) Annual Medicago as a Smother
Crop in Soybean. Journal of Agronomy and Crop $&€k88:408-416.

Smith RS, Ellis MA (1980) Soybean Nodulation asldahced by Seedling Vigorl.
Agronomy Journal 72:605-608.

Spitters C, Van Den Bergh J (1982) Competition leetwvcrop and weeds: a system approach.
Pages 137-148. Biology and ecology of weeds..n§pri

Sprent JI, Thomas RJ (1984) Nitrogen nutrition eédling grain legumes: some taxonomic,
morphological and physiological constraints. Pl&wsll & Environment 7:637-645.

Stevanato P, Trebbi D, Bertaggia M, Colombo M, Beowllo C, Concheri G, Saccomani M
(2011) Root traits and competitiveness against weaadsugar beet. International
Sugar Journal 113:497.

Supasilapa S, Steer B, Milroy S (1992) Competibetween lupinl{upinus angustifoliug..)
and great bromeBfomus diandrusfkoth.): development of leaf area, light intercepti
and yields. Australian Journal of Experimental Agtiure (Australia).

Swanton CJ, Nkoa R, Blackshaw RE (2015) Experintemi@thods for crop-weed
competition studies. Weed Science 63:2-11.

Szumigalski A, Van Acker R (2005) Weed suppressama crop production in annual
intercrops. Weed Science 53:813-825.

Szumigalski AR, Van Acker RC (2006) Nitrogen yigldd land use efficiency in annual sole
crops and intercrops. Agron J. 98:1030-1040.

Tamet V, Boiffin J, Durr C, Souty N (1996) Emergenand early growth of an epigeal
seedling Daucus carotd..): influence of soil temperature, sowing debil crusting
and seed weight. Soil and Tillage Research 40:25-38

Tang C, Unkovich MJ, Bowden JW (1999) Factors diffigcsoil acidification under legumes.
[ll. Acid production by N-fixing legumes as influenced by nitrate supply.wNe
Phytologist 143:513-521.

168



Teasdale JR (1993) Interaction of light, soil maist and temperature with weed suppression
by hairy vetch residue. Weed Science:46-51.

Teasdale JR (1996) Contribution of cover crops teedv management in sustainable
agricultural systems. Journal of Production Agtictd 9:475-479.

Teasdale JR, Beste CE, Potts WE (1991) Respon$®eefls to Tillage and Cover Crop
Residue. Weed Science 39:195-199.

Teasdale JR, Daughtry CS (1993) Weed suppressitimebgind desiccated hairy vetctigia
villosa). Weed Science:207-212.

Teasdale JR, Mohler CL (2000) The quantitativetiatship between weed emergence and
the physical properties of mulches. Weed Sciencé843392.

Tepe |, Erman M, Yazlik A, Levent R, Ipek K (20068pmparison of some winter lentil
cultivars in weed—crop competition. Crop Protec24n585-589.

Thorsted MD, Olesen JE, Weiner J (2006) Width oivel strips and wheat rows influence
grain yield in winter wheat/white clover intercrapg. Field Crops Research 95:280-
290.

Thorup-Kristensen K (1994) The effect of nitrogeatah crop species on the nitrogen
nutrition of succeeding crops. Fertilizer Rese&@¢l227-234.

Thorup-Kristensen K (2001) Are differences in rgodwth of nitrogen catch crops important
for their ability to reduce soil nitrate-N conteatyd how can this be measured? Plant
and Soil 230:185-195.

Thurling N (1974) Morphophysiological determinants yield in rapeseed Bfassica
campestrisand Brassica napus Il.* Yield components. Crop and Pasture Science
25:711-721.

Townley-Smith L, Wright AT (1994) Field pea cultivand weed response to crop seed rate
in western Canada. Canadian Journal of Plant Seiéh387-393.

Turpin J, Herridge D, Robertson M (2002) Nitrogexafion and soil nitrate interactions in
field-grown chickpea Cicer arietinum) and fababeanVfcia fabg. Crop Pasture
Science 53:599-608.

Uchino H, lwama K, Jitsuyama Y, Ichiyama K, Sugiufa Yudate T (2011) Stable
characteristics of cover crops for weed suppressianrganic farming systems. Plant
Production Science 14:75-85.

Valantin-Morison M, Ferre F, Quere L (2004) Amééiota compétitivité du colza d'hiver vis-
a-vis des adventices et réduire l'utilisation diedes. Oléoscope:17-19.

Valantin-Morison M, Guichard L, Jeuffroy M (2008)o@ment maitriser la flore adventice
des grandes cultures a travers les éléments deétaire technique. Carrefour de
I'Innovation Agronomique 3:27-41.

Valantin-Morison M, Meynard J (2008) Diagnosis whiting factors of organic oilseed rape
yield. A survey of farmers’ fields. Agronomy for stainable development 28:527-
539.

Verma M, Rao P (2006) Allelopathic effect of foue®d species extracts on germination,
growth and protein in different varieties @lycine max(L.) Merrill. Journal of
Environmental Biology 27:571.

Violle C, Navas ML, Vile D, Kazakou E, Fortunel Eummel I, Garnier E (2007) Let the
concept of trait be functional! Oikos 116:882-892.

Voisin A-S, Munier-Jolain NG, Salon C (2010) Thedantation process is tightly adjusted to
plant growth. An analysis using environmentally ajghetically induced variation of
nodule number and biomass in pea. Plant Soil 337432.

Voisin A-S, Salon C, Crozat Y (2005) La mise encplales racines et des nodosités. Agro-
physiologie du pois protéagineux Inra Editions, §®.94.

169



Voisin A-S, Salon C, Munier-Jolain NG, Ney B (200Quantitative effects of soil nitrate,
growth potential and phenology on symbiotic nitnodixation of pea Risum sativum
L.). Plant Soil 243:31-42.

Wall DA, Friesen GH, Bhati TK (1991) Wild mustandterference in traditional and semi-
leafless field peas. Canadian Journal of Plantrfseig@1:473-480.

Waterer JG, Vessey JK, Stobbe EH, Soper RJ (1984l ¥nd symbiotic nitrogen fixation in
a pea-mustard intercrop as influenced by N fediliaddition. Soil Biology and
Biochemistry 26:447-453.

Webster TM, Scully BT, Grey TL, Culpepper AS (2018)inter cover crops influence
Amaranthus palmeri establishment. Crop ProtectRia3-135.

Weiher E, Werf A, Thompson K, Roderick M, Garnier Eiksson O (1999) Challenging
Theophrastus: a common core list of plant traitsfémctional ecology. Journal of
Vegetation Science 10:609-620.

Weston LA (1996) Utilization of Allelopathy for WdeManagement in Agroecosystems.
Agronomy Journal 88:860-866.

Whish J, Sindel B, Jessop R, Felton W (2002) Tiecebf row spacing and weed density on
yield loss of chickpea. Crop and Pasture Scienck335-1340.

White RH, Worsham AD, Blum U (1989) Allelopathic tential of Legume Debris and
Aqueous Extracts. Weed Science 37:674-679.

Willey RW (1979) Intercropping - Its importance ams$earch needs. Part 1. Competition and
Yield advantages. Field Crop Abstracts 32:1-10.

Xuan TD, Tsuzuki E (2002) Varietal Differences ilefopathic Potential of Alfalfa. Journal
of Agronomy and Crop Science 188:2-7.

Xuan TD, Tsuzuki E, Terao H, Matsuo M, Khanh TD, dslyama S, Hong NH (2003)
Alfalfa, rice by-products and their incorporationr fweed control in rice. Weed
Biology and Management 3:137-144.

Yoneyama T, Fujita K, Yoshida T, Matsumoto T, Karydshi |, Yazaki J (1986) Variation in
natural abundance dfN among plant parts and MN/*N fractionation during N
fixation in the legume-rhizobia symbiotic systentarR Cell Physiology 27:791-799.

Zerner MC, Gill GS, Vandeleur RK (2008) Effect ogight on the competitive ability of
wheat with oats. Agronomy Journal 100:1729-1734.

Zhang D, Zhang C, Tang X, Li H, Zhang F, RengeM#alley WR, Davies WJ, Shen J
(2016) Increased soil phosphorus availability iretldy faba bean root exudation
stimulates root growth and phosphorus uptake inghi®iuring maize. New
Phytologist 209:823-831.

170



171



Table des illustrations




173



Figures

Figure 1.1 Le nombre d’espéces adventices résistantes abicties dans différentes cultures, d'aprés He@i42............... 5

Figure 1.2. Augmentation au cours du temps du nombre d'espadesntices résistantes a plusieurs classes ddidesi D'aprés

Lo T I O PP PRSPPI 5
Figure 1.3. Modes d'insertion des légumineuses dans les systémeulture étudiés dans le cadre de la these................ 10
Figure 2.1.Questions abordées dans 'aXe. L. ......iiuueiriiiiiiieiiin e r e ars 16
Figure 2.2.La disposition des rhizotrons dans la serre du Aféndant la premiére expérimentatian.............ccvvevvreninnns 22

Figure 2.3. A gauche : photographie montrant le suivi raceainez le pois chiche cultivé en rhizotron. Au eili démoulage du

rhizotron pour prélever le systéme racinaire erdfexpérimentation. A droite : nodules isolés ptaur comptage................ 23
Figure 2.4.Questions et hypotheses abordées dans 'aXE. 2......cuuereiieerrrieerirriieerernsesrern e serrr e serrnneserrnnaee 18
Figure 2.5. Photos présentant les 5 modalités de 'essade@gumineuse) au Champ........oovverveerrrrinnerennnnnereninnennns 26
Figure 2.6. lllustration des systémes étudiés dans I'eSSAIBIS SEMENCE. .. ..uuevrrririeerrrirreerrrinserrrrirserrrrnneerers 28

Figure 4.1.Plant N @), the percentage of N derived from seed, air aiids) in the total plant Nand remaining N-NO3n soil (c)
for nine legume species grown without N supply.Uéal are meansi£4, except for fenugreek, where n=3) + SE (standardr).
Means with different letters are significantly @ifeNnt P<0.05). .....vvivriniiiiiiiniii 44
Figure 4.2.a Factor loadings for the variables measured on leigeme species grown under low soil N availahility the first two
axes of the principal component (PC) analysis. fiéieentage of the total variance explained by ttsé tivo principal components
is shown in parentheses Projections of the different species on the fiva axes of the principal component analy$fariables:
Shoot dry matter (Sdm), root dry matter (Rdm), ltdtg matter (Tdm), root:shoot ratio (R.S), initsg¢ed dry matter (isdm), initial
seed N (isN), N content in seeds (%sN), seed resdepletion (srd), root lateral expansion rate)(Rot depth penetration rate
(Rdr), nodule number (Nnb), nodule dry matter (Ndp#nt N (N), percentage of plant N derived fropeds (%Ns), Mfixed (N,),
percentage of exogenous N derived from air (%Ndfel, N uptake (Nso), N content in shoot dry maf@&NSdm), N content in
root dry matter (%Nrdm), remaining N-NQn soil (NG;). Species: Alfalfa (Al), Fenugreek (Fe), Lentilg)l. Common vetch (Cv),
Soybean (So), Pea (Pe), Chickpea (Cp), PeanuifithlFaba bean (Fh).........ccovvvviiiiiiii e 45
Figure 4.3. Dendrograms of relationships among species, aedilusing Ward's hierarchical clustering of spgcighich accounts
for the distance matrix comparing all variablese@i;n PCA analysis) of each species grown undemMaavailability (a) or high soil
N AVAIIADIIEY (D)« eeeeeeeeeie e 46
Figure 4.4. Dry matter (a) and root:shoot ratio (b), root depenetration (c) and lateral root expansion (@dute number (e)
nodule dry matter (f), plant N (g), soil N uptak® fvith (N) and without N supply (ON) for nine lege species: Alfalfa (Al),
Fenugreek (Fe), Lentil (Le), Common vetch (Cv), Begn (So), Pea (Pe), Chickpea (Cp), Peanut (Pniraba bean (Fb). ***, **,
* indicate significant differences between the teweels of soil N availability ap<0.001,p<0.005,p<0.01, respectively.......... 48
Figure 4.5.a Factor loadings for the variables measured on ieigeme species grown under high soil N availgbftir the first two
axes of the principal component (PC) analysis. fifileentage of the total variance explained by ifsé fivo principal components
is shown in parenthesds.Projection of the different species on the figb taxes of the principal component analy$ariables:
Shoot dry matter (Sdm), root dry matter (Rdm), ltdtg matter (Tdm), root:shoot ratio (R.S), initséed dry matter (isdm), initial
seed N (isN), N content in seeds (%sN), seed resdepletion (srd), root lateral expansion rate )(Rbot depth penetration rate
(Rdr), nodule number (Nnb), nodule dry matter (Ndpint N (N), percentage of plant N derived fropeds (%Ns), Soil N uptake

174



(Nso), N content in shoot dry matter (%NSdm), Nteanin root dry matter (%Nrdm), remaining N-NO8-5oil (NO3-).Species:
Alfalfa (Al), Fenugreek (Fe), Lentil (Le), Commorteh (Cv), Soybean (So), Pea (Pe), Chickpea (Gg@nt (Pn) and Faba bean

Figure 5.1.Pure stands: Plant biomass (a), root: shoot bisme® (b), root depth (c), lateral root expangid) plant N and soil N
uptake (e) for black nightshade and legume spetiegpea, faba bean and common vetch without NIgu ). Values represent
mean (=5, except for chickpea and weed wherel) + standard error. Values followed by the sawtéets are not significantly
different (Tukey's HSDy=0.05): capital letters and small letters for tqtizint N and N derived from soil, respectively........ 65
Figure 5.2. Pure stands: Contribution of the three N soursesd N, N atmospheric and soil N uptake to the total planfoN
chickpea, faba bean and common vetch: a) witho) @d b) under (N) N supply. Values represent mgwd, except for

chickpea and weed whene4) + standard error. Values followed by the sasttets are not significantly different (Tukey's HSD

Figure 5.3. Effects of legume species on total biomass (@} ghoot ratio (b), root depth (c), lateral rogpansion (d) and total N
of black nightshade when grown in pure stand (Bnihamixed stands with legume species; faba beanB(f), chickpea (Cp Bn),
and common vetch (Cv Bn) without N supply (ON). Med represent mean=5, except for chickpea and weed whered) +

standard error. Treatments with the same lettersat significantly different (Tukey’'s HSD=0.05)....vvvvvvniiirniiinineinnnns 68

Figure 5.4.Root depth penetration and lateral root expanefdsliack nightshade grown in pure stand (Bn) omined stands with
legume species; faba bean (Fb Bn), chickpea (Cp &1 common vetch (Cv Bn) without (ON) and undesugply (N) at 19 days
after seed germination. Values represent mead)(+ standard error. Analysis of variance (ANOVApE III, sum of squares,
«=0.05) was carried out to compare weed at each Wattical bars represent Tukey's HSE2=0.05).......cccvvvvriiininiinnnnnnn, 69

Figure 5.5. Soil N sharing between legume species and blagtitstiade when weed grown in mixed stands with gieiakKCp Bn),
faba bean (Fb Bn) and common vetch (Cv Bn) witi{6i, a) and under (N, b) N supply. Values represesan (=4) + standard

Figure 5.6.Plant biomass (a), root: shoot biomass ratior(ig)t depth penetration (c), lateral root expanginplant N (e) and soil
N uptake (f) with (N) and without N supply (ON) flzgumes and weed species: chickpea (Cp), faba (f&ncommon vetch (Cv)
and black nightshade (Bn) grown in pure stand® aniked stands. ***, ** * indicate significant dérences between the two levels
of soil N availability ap<0.001,p<0.005,p<0.01, reSPECHVEIY. .. .ecvuiierniiiiiiiiie it 72
Figure 6.1. Effects of legume species on intercropped oilse@e (OR) with faba bean (OR F IC) or common ve@R V IC)
before winter (BW) in December and after winter (AWM February. Values are mean=§) + standard error for the two
experimental years (2013/14 and 2015/16), exceyletd area after winter, which was measured oml013/14. Columns with the
different letters are significantly different usiigkey’s studentized range test (Tukey’s H&B0.05).........coovevniiinnininnnnns 90
Figure 6.2. Total andpartial Land Equivalent Ratio (LER) of oilseed raff@R), faba bean (F) and common vetch (V) using
aboveground biomass (DW) and soil N uptake (Ndéfpte winter (BW) in December and after winter (AW)February when
oilseed rape is intercropped using a replacemesigdavith faba bean (OR F IC) or common vetch (ORCY. Values are mean
(n=4) £ standard error for the two experimental ye#i$3/14 and 2015/16. “*"above the histogram intésahat a total LER > 1
was significant aP=0.05, whereas “*" on the histogram indicates thgartial LER > 0.5 was significant®t0.05............... 91
Figure 6.3. Weedaboveground biomass (t Haas a function of the crop aboveground biomassua)crop soil N uptake (b), and
weed density as a function of crop aboveground bgsr(c) for all treatments. Linear regression veasied out for the combined
two years and included both the sole and interedppeatments after winter in February. “*", “**¥**" indicate that a regression

is significant ap<0.001,p<0.005,p<0.01, respectively, according to the table progdseFisher and Yates (1938)............. 94



Figure 6.4. Comparison between the sole crops and intercropgimgltaneously for their studied traits and theffiects on weed
suppression after winter in February by using radats for each experimental year in 2013/14 antb206. Oilseed rape sole crop
(OR SC), faba bean sole crop (F SC), common veitthgop (V SC), and oilseed rape intercropped fatia bean (OR F IC) or
common vetch (OR V IC). Weed hiomass (%) and weed) indicate the proportion of weed abovegrounaihtass and weed
aboveground N in the total (Weeds + Crops), FeSPEIBE ......cvvviirrieeie i r e 95
Figure 7.1. Evolution of living mulch aboveground biomass {aged density (b) and weed aboveground biomadei(dve cover
crop treatments compared with no cover treatmamh fmaize sowing to maize flowering stage in both2@nd 2014. Values are
mean (=3) + standard error. Analysis of variance (ANOVAEE IIl, sum of squares;=0.05) was carried out to compare treatments
1= U0 0 119
Figure 7.2. Weedaboveground biomass (t Heas a function of the aboveground biomass of coreps (a) and of cover crops and
maize (b). Linear and logarithmic regressions weeied out for the two years separately undengjvnulch at maize flowering
stage. “*", “*", “**" indicate that a regressionis significant afp<0.001,p<0.005,p<0.01, respectively, according to the table
proposed by Fisher and Yates (1938). ... .uuuuiiuriiriiiiiiieiise e s e e s s s e e r e e e rraas 120
Figure 7.3. The Shannon-Wiener index ‘(i species richness (S) and the Simpson evennessx i(D) corresponding to the
treatments of cover crops compared to no covetrireat under the living mulch system using the megar8) + standard error in

both 2013 and 2014. Analysis of variance (ANOVA &yifi, sum of square$=0.05) was carried out to compare treatments dt eac

Figure 7.4. The percentage of weed species categories (%)vediato the total weed species density undemfvimulch and no
cover treatment. The four categories are: A= higrophilic and upright weeds, C= high nitrophilioc creeping weeds, D= low
nitrophilic and creeping weeds, E= high nitrophdied monocotyledons and F= low nitrophilic and maotgledons weeds for two
sampling dates at 3-leaf and at flowering maizgestan both 2013 and 2014.........vvivriiiiiiiiiiiiii e 124
Figure 7.5. Effect of the mineral soil N availability on thengentage of low nitrophilic weed species (%) facte cover crop at 3-
leaf maize stage for combined 2013 and 2014. Theepéage of low nitrophilic weed species (%) walswlated relatively to the
tO1A] WEEH SPECIES BBNSIEY et vttt tvteeet et et ettt ettt e it e e e e e s e e s e e e a s e e e s s s e aa s s et e s e b s e et e e eb e e enn s 125
Figure 7.6. Evolution of cover crop aboveground biomass (&geavdensity (b) and weed aboveground biomass (djvie cover
crops treatments compared with no cover treatmadeuthe dead mulch system from maize sowing teenfidwering stage in
both 2013 and 2014. Values are mear3]) + standard error. Analysis of variance (ANOVAE Ill, sum of squares=0.05) was
carried out to compare treatments at €aCH GALE.........cuuiiiieiiiii i 127

Figure 8.1. Schéma résumant les résultats obtenus sur la dibivip® des légumineuses vis-a-vis des adventipeadant la

croissance précoce, en fonction des traits codsamiur la capture de I'azote minéral du.SOL...........vovvevvriiiiiriniinnnnns 143
Figure 8.2.Schéma résumant les résultats obtenus dans BEa&ENS [EgUMINEUSES-COIZA .. ...vvvvviiviiiiiiiiiiie i, 150
Figure 8.3.Schéma résumant les résultats obtenus dans l@ssaulch vivant dans une culture du mais semence......... 151
Figure 8.4.Schéma résumant les résultats obtenus dans l@éssaulch mort dans une culture du mais semence........... 152

176



177



Tableaux

Tableau 1.1 Le pourcentage de réduction de la biomasse dadventices par différents types d'association léguimeuse-non-

légumineuses. EXemples ISSUS e @ IEEIatUNB. ... vuuueirrsier e e e s e s s e r e enas 12
Table 2.1 Les plantes de couverture étudiées dans I'expéiation conduite au champ du mais semence..............oveee. 28
Table 4.1, List Of StUAIEA SPECIES. 1+ vvruitrrtieistetriets e s s e s e e s e e s e s e s s e e st e s e s s e e e neernn e s st aaesnaaees 38

Table 4.2. Shoot and root dry matter, root: shoot ratio amitial seed dry matter for nine legume species grawithout N supply.
Values are means (n=4, except for fenugreek, whed. CV: coefficient of variatiorP values (analysis of variance ANOVA Type
1, sum of squaresy=0.05). ***, ** * indicate significant difference among species pk0.001,p<0.005,p<0.01, respectively.
Means on the same line with different letters agaificantly different P<0.05).......ccvvviiriiiiiiiiiiii e 42
Table 4.3. Root exploration and nodules establishment foe iggume species grown without N supply. Valuesraeans (n=4,
except for fenugreek, where n=3). CV: coefficieftvariation. P values (analysis of variance ANOVA Type lll, surhsguares,
0=0.05). *** ** * indicate significant difference among species ak0.001,p<0.005,p<0.01, respectively. Means on the same
line with different letters are significantly diffent (P<0.05) ....vvvuriiriiiiriiiie e 42
Table 5.1. Description of the studied legume and WEEAS SPECIE .. .vvvuirriierieirire s s s e e 60
Table 5.2. Quantity of Soil N-N@ remained in the soil (mg K for mixed stands of black nightshade with chickg€p Bn) or
faba bean (Fb Bn) or common vetch (Cv Bn) and farepstands of black nightshade (Bn), chickpea (€a bean (Fb) and
common vetch (Cv) without N supply (8.65: ON) anidhwN supply (36.48: N) N-NO3 mg Khof dry soil at 33 days after seed

o011 PSP PP PRI 64
Table 6.1. Characteristics of the measured topsoil (0 tor@Ploefore crop establishment in 2013/14 and 2015/16............ 83
Table 6.2. Mean air temperature and precipitation during28&3/14 and 2015/16 experimental YEars........ccoocvvveeennens 83

Table 6.3. Dates of weed and crop biomass samplings witlcdneesponding crop growth stages (BBCH) in 2013td 2015/16

Table 6.4. Comparison between oilseed rape (OR), faba bepar{@ common vetch (V) growth and soil N uptakesa crops
(SC) before winter in December and after winteFébruary. Values are mean4) + standard error for 2013/14 and 2015/16. Crop
leaf area index was measured only before WINt@OIMD/16..........cuvuiirniiiiiiii e 88
Table 6.5. Effects of oilseed rape (OR), faba bean (F) amdraon vetch (V) grown as sole crops (SC) or as enégs (IC) on weed
infestation before winter (BW) and after winter (A\ 2013/14 and 2015/16. Values are mea] + standard error for the two
SEPArate EXPENMENTAl YEAIS. . vvvruuterrrreserrrrnieerertssesrertseerrrssssesrsrsstesrnrssaesernssaesrsrsaesernseesersnseesesnsnernnns 93
Table 6.6. The Shannon-Wiener index ‘(i1 species richness (S) and the Simpson evenneex i(D) corresponding to the

treatments of oilseed rape (OR), faba bean (F)camdmon vetch (V) grown as sole crops (SC) or asrinbps (IC) carried out

using the meansit4)  standard error in 2013/14 and 2015/16........uuieererinieiierinieeerrinn e e s e s r e 96
Table 6.7. The grain yield components of oilseed rape growma aole crop (OR SC) or intercropped with fabank€@R F IC) or
common vetch (OR V IC) in 2013/14 and 2015/16. ¢alare meamé3) + standard error........cvvvvvivineerinnieriieesineenes 97
Table 7.1.Mean air temperature and amount of precipitatioring) the experimental years from November 201Rdoember 2014
................................................................................................................................................. 111
Table 7.2. Characteristics of the soil (0 to 90 cm) at cosr@p sowing in November 2012..........vvvvviivviniiiriieininennns 111
Table 7.3. Characteristics of the cover crops Sown in NOVAETBIAZ. ..........covvuviiriiiiiiiiiiin e 112



Table 7.4. The characteristics of the cover crops and thiééces on weed density, biomass, species diveodityeed communities
(H), weed species richness(S) and weed specigsiess (D) before maize sowing in 2013.........oveeviiiiiiiiiinninnnnenns 116
Table 7.5. The percentage of weed species categories (%jvediato the total weed species density beforezeaiowing in 2013.
ValUES Gre MEAMED) ... evuiirteieieestse st e et e et e s e s s e s e e s s e e e s e r e e e n e et e s st e e e e e e e e e e e st e aeb e e st s 116
Table 7.6. The quantity of mineral nitrogen (N) remainingtive soil (kg hd) at both sampling date for 3-leaf and floweringizea
stage under living mulch in both experimental Y03 and 2014........vvvrviiiiiiiiriiiiiiiieiie e 120
Table 7.7. The quantity of mineral nitrogen (N) remainingtie soil (kg hd) at 3-leaf and flowering maize stages under tralde
mulch system in both experimental years 2013 @@ 20..........vviieriiiiiieiinie i 128
Table 7.8. The Shannon-Wiener index ‘(i1 species richness (S) and the Simpson evenneex i(D) corresponding to the
treatments of cover crops compared to no covetnireat under dead mulch system carried out usingreans if=3) + standard
error in both 2013 and 2014. Analysis of varianeBQVA Type Ill, sum of square$,=0.05) was carried out to compare treatments
at 3-leaf and flOWErNG Of MAIZE StAGE ..vvuvvvvrririeiirri et e e s e s e s e e e e r e e e arene e 129

Table 7.9.Maize biomass at flowering stage and maize graitdyinder living and dead mulches in both 2013 204........ 131

179



Je, soussigné(e)  Elana DAYOUB
déclare étre pleinement conscient(e) que le plagiat de documents ou d’une
partie d’'un document publiée sur toutes formes de support, y compris l'internet,

constitue une violation des droits d’auteur ainsi qu’une fraude caractérisée.

Cet engagement de non plagiat doit étre signérdt jo

a tous les rapports, dossiers, mémoires.

universite

angers









UNIVERSITE
BRETAGNE
LOIRE

These de Doctorat

Elana DAYOUB

universite

angers

Competitivité des Iégumineuses vis-sgis des adventices : traits impliqués dans
capture precoce de l'azote minéral du sol et compigentarité des traits entre
especes dans des associations legumineuse-non légaose

Competitiveness of legume species against weedsaits involved in the early soil nitrogen

uptake and complementarity of traits in legume-noriegume intercropping systems

Résumeé

Accroitre la compétitivité des cultures visAg-
des adventices est un levier essentiel
concevoir des systemes de culture m
dépendants des herbicides. Les légumineuse
des espéces majeungsur diversifier les systerr

mais elles sont réputées peu compétitives wis-a-

des adventices. Cependant la variabilité «
especes en particulier pendant la phase préc
été peu explorée. Ce travail vise a i) é&udvie
deux expérimentations ehizotrons en serre, |
traits impliqués dans la croissance et I'acquis
d’azote (N) en début de cycle chez une ga
d’especes de légumineuse et les conséquenc
la compétition légumineusadventice et a |
quantifier au champ [lintérét d’assations
légumineuse-non légumineuse
Iégumineuses, malégumineuses pérennes,
légumineuse étant plante de service) su
croissance et la composition de la flore adver
Nous montrons qu’il existe une variabilité e
espéces de capture déh début de cycle en li
avec les réserves azotées de la semen
'exploration racinaire. La croissance
I'acquisition d’'N de Il'adventice sont impact
differemment selon l'espece de Iégumine
pendant la phase précoce. Les essais au (
montrentl'intérét de combiner des especes
traits complémentaires pour ['utilisation
ressources conduisant a un meilleur controle
adventices tout en maintenant la productivité
culture. Cette étude montre aussi que
composition de la flore estadifiée en fonction ¢
la légumineuse insérée dans le systeme en lie
fois avec les traits des l[égumineuses et les tile
réponse des adventices.
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Abstract

Enhancing crop competitiveness against weec
relevant way in order to design cropping Sy«
less dependent on herbiciddsegumes are ki
species in diversified cropping systems but
are known to be low competitive against we
However, interspecific variability especially

the early growth had been little studied. Our v
aims to i) study, via two greenhouse exmpents
in rhizotrons, the traits involved in the growthd
nitrogen (N) acquisition for a range of legt
species and the impacts on wédegdme
competition at the beginning of crop cycle an
i) quantify under field experimentbe interest ¢

legume-non legume intercropping (oilseed rape

legumes, maize-perennial legumedere legum
species were grown as service plaof) weei
growth and weed species compositi@ur result
highlighted the intespecific variability for soil |
uptake in the a&ly growth in relation with se:
reserves and rooting exploration. Weed gr
and N acquisition are influenced differently ¢
function of legume species in the early gro
Field experiments show the advantage of sp
combinations with complementatraits for usin
resources, leading to better weed control v
maintaining crop productivity. This study shc
also that weed species composition was moc
as a function of legume species in relation
both legume traits and weed traits response.
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