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ha -1 ) is sufficient to control water runoff and soil erosion. However, extra amounts of crop residues are required to effectively control weed infestation. These extra amounts could be produced with the introduction of high biomass-producing crop rotations and could decrease the labor pressure from weeding.
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FINTINA

Ny voly rakotra (VR) dia voafaritra toy ny fampihenana ny fiasana ny tany, ny fandrakofana ny tany mandritra ny voly ary ny fifandimbiasam-boly. Nampidirina taty amin"ny faritra Alaotra, Madagasikara, izy io entina hanatsarana ny tambim-bokatra azo avy amin"ny voly an-tanety izay matetika misedra olana eo amin"ny faharatsian"ny tsiron-tany, ny tsy fahampian'ny rano ary ny firongatry ny ahi-dratsy. Ny tanjona fototr"ity fikarohana ity dia ny ijerena ny fiaintraikan"ny asan"ny VR eo amin"ny fanatsarana ny voka-bary an-tanety mihoatra amin"ny voly mahazatra (VM). Araka izany dia nijery ny zava-misy voarakitry ny lahatsoratra eo amin"ny vokatra entin"ny fandrakofana ny tany arakarakin"ny lanjan"ny rakotra avela eo amin"ny tany no natao voalohany. Izany no nahitana fa ny lanjan"ny rakotra ilaina dia miankina indrindra amin"izay vokatra endrasana aminy. Rakotra milanja 2 ka hatramin"ny 3 t ha -1 dia efa ahazoana vokatra mazava eo amin"ny fanatsarana ny fanindronan"ny rano, fiarovana amin"ny riaka sy ny fahalasan"ny tany. Amin"ny lafiny iray anefa, ny fiarovana amin"ny firongatry ny ahi-dratsy, ny fanatsarana ny tsiron-tany na ny bibikely ao anatin"ny tany dia nahitana fahasamihafana maro teo amin"ny tahirin-kevitra hita teo amin"ny lahatsoratra, izay midika fifandraisan"ireo vokatra ireo amin"ny zavatra hafa, indrindra ny karazana rakotra ampiasaina sy ny toe-tany ary ny toe-trandro. Ankoatr"izay dia nanaraka fanandramana roa izay natao tao amin"ny toera-pikarohan"ny FOFIFA tany amin"ny faritra Alaotra ihany koa entina hanatratrarana ny tanjona. Ny fanadramana voalohany izay natao ijerena ny vokatrin"ny fisian"ny rakotra eo amin"ny fiarovana amin"ny ahi-dratsy, izay nampiasana rakotra milanja 0 ka hatramin"ny 45 t ha -1 dia nahitana fa ny firongatry ny ahidratsy amin"ny ankapobeany dia mihena arakarakin"ny ampitomboina ny lanjan"ny rakotra eo amin"ny tany. Na izany aza dia mila lanja ambony, eo ho eo amin"ny 10 t ha -1 raha ny teo amin"ny andrana, vao ahitana vokatra manan-danja amin"ny fanenana ny firongatry ny ahidratsy raha oharina amin"ny tany tsisy rakotra. Ny andrana faharoa izay notanana nandritran"ny 6 taona (2003/10 ka hatramin"ny 2014/15), izay nahitana fifandimbiasam-boly mandritran"ny roa taona teo amin"ny katsaka + antaka // vary sy fifandimbiasam-boly mandritran"ny telo taona teo amin"ny katsaka + stylosanthes // stylosanthes // vary ; miaraka amin"ny fomba 3 karazany eo amin"ny fikirakirana ny tany sy ny rakotra ary fomba 2 eo amin"ny fitondrana zezika. Ny tany tsirairay dia notsinjaraina 2 izay miavaka eo amin"ny fikirakirana ny ahitra tamin"ny taona 2013/14 sy 2014/15. Ny fanatsarana ny voka-bary miaraka amin"ny VR raha oharina amin"ny VM dia miankina indrindra amin"ny fihenan"ny ahi-dratsy teo amin"ny tany VR. Ny fahamandoan"ny tany sy ny tahan"ny azota mineraly dia miankina be kokoa amin"ny rotsa-korana ary tsy nahitana fahasamihafana amin"ny ankapobeny tao amin"ny VR sy VM. Ary farany, ny fandalinana natao teo amin"ny fiovaovan"ny voka-bary nandritran"ny 6 taona teo amin"ny andrana faharoa tamin"ny alalan"ny fampitahana ny voakatra azo tamin" ny voka-bary salatsalany sy tamin"ny vokabary izay tokony ho azo nandritra ny taona dia nahitana fa ny fifandimbiasam-boly, ny fomba fikirakirana ny tany sy ny rakotra ary ny tahan"ny zezika dia mifandraika amin"ny zavatra hafa izay miankina amin"ny fahasamihafan"ny tany izay nety nisy teo amin"ny toerana nanaovana ny andrana. Ny valin"ny fikarohana tamin"ity asa ity dia mandroso ny ijerena akaiky ny vokatra izay endrasana amin"ny rakotra sy ny fitsinjaran"ny rotsa-korana rehefa androso VR entina hanatsarana ny tambi-bokatra any amin"ny faritra Alaotra. Raha ny VR miaraka amin" ny lanjan"ny rakotra avelan"ny tantsaha eny amin"ny tany amin"ny ankapobeny (izay 1 -2 t ha -1 ) dia mahomby raha entina iadiana amin"ny riaka sy ny fahalasan"ny tany. Ilaina kosa anefa ny fampitomboina ny lanjan"ny rakotra, izay afaka vokarina tsara raha manao fifandimbiasam-boly mamokatra rakotra ambony, raha te iady amin"ny firongatry ahidratsy.

Teny manan-danja: rakotra, fifandrimbiasam-boly, ahitra, tsiron-tany, fahamandoan"ny tany

RESUME

L"Agriculture de conservation (AC) repose sur trois principes: le minimum de travail du sol, la couverture permanente du sol et la diversification des espèces cultivées. Elle a été introduite vers la fin des années 90 dans la région du lac Alaotra, Madagascar, dans l"objectif d"augmenter la productivité de l"agriculture pluviale qui, généralement, pâtit des problèmes liés à la faible fertilité des sols, aux contraintes hydriques et à l"enherbement. L"objectif principal de la thèse consiste à quantifier et caractériser les impacts des fonctions agroécologiques de l"AC dans l"amélioration du rendement en riz pluvial par rapport aux pratiques conventionnelles (CT). Une revue de la littérature sur les fonctions agro-écologiques du mulch en fonction de leur quantité retenue sur la parcelle a tout d"abord montré que la quantité de couverture nécessaire va dépendre essentiellement des fonctions agro-écologiques attendues. Une quantité de couverture de 2 à 3 t ha -1 permet d"obtenir des effets très nets en ce qui concerne l"amélioration de l"infiltration de l"eau, la limitation du ruissellement et de l"érosion du sol. En revanche, les données sur le contrôle de l"enherbement, la disponibilité des nutriments ainsi que la faune du sol en fonction de la quantité de mulch étaient très variables, suggérant l"interaction de ses fonctions agro-écologiques avec d"autres facteurs, notamment le type de résidus et les conditions pédoclimatiques. Une première expérimentation dont l"objectif était la quantification des effets physiques du mulch sur l"enherbement, avec différentes quantités de résidus de 0 à 45 t ha -1 a montré que l"émergence et la biomasse des adventices sur les parcelles couvertes dépend essentiellement de la quantité et de la distribution de la pluviométrie durant la saison culturale. L"émergence ainsi que la biomasse des mauvaises herbes diminuent en général avec l"augmentation de la quantité de mulch maintenue sur les parcelles. Toutefois, une quantité de résidus de l"ordre de 10 t ha -1 est nécessaire pour réduire significativement la pression des adventices sur le riz par rapport à un sol nu dans les conditions de notre dispositif expérimental. Un deuxième dispositif maintenu durant 6 ans (2009/10 à 2014/15), combinait une rotation biennale de maïs + dolique // riz et une rotation triennale de maïs + stylosanthes // stylosanthes // riz ; trois modes de gestion du sol et des résidus et deux niveaux de fertilisation. Deux niveaux d"enherbement en split plot ont été ajoutés en 2013/14 et 2014/15. L"amélioration du rendement en riz sur les parcelles en AC par rapport aux parcelles en CT est essentiellement liée à une diminution de la pression des adventices sur les parcelles AC pendant la période de végétation du riz. La dynamique de l"eau dans le sol ainsi que la dynamique de l"azote minéral sont fortement influencées par le régime pluviométrique et ne différent généralement pas entre AC et CT. Enfin, l"analyse de stabilité et l"écart de rendement au potentiel utilisés pour étudier les variations de rendements en riz sur les 6 saisons culturales du second dispositif expérimental ont montré que les effets des traitements étaient en interaction avec d"autres facteurs probablement liés à la variabilité spatiale du sol sur le dispositif expérimental. Les résultats de cette étude nous suggèrent de tenir compte aussi bien des fonctions agro-écologiques du mulch attendues que les régimes pluviométriques lors de la promotion d"un système AC pour améliorer la productivité des cultures. L'AC avec une quantité de résidus généralement retenus dans les parcelles de l'agriculteur (i.e. 1 -2 t ha -1 ) serait efficace pour lutter contre le ruissellement et l'érosion. Cependant, des quantités supplémentaires de résidus, qui pourraient être produites avec l"introduction de rotations culturales avec une forte production de biomasse, seraient nécessaires pour lutter efficacement contre les adventices et diminuer les charges liées au sarclage.

Mots-clés : zéro labour; couverture du sol; rotation culturale; mulch; adventice; azote minéral; humidité du sol ABSTRACT Conservation agriculture (CA) is based on the principles of minimum soil disturbance, permanent soil cover and diversification of crop species grown in rotations and/or associations. CA was introduced in the late 90s in the Lake Alaotra region, Madagascar, in order to improve rainfed crop productivity which is commonly constrained by low soil fertility, soil water stress and weed infestation. The main objective of this study was to quantify and understand the impact of CA on rainfed rice productivity as compared to the practice of conventional tillage (CT). First, a review of literature was conducted on the agroecological functions of mulching with crop residues in relation to their quantity. The literature review showed that the optimal amount of residues required principally depends on the agroecological function searched for. Residue amounts of 2 to 3 t ha -1 had clear positive effects in terms of improving water infiltration and limiting water runoff and soil erosion. On the other hand, results on weed control, nutrient availability and soil fauna in relation to the amount of mulch were highly variable, suggesting the interaction of these agro-ecological functions with other factors, including residue type and soil-climate conditions. Second, two field experiments were monitored at the research center of FOFIFA in the Lake Alaotra region. A first experiment aiming at quantifying the physical effect of a mulch of crop residues on weed infestation, with amounts of surface residues ranging from 0 to 45 t ha -1 showed that the emergence and biomass of weeds on mulched plots depend mainly on the quantity and distribution of rainfall during the cropping season. Overall, weed emergence and biomass decreased with increasing amounts of mulch. However, a large quantity of residues, i.e. in the order of 10 t ha -1 , was required to significantly (p<0.05) reduce weed pressure as compared to a bare soil under the agro-ecological conditions of our experiments. The second experiment was conducted during six years (2009/10 to 2014/15), and a 2-year rotation of maize + Dolichos lablab // rice and a 3-year rotation of maize + Stylosanthes guianensis // S. guianensis // rice were combined with three soil/residue management practices and two level of fertilization. Two levels of weed pressure were added as split-plot in 2013/14 and 2014/15.

Higher rice grain yields on CA plots as compared to CT plots in the fifth and sixth year of the CA practice were mainly related to a decline of weed pressure under CA. Soil water and mineral nitrogen dynamics did not differ markedly between CA and CT and were strongly influenced by the rainfall pattern. Finally, the use of the concept of stability analysis and the yield gap approach to analyze the variation of rice yield under the 6 crop seasons from 2009/10 to 2014/15 showed that the effects of treatments including crop rotation, soil and residue management, and fertilization levels interact with other factors likely related to the spatial variability of the experimental design. Results of our study suggest that both agroecological function of mulch searched for and rainfall conditions should be taken into account when promoting CA systems to improve crop productivity in the Lake Alaotra region.

Practicing CA with typical amounts of residues that are produced on farmer"s field (i.e. L"agriculture de conservation (AC) qui s"inspire du mode de fonctionnement de l"écosystème forestier en assurant une production équilibrée tout en préservant l"environnement figure parmi les réorientations possibles des systèmes agricoles. L"AC est basée sur trois principes fondamentaux dont le travail minimal du sol, la couverture permanente du sol et la diversification des espèces cultivées par les associations et/ou les rotations culturales (FAO 2015). Les études précédentes sur l"AC ont démontré les fonctions agro-écologiques de ses trois principes notamment sur l"amélioration du bilan hydrique et de la fertilité du sol (e.g. Hobbs

2007

). La couverture du sol améliore le stockage en eau dans le sol en limitant l"évaporation de l"eau du sol et le ruissellement et en favorisant l"infiltration de l"eau dans le sol (e.g. [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF]). Elle limite également les risques d"érosion du sol en lui fournissant une protection physique et en améliorant ses propriétés (e.g. [START_REF] Smets | Spatial scale effects on the effectiveness of organic mulches in reducing soil erosion by water[END_REF]Razafindramanana et al. 2012).

La diversité de la plantation et la décomposition des résidus retenus à la surface du sol influent sur le cycle des nutriments du sol et favorisent leur disponibilité pour la plante [START_REF] Maltas | Long-term effects of continuous direct seeding mulch-based cropping systems on soil nitrogen supply in the Cerrado region of Brazil[END_REF]). L"AC contribue à réduire la pression des adventices [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF] et à améliorer l"activité biologique dans le sol par la restitution de fortes quantités de biomasse [START_REF] Kladivko | Tillage systems and soil ecology[END_REF]. Elle favorise également le stockage de carbone dans le sol grâce au non labour et la présence de plantes de couvertures (e.g. Razafimbelo 2005; [START_REF] Bernoux | Cropping systems, carbon sequestration and erosion in Brazil: A review[END_REF][START_REF] Corbeels | Soil carbon storage potential of direct seedingmulch-based cropping systems in the Cerrados of Brazil[END_REF].

Madagascar figure parmi les pays les plus touchés par l"insécurité alimentaire. Le programme alimentaire mondial (PAM) compte 14 millions de personnes menacées par la faim en 2015, représentant environ 46% de la population malgache. Avec une majorité de population rurale (86%), l"agriculture tient une place prépondérante dans l"économie de Madagascar. 

Présentation de la zone d'étude : la région du Lac Alaotra

L"étude a été réalisée dans la région du lac Alaotra qui se trouve dans le centre-Est de Madagascar (17°35"S, 48°30"E, 760 m alt.) (Figure 1). La région est caractérisée par un climat tropical humide d"altitude avec une grande variabilité intra-et interannuelle de la pluviométrie (Figure 2). La pluviométrie annuelle de 1993/94 à 2014/15 varie de 638 mm à 1 569 mm, avec une moyenne de 1 060mm. La température moyenne mensuelle varie de 18.0°C en juillet et de 24.4°C en décembre. La région du lac Alaotra est une zone à vocation agricole avec une prédominance de la riziculture. Il s"agit du deuxième grenier à riz de Madagascar. Avec plus de 120 000 ha de rizières, elle assure environ 13 % de la production rizicole de Madagascar. La production annuelle de riz dans la région dépend principalement de la quantité et de la répartition de la pluviométrie durant la saison culturale. Selon les rapports de la FAO et de la PAM (Programme Alimentaire Mondial) sur l"évaluation de la sécurité alimentaire à Madagascar, elle varie de 320 000 à 500 000 tonnes de 2007/08 à 2015/16.

Le riz est principalement cultivé en système irrigué sur les plaines agricoles qui contournent le lac Alaotra. Suite à une augmentation de la demande et une saturation des bas-fonds, la riziculture pluviale exploitant les collines est de plus en plus importante depuis les années 80 [START_REF] Penot | Rôle et place du riz pluvial dans les exploitations du lac Alaotra[END_REF]. L"expansion de la riziculture irriguée étant limitée par la vétusté et la dégradation des infrastructures hydro-agricoles, l"exploitation des surfaces pluviales reste une option potentielle à développer pour augmenter la production rizicole dans la région. La durabilité ainsi que la productivité de la riziculture pluviale est cependant remise en question. En effet, les surfaces pluviales sont les plus souvent sensibles à l"érosion et aux ruissellements, et sont de faible fertilité.

Les études pédologiques dans la région ont montré des sols hydromorphes organiques et minéraux sur les plaines, des sols minéraux d"apports alluvionaires de type argilo-limoneux sur les parcelles exondées dans les vallées et bas-fonds (Baiboho) et des sols de type ferralitique sur les bassins versants (Tanety) [START_REF] Raunet | Evaluation des effets de systèmes de semis direct sous couverture végétale pérenne (SCV) sur l"érosion hydrique et la production agricole sur les hautes terres de Antsirabe (Madagascar)[END_REF]. En ce qui concerne les dispositifs expérimentaux utilisés dans cette étude, ils se situent sur un bas de pente en bordure de la rive Sud-Est du Lac Alaotra sur les parcelles expérimentales du centre régional du Moyen-Est du FOFIFA (CRR-ME) (Figure 1). Le sol est de type Orthic ferralsol (Classification FAO) avec une texture limonoargileux, un pH acide et une capacité d"échange cationique faible. Les caractéristiques physicochimiques du sol sont détaillées dans les chapitres 2, 3 et 4 de la thèse.

En ce qui concerne l"AC, il a été proposé comme solution technique pour sécuriser et augmenter la productivité des cultures pluviales dans la région depuis la fin des années 90. Sa diffusion auprès des producteurs a été assurée par un projet de développement BV-Lac (Projet de mise en valeur et de protection des bassins versants du Lac Alaotra) financé par l"AFD (Agence Française de Développement). Malgré les efforts de vulgarisation, le taux d"adoption de l"AC dans la région reste faible. En 2010, le projet recensait 1 080 ha de parcelles en AC [START_REF] Penot | Le technicien propose, le paysan dispose. Le cas de l"adoption des systèmes de culture sous couverture végétale au lac Alaotra, Madagascar[END_REF]. Les principales contraintes d"adoption de l"AC concernent principalement la production et la gestion des résidus de culture sur les parcelles. En effet, les résidus de culture sont aussi utilisés à d"autres fins, notamment l"alimentation des bétails. Pour la plupart des agriculteurs, l"utilisation des résidus de culture pour nourrir le bétail s"avère plus avantageuse économiquement que le mulch utilisé pour augmenter la fertilité du sol [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]. Du point de vue technique, bien qu"il ait été démontré dans les études antérieures que la rétention des résidus sur les parcelles peut avoir un effet sur le contrôle des mauvaises herbes, la gestion des mauvaises herbes reste un défi majeur dans l"adoption de l"AC [START_REF] Chauhan | Ecology and management of weeds under conservation agriculture: a review[END_REF].

Objectifs et hypothèse de recherche

L"objectif principal de la thèse consiste à quantifier et caractériser les impacts des fonctions agro-écologiques de l"AC dans l"amélioration du rendement en riz afin de cerner les avantages de l"AC par rapport au contexte pédoclimatique de la région. Les objectifs spécifiques et les hypothèses correspondant aux 4 chapitres de la thèse (Figure 3) sont les suivants :

(1) Déterminer les relations entre les fonctions agro-écologiques et la quantité de mulch laissés sur la parcelle Hypothèse 1 : L"efficacité des fonctions agro-écologiques du mulch dépend de la quantité de résidus laissés sur les parcelles ;

Le premier chapitre a été consacré à une revue de la littérature afin d"étudier les relations entre l"efficacité des fonctions agro-écologiques du mulch et la quantité retenue sur la parcelle. La base de données en ligne Scopus (http://www.scopus.com) a été utilisée. Nous avons sélectionné les études avec zéro labour afin de se consacrer sur les effets du mulch indépendamment des effets des autres principes de l"AC. Parmi les fonctions agro-écologiques du mulch, l"amélioration du bilan hydrique, la limitation des pertes en terre, l"augmentation de la disponibilité des nutriments du sol (N, P, K) et du carbone du sol, le contrôle de l"émergence et de la biomasse des adventices, et l"augmentation de la méso et macrofaune du sol ont été étudiés.

L"efficacité du mulch sur une fonction agro-écologique a été évaluée en utilisant l"écart relatif entre la valeur sur des parcelles couvertes et la valeur sur des parcelles nues. Les papiers utilisés pour chaque fonction agro-écologique dans ce chapitre sont récapitulés dans Annexe 1. Cette première partie a permis de déterminer le niveau de performance de ces fonctions agroécologiques en fonction de la quantité de résidus laissés sur les parcelles au travers des données de la littérature.

( les effets de la quantité ainsi que de la qualité du mulch sur l"enherbement.

(3) Caractériser les effets de l"AC sur l"enherbement, la dynamique de l"eau dans le sol, sur la disponibilité en azote pour le riz et le rendement en riz Hypothèse 3 : La gestion du sol et des résidus ainsi que la rotation culturale ont un effet positif sur le rendement en riz par la diminution de l"enherbement et l"amélioration de la disponibilité de l"eau et de l"azote du sol;

Le 3 e objectif concerne les effets des 3 principes de l"AC sur le rendement en riz. 

ABSTRACT

Conservation agriculture, which is based on minimum tillage, permanent soil cover and crop rotations, has widely been promoted as a practice to maintain or improve soil quality and enhance crop productivity. To a large extent, the beneficial effects of conservation agriculture are expected to be provided by permanent soil cover with crop residues. Surface crop residues play an important role for crop growth through their benefits on soil-related structural components and processes in the agro-ecosystem, referred to in this study as agro-ecological functions.

Through a meta-analysis of the literature we have studied the relative effects of surface crop residue levels on the performance of a set of agro-ecological functions compared with a no-till bare soil, i.e. without surface residues. The selected agro-ecological functions were soil water evaporation control, soil water infiltration, soil water runoff control, soil loss control, soil nutrient availability, soil organic carbon (SOC) stocks and gains, weed control and soil mesoand macro-fauna abundance. The potential effects of crop residue cover were quantified using boundary line models. Our main findings were: 1) 8 t ha -1 of residues were needed to decrease soil water evaporation by about 30% compared to no-till bare soil. 2) To achieve the maximum effect on soil water infiltration, water runoff and soil loss control, residue amounts of at least 2 t ha -1 were required.

3) The effect of increasing the amounts of surface crop residues on soil nutrient supply (N, P and K) was relatively low; the boundary line models were not significant. 4) The average annual SOC gain increased with increasing amounts of residues, with a mean of 0.38 t C ha -1 year -1 with 4 to 5 t ha -1 of residues. 5) Weed emergence and biomass can reduced by 50% compared to a no-till bare soil with residue amounts of 1 t ha -1 or more. 6) There was a weak response in soil meso-and macro-fauna abundance to increasing amounts of surface crop residues. The maximum effect corresponded to an increase of 45% compared to a no-till bare soil and was reached from 10 t ha -1 of residues.

Our findings suggest that optimal amounts of surface residues in the practice of conservation agriculture will largely depend on the type of constraints to crop production which can be addressed with mulching.

Introduction

Soil degradation, defined as negative changes in a soil"s organic matter and nutrient status, is a worldwide problem. It has emerged as a threat to food security through the reduction in crop production [START_REF] Oldeman | Soil degradation: a threat to food security? In: International soil reference and information centre[END_REF]. Practical solutions for soil conservation are needed to ensure sustainable food production. Conservation agriculture has widely been promoted as a practice to maintain or improve soil quality and enhance crop productivity [START_REF] Scopel | Conservation agriculture cropping systems in temperate and tropical conditions, perfor-mances and impacts. A review[END_REF].

Conservation agriculture is based on three principles: minimum soil disturbance, permanent soil cover and crop rotations (FAO 2015). Previous studies have stated that increases in crop productivity using conservation agriculture are to a large extent provided by the permanent soil cover (e.g. [START_REF] Hobbs | Conservation agriculture: what is it and why is it important for future sustainable food production?[END_REF]).

Crop residues retained as mulch on the soil have effects on the soil-related structural components and processes of the agro-ecosystem (see Figure 1), potentially enhancing crop production. In this study, we denote these components or processes as agro-ecological functions.

Mulching with crop residues limits soil water evaporation and soil crusting, thereby increasing soil water infiltration and soil water availability to the crop (e.g. [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF][START_REF] Gangwar | Alternative tillage and crop residue management in wheat after rice in sandy loam soils of Indo-Gangetic plains[END_REF]. Residue cover provides physical soil protection from water runoff and minimizes the risks of water and wind erosion (e.g. [START_REF] Bertol | Phosphorus, potassium and organic carbon concentrations in runoff water and sediments under different soil tillage systems during soybean growth[END_REF][START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF].

Decomposition of crop residues retained on the soil surface also influences nutrient cycling in the soil and the availability of nutrients to the crop [START_REF] Aulakh | Crop Residue Type and Placement Effects on Denitrification and Mineralization[END_REF][START_REF] Govaerts | Influence of tillage, residue management, and crop rotation on soil microbial biomass and catabolic diversity[END_REF][START_REF] Turmel | Crop residue management and soil health: a systems analysis[END_REF]. Finally, minimum soil disturbance and the presence of a residue cover may enhance soil carbon storage [START_REF] Corbeels | Soil carbon storage potential of direct seedingmulch-based cropping systems in the Cerrados of Brazil[END_REF], contribute to the reduction of weed infestation [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Caamal-Maldonado | The use of allelopathic legume cover and mulch species for weed control in cropping systems[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF] and increase soil biological activity [START_REF] Kladivko | Tillage systems and soil ecology[END_REF][START_REF] Liu | Carbon-rich organic fertilizers to in-crease soil biodiversity: evidence froma meta-analysis of nematode communities[END_REF]. The effects of surface crop residues vary according to climate conditions, and factors such as residue level and type of residue can influence crop responses to mulching. Some authors have reported low or delayed germination rates and reduced crop growth with high quantities of crop residues under cool and humid climates (e.g. [START_REF] Schneider | Corn emergence as influenced by soil temperature, matric potential, and aggregate size distribution[END_REF]Swanson and Wilhelm 1996). Several studies have found that additional nitrogen (N) fertilizer is needed when cereal crop residues are left on soils to avoid an immobilization of soil mineral N resulting in lower crop yields (e.g. [START_REF] Beri | Nitrogen and phosphorus transformations as affected by crop residue management practices and their influence on crop yield[END_REF][START_REF] Govaerts | Conventionally tilled and permanent raised beds with different crop residue man-agement: effects on soilCandNdynamics[END_REF].

Crop residues have uses other than mulch, such as for livestock feed [START_REF] Giller | Conservation agri-culture and smallholder farming in Africa: the heretics" view[END_REF][START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF] or for biofuel production [START_REF] Wilhelm | Crop and Soil Productivity Response to Corn Residue Removal : A Literature Review[END_REF][START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF]. Using crop residues as livestock feed can result in greater economic benefits than their retention as mulch for the improvement of soil fertility [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]. One megagram of maize residues is equivalent to about 378 l of ethanol [START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF]. So, there are clearly competing uses for crop residues between energy production, livestock feed and agro-ecological functions. This implies that trade-offs exist in their use. Evaluating the performance of surface crop residues in relation to a set of agro-ecological functions can therefore indicate which crop residue management is best and what amounts are optimal.

The aim of this paper is to identify relationships between soil cover using crop residues and the performance of selected agro-ecological functions. To achieve this, the performance of agro-ecological functions on no-till mulched soils was compared with that of no-till bare soils (Figure 2), i.e. without surface residues, through a systematic literature review. Such a comprehensive review has not been conducted before. The agro-ecological functions provided by surface crop residues that were analyzed in this study were soil water evaporation control, soil water infiltration, soil water runoff control, , soil loss control, soil nutrient availability (mineral N, available phosphorus (P), exchangeable potassium (K)), soil organic carbon (SOC) stocks and gains, weed control (weed emergence, weed biomass) and meso-and macro-fauna abundance. The performance of each function was analyzed both according to the amount of residue and the proportion of soil covered by residue.

Material and Methods

Literature search

We performed a systematic literature search according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement [START_REF] Moher | Preferred Reporting Items for Systematic Reviews andMeta-Analyses : The PRISMA Statement[END_REF] 

Study selection

Publications were eligible for inclusion if data on the selected agro-ecological functions was available from field experiments in which a no-till bare soil treatment, i.e. without crop residues, was compared with a no-till soil treatment using a mulch of crop residues. Taking this approach, the sole effect of surface crop residues on agro-ecological functions could be investigated, without the interactive effects of (no-) tillage. Studies from the selected publications compared bare soil and mulched soil treatments using randomized block designs or paired comparison designs with repetitions. The results in our analysis were expressed relative to no-till bare soil, thus allowing for the aggregation and analysis of data from studies conducted under different agro-ecological conditions. This approach also allowed us to compare the different agro-ecological functions that are provided by residue cover.

Publications which did not report the quantities of surface crop residues or the extent of soil cover provided by crop residues used in the experiments were excluded. We also excluded publications involving residues from perennial crops, plastic mulch or live mulch. Data from model simulations was not used in the analysis, however published models which show a relationship between the quantity of mulch and an agro-ecological function were presented.

Studies from the same publication that were conducted under different experimental conditions or treatments (e.g., slope, fertilization and cropping season) were considered as individual cases in this review. In total, 54 papers were considered in our analysis, representing a total of 110 study cases.

Data extraction

For each study, we extracted data that were available in the text, tables or figures on the agroecological functions under study in our review. Numerical values were extracted from figures by using WebPlotDigitizer 3.8. (Rohatgi 2015). Study cases were classified as tropical or temperate according to the Köppen climate classification [START_REF] Peel | Updated world map of the Köppen-Geiger climate classification[END_REF]. From the 110 study cases, 56% were from tropical regions and 44% from temperate regions. The study cases included several types of mulch: 34% used maize residues, 20% used wheat residues and 20% used rice residues.

Data analysis

For each agro-ecological function, results were analyzed both according to the amount of surface residue and the proportion of soil covered by residue. When the soil cover was not available, the quantity of crop residues (M) was converted to the proportion of soil covered (F c ) following the equation described in [START_REF] Gregory | Soil cover predictionwith various amounts and types of crop residue[END_REF]:

F c = 1 -e -Am*M , ( eq 1) 
where the coefficient A m is the area-to-mass ratio of the residue (ha kg -1 ). Values for A m were taken from [START_REF] Steiner | Biomass and residue cover relationships of fresh and decomposing small grain residue[END_REF] for wheat, oat, barley and rye residues; [START_REF] Dickey | Soil Erosion from Tillage Systems Used in Soybean and Corn Residues in Soybean and Corn Residues[END_REF] for soybean, pea, cowpea, pigeon pea and oil radish residues; [START_REF] Gregory | Soil cover predictionwith various amounts and types of crop residue[END_REF] for maize and sorghum residues; [START_REF] Anzalone | Effect of biodegradable mulch materials on weed control in processing tomatoes[END_REF] for rice and Bahiagrass residues; Macena Da Silva et al. (2006) for millet residues and [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF] for vetch and lupine residues.

M is the amount of residue (kg ha -1 ). The reverse was conducted when the proportion of soil covered by residues was available, but no data on the quantity of residues was available in the published study.

The performance by which an agro-ecological function is provided by surface crop residues for functions which normally have positive impacts on crop production, namely soil water infiltration, soil nutrient availability, SOC stocks and meso-and macro-fauna abundance, was defined as [START_REF] Törnqvist | How Should Relative Changes Be Measured ?[END_REF]:

(Ym -Yb)/Yb, ( eq 2) 
where Ym and Yb are the values of the function considered on mulched (m subscript) and bare soil (b subscript) respectively. Using the same naming convention, for soil water evaporation, water runoff, soil loss, weed emergence and weed biomass, which normally have a negative impact on crop production, performance was defined as:

(Yb -Ym)/Yb (eq 3)

For each agro-ecological function, we reported both discrete values and continuous functions from the publications selected for this review.

Boundary line models, as the maximum response for each function in relation to the amount of surface residues, were drawn. They represent the best performance of surface residues with respect to a given agro-ecological function across the studies in this review. These boundary lines were fitted by using the maximum likelihood methodology [START_REF] Milne | Estimating a boundary line model for a biological response by maximum likelihood[END_REF]). The boundary line models were evaluated using the Index of Agreement (IOA) based on [START_REF] Willmott | A refined index of model performance[END_REF], which spans between -1 and +1, with values approaching +1 representing better model performance. Exponential models were the best fit for all agro-ecological functions.

The parameters of each boundary line model are detailed in Table 1.

Results and discussion

Effect of surface crop residues on soil water processes

We analyzed the effect of quantity and cover of surface crop residues on three major soil water processes affecting the crop water balance, i.e. soil water evaporation, soil water infiltration and water runoff.

Soil water evaporation

Four cases, from Balwinder- [START_REF] Balwinder-Singh | The effect of rice straw mulch on evapotranspiration, transpiration and soil evaporation of irrigated wheat in Punjab, India[END_REF] and [START_REF] Gava | Soil water evaporation under densities of coverage with vegetable residue[END_REF], were retrieved from the literature measuring soil water evaporation under no-till soil with and without a mulch of crop residues. All these studies were conducted in tropical regions.

Total soil water evaporation during the cropping season was reduced by crop residue mulches (Figure 3). The maximum effect of the quantity of surface residues on soil water evaporation as shown by the boundary line was a reduction of close to 30% compared to bare soil, which is reached with 8 t ha -1 of residues or more (Figure 3a). Parameter estimates of the boundary line were highly significant (p < 0.001), despite the low number of observations. There was a general trend of decreasing soil water evaporation with increasing proportions of soil covered by residues (Figure 3b).

Surface crop residues provide physical soil protection and reduce the solar energy reaching the soil, thereby reducing soil water evaporation losses [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF][START_REF] Lal | Managing soilwater to improve rainfed agriculture in India[END_REF][START_REF] Balwinder-Singh | The effect of rice straw mulch on evapotranspiration, transpiration and soil evaporation of irrigated wheat in Punjab, India[END_REF]. A mulch of crop residues is more effective in reducing soil water evaporation when the soil is wet and the leaf areas of growing crops are low [START_REF] Lal | Managing soilwater to improve rainfed agriculture in India[END_REF][START_REF] Balwinder-Singh | The effect of rice straw mulch on evapotranspiration, transpiration and soil evaporation of irrigated wheat in Punjab, India[END_REF], which explains the differences in effects on soil water evaporation during the pre-versus post-anthesis period of wheat observed by Balwinder- [START_REF] Balwinder-Singh | The effect of rice straw mulch on evapotranspiration, transpiration and soil evaporation of irrigated wheat in Punjab, India[END_REF].

Soil water infiltration

The data published on the effect of increasing amounts of surface residues on soil water infiltration was highly dispersed (Figure 3c,d). The majority of studies were from tropical zones. The boundary line showed a two-fold increase in soil water infiltration compared to bare soil with 2 t ha -1 of residues or more. Parameter estimates of the boundary line were significant (p < 0.05) (Figure 3c). There was a general trend of an increase in the soil water infiltration rate with an increasing proportion of soil covered by residues (Figure 3d). A totally covered soil can increase soil water infiltration four-fold compared to bare soil.

Residue cover intercepts part of the rainfall, limiting soil crusting and soil losses through runoff, and thereby increasing the soil water infiltration rate [START_REF] Lal | Managing soilwater to improve rainfed agriculture in India[END_REF]. Residues and the products of their decomposition improve soil structure through enhanced soil aggregate stability and soil porosity [START_REF] Jordán | Effects of mulching on soil physical properties and runoff under semiarid conditions in southern Spain[END_REF], which also improves the soil water infiltration rate. The negative effects of residue cover on soil water infiltration, as shown in some case studies from Blanco-Canqui and Lal (2007a;[START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF], could be explained by the fact that the presence of mulch may restrict water infiltration by imparting water repellent and hydrophobic properties to the soil surface [START_REF] Sharratt | Twenty years of conservation tillage research in subarctic Alaska[END_REF].

It is important to note that the relationship between soil water infiltration and surface residues also depends on several other factors, such as slope, soil hydraulic conductivity, vegetation density, and rainfall quantity and intensity [START_REF] Dunne | Effects of Rainfall, Vegetation, and Microtopography on infiltration and Runoff[END_REF][START_REF] Teravest | Crop production and soil water management in conservation agriculture, no-till, and conventional tillage systems in Malawi[END_REF]. Blanco-Canqui and Lal (2007a;[START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF] reported that water infiltration increased with increasing levels of soil cover on a slope of 10%, while on a slope of less than 2%, water infiltration was not related to the level of soil cover. Such interactions between factors involved in soil water infiltration processes make it unlikely that a clear relationship between soil water infiltration and mulch quantity or cover can be defined. We were unable to account for these factors as, for example, co-variates because of the limited information available on these factors in the selected papers. Nevertheless, since we compared soil water infiltration rates between bare and mulched soils under the same (no-till) soil conditions, it can be expected that the major effects on water infiltration are the result of residue cover and its effect on soil structure [START_REF] Verhulst | Soil quality as affected by tillage-residue management in a wheat-maize irrigated bed planting system[END_REF].

Soil water runoff

The efficiency by which surface residues control water runoff increased with the amount of residue. The spread of observations on soil water runoff as a function of residue mulch was lower when related to the quantity of residues than to the proportion of soil covered (Figure 3e, f). Residue amounts of 1.5 to 4.5 t dry matter ha -1 decreased water runoff by about 50% compared to bare soil (Figure 3e). Parameter estimates of the boundary line were significant (p < 0.05). The equation from [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF] for soil cover suggests that the same effect can be reached with a soil cover of about 20% (Figure 3f).

Surface crop residues protect soil against structural degradation of the surface, thereby increasing rainfall infiltration and reducing water runoff. Residue cover delays the time before runoff is initiated and slows runoff flows as a result of the increased roughness of the soil surface and the obstruction of runoff pathways [START_REF] Lal | Mulching effects on runoff, soil erosion, and crop response on alfisols in western Nigeria[END_REF].

For an equal amount of surface residue, significant differences in efficiency on water runoff can to a great extent be explained by the level of the slope of the field [START_REF] Scopel | Impact of direct sowing mulch-based cropping systems on soil carbon, soil erosion andmaize yield[END_REF] and by the amount and intensity of rainfall [START_REF] Dunne | Effects of Rainfall, Vegetation, and Microtopography on infiltration and Runoff[END_REF]. Results from [START_REF] Scopel | Impact of direct sowing mulch-based cropping systems on soil carbon, soil erosion andmaize yield[END_REF] showed that 4.5 t dry matter ha -1 of surface residues reduced runoff by 20% and 40% compared to bare soil on slopes of 3% and 7% respectively. [START_REF] Findeling | Modeling the effects of a partial residuemulch on runoff using a physically based approach[END_REF] and [START_REF] Scopel | Impact of direct sowing mulch-based cropping systems on soil carbon, soil erosion andmaize yield[END_REF] showed that 1.5 t dry matter ha -1 of residues reduced water runoff by 50% compared to bare soil when the total rainfall was less than 40 mm, while with rainfall of more than 1000 mm, 4.5 t ha -1 of residues was needed to achieve the same effect. 

Effect of surface crop residues on soil erosion

Soil erosion decreased drastically with increasing amounts of surface crop residues (Figure 4).

Residue levels of 2 to 4 t dry matter ha -1 reduced soil erosion by about 80% compared to bare soil. With 8 t dry matter ha -1 of residues and above, there is virtually no more soil loss.

Examining the level of soil cover, around 60% soil cover reduced soil loss by an average of 80%. The boundary line showed that the maximum effect of surface residue amounts on soil erosion can be reached with 2 t ha -1 of residues (Figure 4a). This corresponds to 80% soil cover or more (Figure 4b). Parameter estimates of the boundary line were highly significant (p < 0.001).

Residue cover dissipates raindrop energy and reduces the velocity of runoff flows, thereby decreasing soil detachment [START_REF] Mannering | The Effects of Various Rates of Surface Mulch on Infiltration and Erosion[END_REF][START_REF] Gilley | Runoff and erosion as affected by sorghum and soybean residue[END_REF]). It protects the physical structure of topsoil, improves aggregate stability and minimizes surface crusting [START_REF] Jordán | Effects of mulching on soil physical properties and runoff under semiarid conditions in southern Spain[END_REF].

The efficiency of residue cover in reducing soil loss depends to a great extent on rainfall intensity [START_REF] Lal | Mulching effects on runoff, soil erosion, and crop response on alfisols in western Nigeria[END_REF][START_REF] Scopel | Impact of direct sowing mulch-based cropping systems on soil carbon, soil erosion andmaize yield[END_REF]. Results from [START_REF] Scopel | Impact of direct sowing mulch-based cropping systems on soil carbon, soil erosion andmaize yield[END_REF] show that 4.5 t dry matter ha -1 reduced soil erosion by 36% compared to bare soil during a stormy year, whereas the same quantity of residues reduced soil erosion by only 16% compared to bare soil in years with low rainfall intensity. This effect may also explain the differences between results from experiments with simulated and real rainfall events; residue cover was in general more effective under simulated rainfall having, on average, higher rainfall intensities than real rainfall events (Figure 4a,b).

The efficiency of residue cover in soil erosion control also depends on the type of residue.

Wheat residues, which have a higher area-to-mass ratio than maize, rye or rice residues, are the most effective for soil erosion control. For maize, rye and rice residues, amounts between 1.5 to 4.5 t dry matter ha -1 were needed to reduce soil loss by 50% compared to bare soil, while only 2 t dry matter ha -1 of wheat residues reduced soil loss by about 90% [START_REF] Woyessa | Factors affecting runoff and soil loss under simulated rainfall on a sandy Bainsvlei Amalia soil[END_REF]. 

Effect of surface crop residues on soil nutrient availability

Residue decomposition releases nutrients to the soil and increasing amounts of surface residues are expected to improve soil nutrient content, at least in the long term. In the short term (< 1 year), an immobilization of nutrients into soil organic matter may occur as a result of the relatively high C-to-nutrient ratios of residues such as cereal straw. Data studied in this section concerns soil nutrient concentrations (g kg -1 ) in the 0-30 cm topsoil layer from studies with time horizons of one to three years. In this part of the paper, we review the effect of residue cover on soil mineral N, available P and exchangeable K. Although it is expected that changes in soil bulk density may occur under a no-till bare soil compared to a no-till soil with surface crop residues, especially during the first years of the experiment, the use of nutrient concentrations instead of stocks does not essentially affect the final relationships and conclusions that we found on the effects of surface crop residues on soil nutrient availability.

Nutrient contents in no-till soil with surface residues may somewhat have been underestimated as a result of a possible lower soil bulk density compared to no-till bare soil (without residues).

Soil mineral nitrogen

Results from the studies reviewed showed a trend of increased mineral N concentration with increased residue cover. The efficiency of residue cover in improving soil mineral N concentration was, however, relatively low (Figure 5a,b). The maximum effect corresponded to an increase of around 30% compared to bare soil and was reached with more than 10 t dry matter ha -1 of residues, which is equivalent to 100% soil cover. However, in some case studies residue amounts from 4 to 7 t dry matter ha -1 caused a decrease in soil mineral N compared to bare soil without surface residues.

Residue decomposition influences the availability of N for crops through the release of mineral N to the soil. Legume residues with a relatively low C-to-N ratio lead to nitrogen mineralization, whereas cereal residues with a relatively high C-to-N ratio can temporally immobilize N [START_REF] Aulakh | Crop Residue Type and Placement Effects on Denitrification and Mineralization[END_REF][START_REF] Govaerts | Conventionally tilled and permanent raised beds with different crop residue man-agement: effects on soilCandNdynamics[END_REF]. As expected, the results from the reviewed papers showed in general a higher increase of soil mineral N in the case of legume residues than in the case of cereal residues (Figure 5a,b).

The observed decreases of soil mineral N concentration in mulched soils compared to bare soils can therefore be explained by the immobilization of N during the decomposition process of non-legume residues [START_REF] Feng | Water and nutrient conservation effects of different tillage treatments in sloping fields[END_REF].

Available soil phosphorus

As shown in the figure 5c,d, observations of available soil P as a function of the amount of surface residues or the proportion of soil covered were highly dispersed.

Retention of crop residues in the field is expected to increase the availability of P in topsoil through mineralization, which was demonstrated by the data from [START_REF] Feng | Water and nutrient conservation effects of different tillage treatments in sloping fields[END_REF] and Pradhan et al. (2011), showing an improvement of available soil P with an increase in the amount of residue. However, wheat and maize residues in the studies conducted by [START_REF] Iqbal | Influence of Residue Management and Tillage Systems on Carbon Sequestration and Nitrogen, Phosphorus, and Potassium Dynamics of Soil and Plant and Wheat Production in Semi-arid Region[END_REF] and [START_REF] Wang | Surface soil phosphorus and phosphatase activities affected by tillage and crop residue input amounts[END_REF] showed a decrease in available P under mulched soil compared to bare soil. [START_REF] Singh | Phosphorous Sorption and Desorption Characteristics of Soil as Affected by Organic Residues[END_REF] found that residues with a P concentration of less than 0.22% resulted in a net P immobilization. Moreover, surface residues can affect topsoil pH (e.g. [START_REF] Lal | Mulching effects on runoff, soil erosion, and crop response on alfisols in western Nigeria[END_REF][START_REF] Govaerts | Influence of tillage, residue management, and crop rotation on soil microbial biomass and catabolic diversity[END_REF]) which may also have a strong effect on soil P availability [START_REF] Sato | Influence of soil pH on inorganic phospho-rus sorption and desorption in a humid Brazilian Ultisol[END_REF]. The possible effects on soil pH are related to the chemical composition of residues and soil properties. This could be one of the explanations for the spread of observations. It has also been demonstrated that organic compounds released during residue decomposition can increase or decrease a soil"s P adsorption capacity, depending on the P concentration of residues [START_REF] Haynes | Amelioration of Al toxicity and P deficiency in acid soils by additions of organic residues: a critical review of the phenomenon and themechanisms involved[END_REF].

Exchangeable soil potassium

Surface crop residues increased exchangeable soil K content compared to bare soil (Figure 5e,f) in the two studies that we retrieved from the literature. According to the observations made in these studies, the efficiency of residue cover in enhancing soil exchangeable K was more pronounced in a temperate climate than in a tropical climate.

Crop residues are known to be rich in K and are therefore expected to be an important source of soil K when retained on the soil [START_REF] Lupwayi | Potassium release during decomposition of crop residues under conventional and zero tillage[END_REF]. The efficiency of residue cover in increasing soil exchangeable K depends to a large extent on the residue"s K content. [START_REF] Rosolem | Potassium leaching from millet straw as affected by rainfall and potassium rates[END_REF] have shown that released K is correlated to the residue"s K content. Potassium is, however, prone to leaching [START_REF] Rosolem | Soil potassium as affected by fertilization over the millet straw and simulated rain[END_REF][START_REF] Calonego | Phosphorus and potassium balance in a corn-soybean rotation under no-till and chiseling[END_REF]. This could explain the relatively small increase of exchangeable K in the top soil layers with increased residue levels (Figure 5e). 

Effect of surface crop residues on soil organic carbon

The studies examined in this section reported soil organic carbon (SOC) stocks (t ha -1 ) in the 0-20 cm topsoil layer and varied in time between three to 28 years. For some cases, SOC stocks were calculated from the reported data on SOC concentration and bulk density. For each study, we also calculated the corresponding average annual SOC storage rate.

Overall, SOC stocks increased with increasing amounts of residues (Figure 6). According to the boundary line, the maximum increase of SOC stocks compared to bare soil was 50% with residue amounts of 6 t ha -1 . Parameter estimates for the boundary line were highly significant (p < 0.01). No relationship was found for the proportion of soil covered by residues (Figure 6b).

Annual gains of SOC from the selected studies were relatively low, with a mean of 0.50 t C ha -1 year -1 for residue levels of 1.5 t ha -1 to 16 t ha -1 . The maximum SOC gain corresponded to 1.75 t C ha -1 year -1 with 16 t ha -1 of residues (Figure 6c). Parameter estimates for the boundary line were also highly significant (p < 0.001).

SOC storage depends mainly on soil texture and structure (Campbell et al. 1996a;Campbell et al. 1996b;[START_REF] Lal | Soil carbon sequestration impacts on global climate change and food security[END_REF]) which to a large extent explains the variability of results for the same amount of residue. The finer fraction of soil (silt and clay) plays an important role in stabilizing SOC [START_REF] Lorenz | Chemical stabilization of organic carbon pools in particle size fractions in no-till and meadow soils[END_REF][START_REF] Jagadamma | Distribution of organic carbon in physical fractions of soils as affected by agricultural management[END_REF]. As a result, clay soils will in general have higher SOC stocks than sandy soils. However, we were not able to consider clay or sand content as a co-variable in our analysis because of the limited data; information on soil texture was not always available for the selected studies.

The low response of SOC stocks to residue cover for some of the cases studied could also be due to the high initial SOC content [START_REF] Rasmussen | Long-term impacts of tillage, fertilizer, and crop residue on soil organic matter in temperate semiarid regions[END_REF]. Once steady state SOC levels are reached, annual returns of residues no longer affect SOC stocks [START_REF] Hooker | Long-term effects of tillage and corn stalk return on soil carbon dynamics[END_REF]. This may explain the relatively small increases of SOC stocks in the >15-year experiments reported by [START_REF] Hooker | Long-term effects of tillage and corn stalk return on soil carbon dynamics[END_REF] and [START_REF] Lenka | Soil aggregation and greenhouse gas flux after 15 years of wheat straw and fertilizer management in a no-till sys-tem[END_REF]. 

Effect of surface crop residues on weed infestation

Surface crop residues are known to have an impact on weed ecology [START_REF] Chauhan | Ecology and management of weeds under conservation agriculture: a review[END_REF].

Residue cover can influence weed emergence and weed biomass by altering soil moisture, light transmittance to the soil surface and the leaves of weed seedlings or through allelopathic effects [START_REF] Chauhan | Ecology and management of weeds under conservation agriculture: a review[END_REF]).

Weed emergence

Overall, weed emergence decreased with increasing amounts of residues (Figure 7a).

However, in some cases where mulch rates were less than 7 t dry matter ha -1 , weed emergence was stimulated compared to bare soil. The quantity of mulch needed to reduce weed emergence by 50% relative to bare soil varied widely from 1 to 10 t dry matter ha -1 . The maximum effect, as shown by the boundary line, occurred with residue amounts of 4 t dry matter ha -1 or above. Parameter estimates for the boundary line were highly significant (p < 0.001). No relationship was found between the proportion of soil covered by crop residues and weed emergence (Figure 7b).

Surface crop residues create micro-environments that are either inhibitive or favorable to weed germination. Crop residues can interfere with weed establishment either by physically impeding their emergence and altering soil conditions [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF], or by exhibiting allelopathic effects which inhibit weed germination (Weston 1996).

An increase in soil moisture in the topsoil layer due to the presence of surface crop residues can stimulate weed emergence, particularly under a partially covered soil [START_REF] Buhler | The effect of maize residues and tillage on emergence of Setaria faberi Abutilon theophrasti , Amaranthus retroflexus and Chenopodium album[END_REF].

The effect of surface residues on weed emergence may also vary according to the rate of residue decomposition [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF]. Rapid residue decomposition leads to a swift decrease in soil cover and may promote weed emergence by increasing soil fertility.

Among other factors, this could explain the variable responses for equal residue amounts (Figure 7a). For example, the two distinct relationships between weed emergence and the amount of surface residue found by [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF] during the 1996 and 1997 

Weed biomass

An increase in the amount of surface crop residues limited weed biomass compared to bare soil (Figure 7c,d). The maximum effect, as shown by the boundary line, occurred with residue amounts of 4 t dry matter ha -1 or above. Parameter estimates for the boundary line were significant (p < 0.01). No relationship was found between the proportion of soil covered by crop residues and weed biomass (Figure 7d).

Residues retained on the soil influence light, temperature and moisture conditions of a soil and thereby affect weed biomass [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF]. Apart from the amount of residue, the efficiency of weed control through mulching also depends on the type of residue and the weed species [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF], which could explain the variable responses. For example, results from [START_REF] Mischler | Use of a rolled-rye cover crop for weed suppression in no-till soybeans[END_REF], [START_REF] Campiglia | Weed control strategies and yield response in a pepper crop (Capsicum annuum L.) mulched with hairy vetch (Vicia villosa Roth.) and oat (Avena sativa L.) residues[END_REF] and [START_REF] Radicetti | Impact of managing cover crop residues on the floristic composition and species diversity of the weed community of pepper crop (Capsicum annuum L.)[END_REF] showed that oat residues had a higher weed suppression capacity than residues from hairy vetch and oilseed rape. Oat residues are known to act as a smother crop for weed control [START_REF] Zerner | Effect of height on the competitive ability of wheat with oats[END_REF]). In addition, oat residues have allelopathic effects influencing the germination and growth of weeds [START_REF] Kato-Noguchi | Allelopathy of oats. I. Assessment of allelopathic potential of extract of oat shoots and identification of an allelochemical[END_REF]. Finally, surface crop residues influence the specific conditions of weed growth, which may influence the species composition and population of weeds [START_REF] Teasdale | Response ofweed to tillage and cover crop residue[END_REF]. This in turn may affect the weed biomass as a result of weed-specific development and growth rates. To a large extent, this probably explains the different responses of weed biomass to crop residue cover. 3.6. Effect of surface crop residues on soil meso-and macro-fauna abundance Soil meso-and macro-fauna abundance plays an important role in the soil environment. It has been stated that the application of crop residues is the most effective practice for enhancing soil biodiversity [START_REF] Liu | Carbon-rich organic fertilizers to in-crease soil biodiversity: evidence froma meta-analysis of nematode communities[END_REF]). Among the eight papers reviewed, one paper studied the nematode community, two studied arthropods and five studied earthworms. The results

showed that this type of fauna increased with increasing amounts of surface residues (Figure 8a). However, the increases in soil fauna in relation to increasing amounts of residues were relatively low. With 5 t dry matter ha -1 of surface residues, soil fauna can be increased by a maximum of 30% compared to bare soil, as shown by the boundary line. [START_REF] Karlen | Crop residue effects on soil quality following 10years of no-till corn[END_REF] found that increasing the mulch rate to more than 10 t dry matter ha -1 did not further increase soil fauna, which corresponds to the boundary line fitted in our study. We did not find a clear relationship between the proportion of soil covered by crop residues and soil meso-and macro-fauna abundance (Figure 8b).

Residue cover provides organic matter which is a food source for soil fauna [START_REF] Stinner | Arthropods and other invertebrates in conservation-tillage agriculture[END_REF][START_REF] Kladivko | Tillage systems and soil ecology[END_REF]). However, the effects vary according to the type of residue, which to a large extent explains the variability in responses to crop residue amounts (Figure 8a). Some authors have found that the earthworm population was negatively correlated to the C-to-N ratio and polyphenol concentration of residues [START_REF] Hendriksen | Leaf litter selection by detritivore and geophagous earthworms[END_REF][START_REF] Tian | Biological effects of plant residues with contrasting chemical compositions under humid tropical conditions: effects on soil fauna[END_REF]).

The relatively weak response of fauna in soils with surface residues compared to bare soil could also be explained by the fact that the bare reference soils are no-till soils. It is generally known that no-till enhances the diversity of soil fauna and their recovery after conventional tillage [START_REF] Kladivko | Tillage systems and soil ecology[END_REF][START_REF] Blanchart | Effect of direct seeding mulch-based systems on soil carbon storage and macrofauna in Central Brazil[END_REF][START_REF] Brévault | Impact of a no-till with mulch soil management strategy on soil macrofauna communities in a cotton cropping system[END_REF]. 

Maximum effects of crop residue cover

The boundary lines for all agro-ecological functions were combined in order to compare the maximum effects of surface residue cover between the agro-ecological functions. As shown in figure 9, the potential maximum effect of increasing amounts of surface crop residues on soil water evaporation control and soil nutrient availability was relatively low. Meso-and macrofauna abundance had a similarly weak response to increasing amounts of surface crop residues. On the other hand, the potential maximum effect of surface crop residues on soil water infiltration, water runoff and soil loss control was large. The threshold value of 2-3 t ha - 1 of residues to reach the maximum effect on these agro-ecological functions predicted by the boundary lines is in accordance with the usual recommendation of a minimum soil cover of 30% in the practice of conservation agriculture (FAO 2015). Weed emergence and biomass control showed a maximum response from 4 t ha -1 of residues. The SOC stock increases with increasing amounts of mulch.

Our estimated amounts of surface crop residues from the boundary lines are low compared to the estimated 7 t dry matter ha -1 recommended by [START_REF] Carvalho | Agronomic and environmental implications of sugarcane straw removal : a ma-jor review[END_REF] to preserve the maximum agronomic benefits of mulch. However, it should be noted that while the boundary lines represent the largest possible responses of agro-ecological functions to surface crop residues, typically a range of responses exists depending on other factors such as soil and climate conditions and the type of residue. Indeed, it is assumed that values below the boundary line are influenced by other independent variables or a combination of variables [START_REF] Webb | Use of the boundary line in the analysis of biological data[END_REF]) which limit the agro-ecological functions. The boundary lines represent the potential effects. 

Conclusions

This systematic review of the agro-ecological functions of crop residue cover showed the overall beneficial effects of increasing the amounts of residues retained in the field as mulch.

The amount of residue needed to have a significant effect compared to bare soil varied according to the agro-ecological function. Our analysis showed that more than 8 t ha -1 of residues was needed to decrease soil water evaporation by about 30% compared to a no-till bare soil. On the other hand, residue amounts of 2 to 3 t dry matter ha -1 were sufficient to significantly improve soil water infiltration and control soil loss and water runoff. Soil nutrient (N, P and K) availability and SOC stocks showed relatively weak responses to increased amounts of residues. The boundary line models for soil N, P and K supply were not significant. The estimated average annual gains in SOC were relatively low, with a mean of 0.38 t ha -1 year -1 of SOC for residue amounts of 4 to 5 t ha -1 . The maximum effects of residue cover on weed emergence and biomass control were reached with 4 t ha -1 of residues or more, and corresponded to a decrease of more than 90% compared to bare soil. Soil meso-and macro-fauna abundance showed a weak response to increasing residue levels. The maximum effect corresponded to an increase of 45% compared to no-till bare soil and was reached from 10 t ha -1 of residues. However, the predictive power of the derived functions should be considered with caution, particularly for soil water evaporation and soil nutrient availability, for which available data from the published literature were very limited.

The optimal amounts of surface residues in the practice of conservation agriculture will depend on the type of constraints to crop production which can be addressed with mulching.

In high-input cropping systems, the role of surface residues may be more that of enhancing soil water processes, especially water runoff and soil erosion control, while in low-input systems, the role of mulching lies probably more in enhancing soil fertility through maintaining or increasing SOC stocks.

In reality, for many farmers leaving optimal levels of surface residues on their fields is problematic because of trade-offs that exist with other uses. For example, small-scale farmers in sub-Saharan Africa tend to give precedence to using residues for livestock feed; not feeding crop residues to livestock would create too great a trade-off in livestock production on their farms. Likewise, commercial large-scale producers of maize in the USA or South America may find it economically more attractive to harvest maize residues for ethanol production and give preference to this rather than its use as mulch on the soil. 

ABSTRACT

Weeds are a major constraint to crop yields in tropical production systems, especially for smallholder farmers who cannot afford to purchase herbicides. It has been argued that the practice of mulching with crop residues can suppress weeds in conservation agriculture systems. However, few data are available on the effect of crop residue mulching on weed infestation. In this study we quantified the effect of increasing amounts of surface crop residues on weed emergence, weed biomass production and rice yield. The experiment was conducted during four growing seasons in the Lake Alaotra region, Madagascar. Two types of mulch were applied on a no-tilled soil, Stylosanthes guianensis and a mixture of maize and Dolichos lablab, with different amounts ranging from 0 to 45 Mg dry matter ha -1 . Weed emergence was measured every week from the day of the first rain that triggered weed germination to 100 days thereafter, and weed biomass was monitored at four dates during the cropping season. Our results show that weed emergence and weed biomass decreased with increasing amount of residue. More than 10 Mg ha -1 was, however, needed to significantly reduce weed emergence and weed biomass as compared to the bare soil treatment without surface residues. Rice grain yields decreased by 16% for an increase in weed biomass of one Mg ha -1 . Our results indicate that mulching is not a viable option of weed control for smallholder farmers, given the low amounts of residue currently retained on their fields, which is at best about 4 Mg ha -1 in the case of a stylosanthes crop and about 5 Mg ha -1 in case of dolichos intercropped with maize.
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Introduction

Weeds are one of the most severe biotic constraints to food production (FAO 2017). They act as competitive plants to the cultivated crop for several resources, such as light, water and nutrients, which may result in important crop yield losses (Oerke 2006). Moreover, their control increases labor demand and inflates the crop production costs. Smallholder farmers in developing countries generally lack adequate access to external inputs, such as herbicides or mechanization, to control weeds. They mostly rely on hand weeding which is an effective method and does not require extensive knowledge, but is highly time consuming and labor intensive [START_REF] Tu | Weed Control Methods Handbook : Tools & Techniques for Use in Natural Areas[END_REF].

The Lake Alaotra region in Madagascar has a great agricultural potential with a predominance of rice farming and livestock keeping. This region is the second largest area of rice production in Madagascar with more than 100 000 ha of cultivated rice. Because of limited availability of land in the irrigated plains, rice production in this region has expanded into the rainfed upland areas. These areas are generally characterized by low crop productivity, mainly due to low soil fertility, low access to fertilizers and high weed infestation. In contrast to the irrigated lowlands, use of flooding is not an option to control weeds. Moreover, upland rice production suffers from labor shortages and limited access to mechanized equipment and herbicides for weed control. In general, available farm labor and capital are preferably used on the more productive lowland fields to optimize resource use and minimize risks on the farms [START_REF] Lallau | Les agriculteurs africains entre vulnérabilité et résilience. Pour une approche par les capabilités de la gestion des risques[END_REF]. Therefore, there is a need for alternative methods of weed management in upland rice fields.

Conservation agriculture has been introduced in the Lake Alaotra region in the late 90s to improve crop productivity of rainfed agriculture [START_REF] Husson | Mise au point, évaluation et diffusion des techniques agroécologiques à Madagascar[END_REF]. Conservation agriculture is based on three principles: minimum soil disturbance, permanent organic soil cover and diversification of crop species grown in rotations and/or associations (FAO 2015). One of the expected functions of the soil cover or mulching is to reduce weed infestation. Crop residues that are retained on the soil surface can interfere with weed establishment by physically impeding their emergence [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF], creating a microclimate that disturbs weed germination and weed development [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF] or by releasing allelopathic substances that inhibit weed germination and growth [START_REF] Liebman | Weeds and the soil environment[END_REF]. The efficiency of weed control through mulching depends on the type of crop residue and the amount of residue left on the field (e.g. Ranaivoson et al, 2017, Teasdale and[START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Radicetti | Impact of managing cover crop residues on the floristic composition and species diversity of the weed community of pepper crop (Capsicum annuum L.)[END_REF][START_REF] Ngwira | On-Farm Evaluation of the Effects of the Principles and Components of Conservation Agriculture on Maize Yield and Weed Biomass in Malawi[END_REF]. There is, however, a lack of information on the amount of residue required to effectively reduce weed infestation.

This study aims to quantify the effect of the type and amount of crop residue on weed emergence, weed biomass production and rice yield under no-tillage in upland fields in the Lake Alaotra region of Madagascar.

Material and methods

Study site

The Each year, a trial was established on a different part of the experimental field to eliminate residual treatment effects on weed dynamics and on the soil seed bank from one year to another. At the start of each trial, existing aboveground biomass was removed from the site. A trial was located at a maximum distance of 10 m from the previous one.

The experimental design for each trial was a randomized complete block with four replications. Treatments consisted of two types of crop residue mulches, Stylosanthes guianensis (S) and a mixture of maize (Zea mays) and Dolichos lablab (MD), and different amounts of these residues, ranging from 0 to 45 Mg dry matter ha -1 (Table 2). The corresponding proportions of soil cover were calculated using the equation described in [START_REF] Gregory | Soil cover predictionwith various amounts and types of crop residue[END_REF]:

= 1 -- * , (Equation 1)

where F c is the proportion of soil covered, A m is the area-to-mass ratio of the residue in m² kg - 1 (0.377 for S residue and 0.251 for MD residue, [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF])) and M is the amount of residue in kg m -2 .

During the first two growing seasons (year 1 and 2), 15 treatments were studied corresponding to seven levels of soil cover for each type of crop residue and a bare soil treatment (Table 2). The crop residues were brought from a nearby field. Amounts of crop residue covered a wide range, including large quantities, to determine the potential effects of surface residues on weed emergence and weed biomass production. No crop was grown during year 1 and year 2. During the 2013/14 and 2014/15 seasons (year 3 and 4) we reduced the number of treatments (levels of soil cover) based on the results of the previous years, whilst still encompassing a range from 0 to 99.9 % soil cover (Table 2). Four levels of soil cover were applied for each type of residue along with a bare soil treatment, and a rice crop was grown. The rice cultivar used was B22, a short-duration (120 days) upland rice variety from the Brazilian Agricultural Research Corporation (EMBRAPA) that is adapted to the agro-ecological conditions of the Lake Alaotra region. Rice was sown manually under notillage using a planting stick with an inter-row spacing of 40 cm and intra-row spacing of 20 cm. No fertilizer, herbicides or pesticides were applied on the treatments. Weeding was done manually (Table 3).

The individual plot sizes in each trial were 4 m² (2 x 2 m). Each year, crop residues were brought on the soil surface during the last week of November, which corresponds to the start of rainy season. Teasdale and [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF] and [START_REF] Webster | Factors affecting potential for Palmer amaranth (Amaranthus palmeri) suppression by winter rye in Georgia, USA[END_REF]. Measurements were done on a single fixed quadrat of 0.25 m² (0.5 x 0.5 m) in each individual plot of the trials. Emerged seedlings (monocots and dicots) were counted and removed from the quadrats at 7-day intervals from the day of the first rain that triggered weed germination to 100 days after the first rain (DAF).

Weed biomass production (Mg dry matter ha -1 ) was measured during year 3 and year 4.

Measurements were done on a single fixed quadrat of 1 m² (1 x 1 m) in each individual plot of the trials at each weeding operation and at rice harvest (Table 3). Weeds were cut at soil level, oven-dried at 70°C for 48 h and weighted to obtain dry matter contents. Monocots and dicots were weighted separately.

Rice grain yields (Mg dry matter ha -1 ) were determined during year 3 and year 4.

Measurements were done at physiological maturity on the quadrats of 1 m² (1 x 1m) that were used for the weed biomass measurements. Panicles were hand-threshed; all spikelets were stripped from panicles. Unfilled spikelets were removed and filled spikelets were weighted to estimate grain yield. Moisture content of filled spikelets was determined by oven-drying at 70°C for 48 h. All results were expressed as dry matter on hectare basis. and 2014/15 using a litterbag experiment [START_REF] Maltas | Cover crop and nitrogen effects on maize productivity in no-tillage systems of the Brazilian cerrados[END_REF]) that was set-up in a rice field under no-tillage located near the weed trial sites. Each year, air-dried samples of S and MD residues were collected randomly from a field experiment where respectively stylosanthes, and dolichos intercropped with maize were grown. The residues (stems and leaves) were chopped into pieces with length of less than 20 cm. Nylon litterbags (20 x 25 cm) with a mesh size of 2 mm were filled with an amount of residue that corresponded to about 6 -7 Mg dry matter ha -1 . The two residue treatments were arranged in plots on the rice field in a randomized complete block design with four replications. On each plot, twenty-four litterbags of each type of residue were randomly placed on the soil surface and collected every 10 -15 days from the start of the rice growing season to harvest date (8 sampling dates with 3 litterbags randomly withdrawn per sampling date). Each sample was air-dried, and the contents brushed free of soil, oven-dried at 70°C for 48 h and weighted to determine dry matter content. Results were expressed as percentage of to the initial amount dry matter amount present in the litterbag.

Data analysis

Data on weed emergence were presented and analyzed from the day of the first rain that triggered weed germination to 100 DAF for each growing season. Cumulative weed emergence and weed biomass on each date of measurements were subjected to analysis of variance (ANOVA) to test the effects of the amount of residue and the interactive effect of type and amount of residue. The means of the treatments were compared to the reference bare soil treatment on each date of measurements using Dunnett"s test at P <0.05. Data were analyzed separately by year.

Regression analysis was performed to determine the relationship between respectively cumulative weed emergence and weed biomass at 100 DAF, and amount of residue.

Exponential functions gave the best fits.

Correlation analysis was performed to examine the relationship between weed emergence and weed biomass production. The Pearson"s correlation coefficient (r) and its significance (P value) were used to evaluate the relationships. Equality of slopes between the two types of residue for each year was evaluated based on Akaike information criterion (AIC) [START_REF] Akaike | A new look at the statistical model identification[END_REF].

The rate of decomposition of S and MD residues was estimated by fitting an exponential equation to the observed data from the litterbag experiment for each growing season.

Rice grain yields were subjected to ANOVA to test the effect of the type and amount of residue. Means of treatments were separated using least significant difference (LSD) at P < 0.05. Rice grain yields during year 3 and year 4 were analyzed separately. Correlation analysis was performed to examine the relationship between rice yield and weed biomass. The Pearson"s correlation coefficient (r) and its significance (P value) were used to evaluate the relationships.

All statistical analyses were performed with R software (R-3.3.1) using the package agricolae (De Mendiburu 2016), the package pscl version 1.4.9 [START_REF] Jackman | Package "pscl[END_REF] and the package multcomp [START_REF] Hothorn | Simultaneous inference in general parametric models[END_REF]).

Results

Rainfall characteristics

Cumulative rainfall amounts from the date of the first rain that triggered weed emergence to 100 DAF showed high variability between the four growing seasons (Figure 1). The dates of first rains were 16 December 2010, 20 November 2011, 26 November 2013 and 21 November 2014. Year 1 was the driest year with 537 mm of cumulative rainfall at 100 DAF, followed by year 2 and year 3 with comparable rainfall amounts at 100 DAF (respectively 782 mm and 733 mm). The wettest year was year 4 with 1076 mm of cumulative rainfall at 100 DAF.

Before 30 DAF, rainfall patterns were similar for the four growing seasons. From 30 DAF, year 4 was characterized by continuous heavy rains until 100 DAF. Year 2 and year 3 showed several heavy rainfall events after 30 DAF, which was not the case for year 1 apart from one heavy rainfall event (56 mm) at 60 DAF. ANOVA results showed that the interactive effect of amount and type of residue on weed emergence (total, monocot, dicot) was not significant (P ≥ 0.05) at any date of measurements for year 1, year 2 and year 4. In year 3, the interactive effect of amount and type of residue was significant (P ≤ 0.05) on total and monocot weed emergence at all dates of measurements, and on dicot weed emergence from 27 to 100 DAF. Between 39 -100 DAF, it was significantly reduced in treatments with more than 12.2 Mg ha - 1 (Figure 3d,h; Annexe 3). Monocot weed emergence was significantly higher in treatments with 3.2 Mg ha -1 of residue (S or MD) at 25 DAF, whilst it was significantly reduced in treatments with more than 12.2 Mg ha -1 of residue between 46 -100 DAF as compared to the bare soil. Dicot weed emergence was also higher as compared to the bare soil in treatments with 4.8 Mg ha -1 of residue at 25 DAF, and more than 18.3 Mg ha -1 of residue was needed to significantly reduce dicot weed emergence between 39 -100 DAF. 

Results of

Effect of increasing amount of residue on cumulative weed emergence

Cumulative weed (total, monocots and dicots) emergence at 100 DAF declined with increasing amount of residue for both types of residue during the four growing seasons following exponential decay functions (Figure 4). According to the ANOVA results (Table 4), the interactive effect of amount and type of residue was not significant (P ≥ 0.05) on cumulative total and monocot weed emergence during year 1, 2 and 4. In contrast, in year 3 cumulative total and monocot weed emergence was significantly (P ≤ 0.05) affected by the interactive effect of amount and type of residue. For example, 10 Mg ha -1 of S residue reduced total weed emergence by 80 % compared to bare soil, whilst the same amount of MD residue reduced total weed emergence by only 50 % (Figure 4b). With respect to cumulative dicot weed emergence, the interactive effect of amount and type of residue was significant (P ≤ 0.05) in year 2 and year 3. For example, in year 3, 10 Mg ha -1 of S residue reduced emergence of dicots by 75 % as compared to the bare soil, whilst the same amount of MD residue reduced it only by 50 % (Figure 4f). between year 3 and year 4 (Figure 5). In year 3, more than 70% of total weed biomass was reached from the second weeding onwards (55 DAS). Thereafter, from 60 DAS, increase of total weed biomass was relatively low (Figure 5a). In contrast, in year 4 a continuous increase of total weed biomass was observed from the first to the last weeding operation with the largest increase between 20 -100 DAS (Figure 5b).

ANOVA results showed that the interactive effect of amount and type of residue was significant (P ≤ 0.05) on total and monocot weed biomass production in year 3 at each date of weeding, but no significant effect (P ≥ 0.05) on dicot weed biomass was found. In year 4, the interactive effect of amount and type of residue on total weed biomass was significant (P ≤ 0.05) at the third and the last weeding operation, whereas no significant effect (P ≥ 0.05) on monocot and dicot weed biomass was observed at any date of weeding.

Results of Dunnett"s significance test at P ≤ 0.05 for differences in weed biomass production between the bare soil treatment and the treatments with residue cover are shown in Annexe 4.

In year 3, at the minimum 4.8 Mg ha -1 of MD residue and 12.2 Mg ha -1 of S residue significantly reduced total weed biomass as compared to the bare soil from the first to the last weeding. Total weed biomass production was less than 0.2 Mg ha -1 for treatments with more than 12.2 Mg ha -1 of both residue types from the first to the last weeding (Figure 5a). Biomass of monocot weeds was significantly reduced as compared to the bare soil with more than 18.4

Mg ha -1 of MD residue and 12.2 Mg ha -1 of S residue from the first to the last weeding date, whilst mulching had no significant effect on dicot weed biomass (Figure 5c,e, Annexe 4). In year 4 with high rainfall, surface residues (S or MD) had no significant effect on total weed biomass at the first weeding, whilst more than 18.4 Mg ha -1 of MD residue and 12.2 Mg ha -1 of S residue was needed to significantly reduce total weed biomass as compared to the bare soil from the second to the last weeding date (Figure 5b). Biomass of monocot weeds was significantly reduced as compared to the bare soil with more than 4.8 Mg ha -1 of both residue types from the second to the last weeding date (Figure 5d). Surface residues (S or MD) had no significant effect on biomass of dicot weeds at the first and second weeding, whilst more than 18.3 Mg ha -1 of both residue types significantly reduced dicot weed biomass at the third and fourth weeding operation (Figure 5f). 

Effect of increasing amount of residue on cumulative weed biomass

Cumulative weed (total, monocots, dicots) biomass production at 100 DAF decreased with increasing amount of residue for both types of residue (S and MD) during the two growing seasons (year 3 and 4) following exponential decay functions (Figure 6). According to the ANOVA results, the interactive effect of amount and type of residue was significant (P ≤ 0.05) on cumulative total weed biomass during the two growing seasons (Figure 6a,b, Table 5). For example, 10 Mg ha -1 of S residue reduced total weed biomass by 90 % as compared to the bare soil in year 3, whilst the same amount of MD residue reduced total weed biomass by only 70 %. In year 4, 10 Mg ha -1 of residue reduced total weed biomass by 59 and 48 % in case of S and MD residue, respectively. The interactive effect of amount and type of residue on cumulative monocot weed biomass was significant (P ≤ 0.05) in year 3, but not in year 4

(Figure 6c,d, Table 5). In year 3, cumulative monocot weed biomass was reduced by 91 % as compared to the bare soil with 10 Mg ha -1 of S residue, whilst it was reduced only by 72 % with the same amount of MD residue. The interactive effect of amount and type of residue on cumulative dicot weed biomass was not significant (P ≥ 0.05) (Table 5) during the two growing seasons (Figure 6e, f). Amounts of 10 Mg ha -1 of residue reduced dicot weed biomass on average by 72 % and 38% as compared to the bare soil, respectively in year 3 and year 4. 

Rice grain yield

Rice grain yield was significantly lower in year 4 than in year 3 (P ≤ 0.001). Yields in year 4

were about 5% of those in year 3. The effect of mulching on rice yield was different depending on the growing season (Figure 8). In year 3, rice yield was significantly higher when the amount of residue was more than 12.2 Mg ha -1 for S residue whilst no significant effect was observed for MD residue (Figure 8a). In year 4, higher rice yields were observed only for the treatments with the highest amounts of residue, 18.3 Mg ha -1 and 27.6 Mg ha -1 respectively for S and MD residue (Figure 8b). For both types of residue, rice grain yield decreased with increasing amount of weed biomass in both growing seasons (Figure 9). Correlation between rice yield and weed biomass was however only significant in case of the treatments with S residue. In year 3, grain yield in the S residue treatments was significantly correlated to total, monocot and dicot weed biomass (r ≥ 0.95, P ≤ 0.05), whilst these correlations were non-significant for MD residue (Figure 9a,c,e). In year 4, the relationship between rice yield and total or monocot weed biomass was not significant for both types of residue (Figure 9b,d). Dicot weed biomass showed a significant relationship with rice yield for S residue (r = 0.99, P ≤ 0.001), whilst the relationship was non-significant for MD residue (r = 0.93, P ≥ 0.05) (Figure 9f).

Estimated grain yield loss was on average 13% and 18% for an increase in weed infestation of one Mg ha -1 , respectively in year 3 and year 4 (Figure 9a,b). The bare soil treatment with on average 2.2 Mg ha -1 and 3.3 Mg ha -1 of total weed biomass in year 3 and year 4 resulted in a loss of 26% and 59% of rice yield compared to a totally covered soil that had the lowest total weed biomass amount (0.1 Mg ha -1 and 0.5 Mg ha -1 ). 

Discussion

Weed emergence

Our results showed that weed emergence decreased exponentially with increasing amounts of residue. The decrease was affected by the seasonal rainfall amount and pattern. Under wetter conditions larger amounts of residue were needed to obtain the same efficiency in controlling weed emergence. For example, 10 Mg ha -1 of S residue reduced weed emergence by 78% as compared to the bare soil during the relatively dry year 3 (733 mm rainfall), whilst the same amount reduced weed emergence by 60% during the wet year 4 (1076mm rainfall). This can largely be explained by the positive effect of soil moisture on weed emergence. Besides, the more rapid decomposition of crop residues under wetter soil conditions (Figure 2), which results in a more progressive decrease of soil cover along the growing season, may also positively affect weed emergence.

There is generally no effect of type of residue on weed emergence, except in year 3 during which weed emergence was lower with S residue than with MD residue. However, this can be partly ascribed to an indirect effect caused by the rice vegetation. In year 3, the standing rice biomass was higher with S residue than with MD residue (data not shown) causing a greater shading effect affecting weed emergence. This effect was nonexistent in year 4, because of the overall low-standing biomass of rice during that year.

During a year with high rainfall (year 4), weed emergence was stimulated under a partial soil cover at the start of the growing season when the rice crop was not yet well developed. In our study, amounts of up to 5 Mg dry matter ha -1 of crop residue increased weed emergence by on average 76 % as compared to the bare soil at 25 DAF. Stimulation of weed emergence on a partially covered soil was also observed in previous studies [START_REF] Buhler | The effect of maize residues and tillage on emergence of Setaria faberi Abutilon theophrasti , Amaranthus retroflexus and Chenopodium album[END_REF][START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Mashingaidze | Crop yield and weed growth under conservation agriculture in semi-arid Zimbabwe[END_REF]. Factors that explain this are the conservation of favorable moisture conditions in the topsoil layer for seed germination and seedling emergence with at a same time the absence of a solid physical barrier to seedling development [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF][START_REF] Buhler | The effect of maize residues and tillage on emergence of Setaria faberi Abutilon theophrasti , Amaranthus retroflexus and Chenopodium album[END_REF].

Large amounts of residue of around 10 Mg ha -1 were needed to significantly decrease weed emergence as compared to the bare soil. These high amounts are consistent with result from a previous study that found that at least 6 Mg ha -1 of residue was needed to reduce light levels below those required for emergence of most weed species [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF].

Besides, it is known that surface crop residues can actually interfere with the establishment of weeds by physically impeding their emergence and altering edaphic factors such as soil moisture and soil temperature [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF].

Larger amounts of residue were needed to significantly reduce dicot than monocot weed emergence across all years. In other words, mulching with crop residues suppressed monocot weed emergence more effectively than dicot weed emergence, which is consistent with findings from previous studies [START_REF] Rippin | Alley cropping and mulching with Erythrina poeppigiana (Walp.) O.F. Cook and Gliricidia sepium (Jacq.) Walp.: Effects on maize/weed competition[END_REF][START_REF] Yordanova | Effect of mulching on weeds of fall broccoli[END_REF]. The reasons and mechanisms behind this are, however, not understood.

Overall, weed emergence occurred mainly before 60 DAF which corresponds to the critical weed-free period of rainfed rice, i.e. the critical point in time during the growing season when weeds cause the largest yield loss [START_REF] Moorthy | Studies on crop-weed competition in rainfed direct-seeded lowland rice (Oryza sativa)[END_REF][START_REF] Touré | The critical period of weed interference in upland rice in northern Guinea savanna: Field measurement and model prediction[END_REF]. After this critical period, weed emergence was smaller (Figure 3) with smaller effects on crop yield.

Emerging weeds after the critical period have small effects on crop yield because the leaves as well as the roots of the rice plants are well developed resulting in competitive advances over the emerging weeds. However, late-emerging weeds can be problematic for the cropping systems, because they may increase the weed seed production, and potentially cause increased weed infestation during the next crop cycle.

Weed biomass

Weed biomass decreased with increasing amounts of residue. Effect of mulching on weed biomass depended on the type of residue and the quantity (and distribution) of seasonal rainfall. With the same amount of residue, S residue depressed weed biomass more than MD residue, irrespective of the growing season. This can be explained by the soil cover capacity of the residues which is higher for S (0.377 m² kg -1 ) than for MD (0.251 m² kg -1 ) [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]. Mulching was more efficient in controlling weed growth during year 3 (733 mm rainfall) as compared to year 4 (1 076 mm rainfall). The poor establishment of the rice crop during year 4 probably interfered, causing a reduced shadow effect of the standing rice biomass and less competition between the rice crop and weeds for soil nutrient resources. The faster degradation of residues during year 4 (Figure 2) probably also had a stimulating effect on weed growth.

More than 10 Mg ha -1 of residue was needed to significantly reduce total weed biomass as compared to a bare soil without surface residues. Lower weed biomass under mulching are attributed both to a reduction of weed emergence (see above) and the reduced weed growth below the mulch of crop residues due to shading effects [START_REF] Liebman | Weeds and the soil environment[END_REF].

Amounts needed to significantly reduce weed biomass were higher than those estimated in previous studies [START_REF] Ranaivoson | Agro-ecological functions of crop residues under conservation agriculture[END_REF]. For example, [START_REF] Ahmed | Effect of planting geometry and mulching on moisture conservation, weed control and wheat growth under rainfed conditions[END_REF] found a significant decrease of weed biomass with 4 Mg ha -1 of wheat straw residue; Bilalis et al. Mulching was more effective in reducing monocot weed biomass than dicot weed biomass, especially during the wet year. This is in line with the results on weed emergence, and suggests that the effect of mulching on weed biomass can mainly be explained through its effect on weed emergence. In some situations, a decrease of weed emergence may result in more vigorous weed growth as a result of reduced competition between weed seedlings [START_REF] Pfaff | Tillage and crop residue management practices on crop productivity, phosphorus uptake and forms in wheat (Triticumaestivum)-based cropping systems[END_REF]. However, this was not observed in our study.

Rice yield

Lower rice yield in year 4 as compared to year 3 was probably because the dry spell (10 days)

after rice sowing and the heavy and continuous rainfall thereafter, resulting in water-logging of the soil which is not favorable for rainfed rice growth [START_REF] Ito | Physiological basis of submergence tolerance in rainfed lowland rice ecosystem[END_REF][START_REF] Lafitte | Abiotic stress tolerance in rice for Asia : progress and the future[END_REF]).

Rice yield decreased with increasing weed biomass (Figure 9). Lower rice yield due to weed pressure is related to increased competition for light, water and nutrients between the cultivated crop and weeds (e.g. [START_REF] Matloob | Weeds of Direct-Seeded Rice in Asia: Problems and Opportunities[END_REF]. Yield losses on bare soil without surface residues (and with the highest level of weed infestation) were on average 30% and 59% of yields on a fully covered soil in year 3 and year 4, respectively. These results are in line with globally estimated rice yield losses due to weeds of around 40% (Oerke and Dehne 2004). However, higher rice yields with mulching can also be ascribed to other agroecological functions of surface crop residues, in addition to weed control [START_REF] Ranaivoson | Agro-ecological functions of crop residues under conservation agriculture[END_REF]. Surface residues can improve soil water availability to the crop by reducing water losses from soil evaporation and runoff, and by improving soil water infiltration (e.g. [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF]. Decomposition of residues influences nutrient cycling in the soil and can improve the availability of nutrients to the crop [START_REF] Aulakh | Crop Residue Type and Placement Effects on Denitrification and Mineralization[END_REF]. Finally, residue cover can increase soil biological activity which improves soil physical properties [START_REF] Kladivko | Tillage systems and soil ecology[END_REF]).

In our study, mulching had probably a positive effect on rice yield through its effect on soil nutrient supply, since rice growth was nutrient-limited; no fertilizer was applied to the rice crop.

4.4.

Crop residue mulching under farmer"s conditions Amounts of crop residue that normally can be produced on farmers" fields in the study region are at the best about 3 -4 Mg ha -1 for stylosanthes and 5 -6 tha -1 for dolichos intercropped with maize [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]. Typical amounts retained on farmers" field are however lower than these amounts. Farmers have other uses for crop residues than mulching; crop residues are mainly used to feed cattle on the mixed crop-livestock farms in the region.

According to the results of our study, this low range of amounts rather stimulates weed emergence than suppresses it, especially under high-rainfall conditions. It suggests that mulching with crop residues is not a viable option of weed control for the smallholder farmers in the region. Therefore, other means of weed control are required. For example, it has been suggested that for mulching to be effective it has to be combined with manual weeding at early stage of the cropping season [START_REF] Mashingaidze | Crop yield and weed growth under conservation agriculture in semi-arid Zimbabwe[END_REF], or with the use of preemergence herbicides [START_REF] Muoni | Weed control in conservation agriculture systems of Zimbabwe: Identifying economical best strategies[END_REF], or with appropriate crop rotations [START_REF] Nichols | Weed dynamics and conservation agriculture principles: A review[END_REF]. These practices reduce weed emergence at the early stages of the cropping season which are the most critical period to crop yields.

Conclusions

Our study clearly shows that weed emergence and weed biomass production in rice fields decrease with increasing amount of applied surface crop residues. The reduction of weed biomass by mulching was mainly due to a reduction of weed emergence. It means that the control of weed infestation through crop residue mulching can mainly be attributed to the effect on weed emergence. The rate of weed emergence and weed biomass decrease depended on the seasonal rainfall amount, its distribution during the growing season, the type of residue and the standing vegetation of the rice crop. More than 10 Mg ha -1 of residue were needed to significantly reduce weed emergence and biomass as compared to the bare soil without surface crop residues. Under high-rainfall conditions, low amount of residue (up to 5 Mg ha -1 ) can significantly stimulate weed emergence as compared to the bare soil when the rice crop is not yet well developed. Rice yield decreased with increase of weed biomass; with yield losses of about 16% for an increase in weed infestation of one Mg ha -1 . Our results suggest that mulching with crop residues should be combined with other means to control weeds on smallholder fields in the Lake Alaotra region, because of the limited availability of crop residues on farms. 
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ABSTRACT

Conservation agriculture (CA), that is based on the principles of minimum soil disturbance, permanent soil cover and diversified crop rotations and/or associations, has since the late 90s been promoted in the Lake Alaotra region of Madagascar, for a more sustainable and profitable agriculture. Despite its benefits, CA adoption remains low in the region, partly because of the variable effects of CA on crop yields. The objective of this study was to better understand the mechanisms that explain rice yield responses to the practice of CA versus conventional tillage (CT). We therefore studied the dynamics of weed infestation, and soil 

Introduction

The Lake Alaotra region is one of the main zones of rice production in Madagascar. Soil degradation and erratic rainfall are major constraints to rice cultivation in this region. Since the 1980s, the irrigated plains do no longer produce sufficient food to meet the needs of the population, leading to an expansion of dry rice cultivation into the upland areas [START_REF] Domas | Quand les tanetys rejoignent les rizières au lac Alaotra : Diversification et innovation sur les zones exondées dans un contexte foncier de plus en plus saturé[END_REF]. Rainfed agriculture in the region is however constrained by low soil fertility, high risk of soil erosion and severe weed pressure, resulting in low crop productivity [START_REF] Penot | Rôle et place du riz pluvial dans les exploitations du lac Alaotra[END_REF].

Conservation agriculture (CA) has been introduced in Madagascar in the late 90s in order to cope with the above constraints and to enhance crop productivity in the rainfed areas. CA is based on three principles: minimal soil disturbance, permanent soil cover and diversification of crop species grown in rotations and/or associations (FAO 2015). Despite the potential benefits related to its principles, CA adoption remains low in the region [START_REF] Penot | Le technicien propose, le paysan dispose. Le cas de l"adoption des systèmes de culture sous couverture végétale au lac Alaotra, Madagascar[END_REF].

Producers encounter several practical challenges, mainly with producing and maintaining crop residues on the fields [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]) and with the implementation of crop rotations due to the small areas of available cultivable land [START_REF] Penot | Le technicien propose, le paysan dispose. Le cas de l"adoption des systèmes de culture sous couverture végétale au lac Alaotra, Madagascar[END_REF]. Moreover, yield gains with CA are not always apparent [START_REF] Bruelle | Can conservation agriculture improve crop water availability in an erratic tropical climate producing water stress? A simple model applied to upland rice in Madagascar[END_REF] since they depend to a large extent on the local soil and climatic conditions [START_REF] Corbeels | Understanding the impact and adoption of conservation agriculture in Africa : A multi-scale analysis[END_REF].

CA can increase crop yields through agro-ecological functions that are related to the principles of CA [START_REF] Ranaivoson | Agro-ecological functions of crop residues under conservation agriculture[END_REF]. For example, it has been shown that a mulch of crop residues can enhance soil moisture conservation by improving soil water infiltration and reducing soil water evaporation and runoff (e.g. [START_REF] Hobbs | Conservation agriculture: what is it and why is it important for future sustainable food production?[END_REF][START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF]. No-tillage combined with retention of crop residues on the soil surface can reduce weed infestation by altering the soil environment (cf. chapter 2). Retention of crop residues on the soil surface also improves soil structure and can enhance soil nutrient availability [START_REF] Turmel | Crop residue management and soil health: a systems analysis[END_REF][START_REF] Ranaivoson | Agro-ecological functions of crop residues under conservation agriculture[END_REF]. Finally, crop rotations can break pest and disease life cycles, and play an important role in total crop biomass production, and thus in residue supply for mulching [START_REF] Jordan | Influence of Cultivation Practices on Arable Crop Diseases[END_REF][START_REF] Thierfelder | Rotation in Conservation Agriculture Systems of Zambia: Effects on Soil Quality and Water Relations[END_REF].

Information is, however, lacking on the relative importance of the agro-ecological functions provided by CA and their effects on rainfed rice productivity in the Lake Alaotra region. The objective of this study was to better understand the mechanisms that explain rice yield responses to the practice of CA versus conventional tillage (CT). We therefore studied the dynamics of weed infestation, and soil water and mineral nitrogen (N), which are the main factors that determine rice yield underrainfed conditions in the study region.

Materials and methods

Study site

The study was carried out at the experimental station of the National Research Center shown in Table 1. Stylosanthes guianensis// S. guianensis // rice (MS//S//R). Therefore, the four treatments were: 1) conventional tillage with a 2-year rotation (CT-MD//R); 2) conventional tillage with a 3-year rotation (CT-MS//S//R); 3) conservation agriculture with a 2-year rotation (CA-MD//R); and 4) conservation agriculture with a 3-year rotation (CA-MS//S//R). The experimental design was arranged so that each crop of the 2-year and 3-year rotation was grown every year.

During the 2013/14 and 2014/15 seasons, each main plot was subdivided into two subplots corresponding to two levels of weed pressure: a subplot with "high" weed pressure (HW) in which weeding was delayed (see Table 2) and a subplot with "low" weed pressure (LW)

which was maintained clean from weeds through regular hand-weeding throughout the cropping season.Each subplot measured 50 m² (10 x 5 m).

Our study was carried out during the fifth (2013/14) and the sixth (2014/15) year of experiment on the plots with rice. Cropping practices are summarized in Table 2. Tillage consisted of plowing using the "angady", a hand ploughing tool, to a depth of 20 cm. Rice under the CA treatment was sown manually using sticks. In both treatments, rice was sown at an inter-row spacing of 40 cm and intra-row spacing of 20 cm. No fertilizer, herbicides and insecticides were applied. Rice yield components, i.e. the number of seed holes per m², the number of panicles per seed hole, the number of spikelets per panicle, the percentage of filled spikelets per panicle and the weight of 1000 grain were determined on four quadrants of 1 m² (1 x 1m) in each subplot.

Light interception measurements

Photosynthetically active radiation (PAR) was measured using a SW-11L PAR line sensor 

Weed infestation measurements

Emerged weed seedlings were counted and removed every week during the rice growing season using two quadrants of 0.5 x 0.5 m in each HW subplot. Dicots and monocots were counted separately. Cumulative weed emergence on a given date was calculated by summing up all emerged weed seedlings from the first measurement to the date.

Weed biomass was measured at the weeding operations and at rice harvest using four quadrants of 1 m² (1 x 1 m) in each HW subplot. Aerial biomass was cut at soil level and oven dried at 70°C for 48 hours to obtain dry matter content. Dicots and monocots were measured separately. Cumulative weed biomass on a given date was calculated by summing up all weed biomass measured from the first weeding to the date.

Soil water content measurements

The TRIME®-PICO IPH (SDEC, France) probe was used for soil water measurements. One access tube was installed per subplot and volumetric soil moisture content was determined weekly during the 2014/15 rice growing season. Measurements were done at every 10 cm up to 2 m soil depth. The calibration of the probe was done on tubes installed aside the experimental field by comparing probe measurements with volumetric soil water contents that were calculated from gravimetric soil water and soil bulk density measurements. Calibration equations were established for each 10 cm soil depth interval.

Soil Mineral N measurements

Soil sampling for mineral N was done at five development stages of rice: emergence (S1), tillering (S2), panicle initiation (S3), flowering (S4) and maturity (S5) during both growing seasons. At each stage, soil was sampled fromthe following depth intervals: 0-10, 10-20, 20-30, 30-60 and 60-90 cm in five locationsof each subplot. Composite samples from the five locationswere placed in plastic bags and stored in a freezer until they were processed.

Ammonium and nitrate were extracted from soil with 2 N KCl solutions by shaking the suspension for 1 hour (30 g soil per 100 ml of solution). Samples were allowed to decant for 1 hour before recovering the supernatant using a syringe. The supernatant was then filtered with a 0.2 µm Millipore filter (Merck KGaA, Darmstadt, Allemagne) and stored in sterile tube before analysis. A subsample of the soil sample (50g) was oven-dried at 150°C for 48 hours to determine the dry weight of the extracted soil.

Nitrate concentration was determined using the colorimetric cadmium reduction and the Griess-Ilosvay reaction [START_REF] Henriksen | Automatic Methods for Determining Nitrate and Nitrite in Water and Soil Extracts[END_REF] and ammonium concentration using the indophenol blue method [START_REF] Anderson | Tropical soil biology and fertility. A handbook of methods[END_REF].

Mineral N content (kg ha -1 ) of a particular soil layer was calculated using the soil bulk density value of the soil layer. Soil bulk density was measured by collecting undisturbed soil cores (4 cm diameter) in each 10 cm soil layer up to 90 cm soil depth. Samples were oven dried at 105°C during 24hours and weighted. Mineral N content in the 0-90 cm soil layer was determined by summing the contents in the 0-10, 10-20, 20-30, 30-60 and 60-90 cm soil layers.

Data analysis

Rice yield, rice yield components, light interception by the rice vegetation, weed emergence, weed biomass, soil water and soil mineral N contents were subjected toanalysis of variance (ANOVA) for a split-plot design. The main plot factors consisted of crop rotation, soil/residue management, and the interaction soil/residue management x crop rotation, and the subplot factor consisted of the level of weed pressure. ANOVA was done separately for each cropping season. The means of treatments were compared using the Least Significance Test (LSD) at p < 0.05. Statistical analyses were donewith R software using package lmerTest [START_REF] Kuznetsova | lmerTest: Tests in Linear Mixed Effects Models[END_REF]) and package agricolae (De Mendiburu 2016) for ANOVA and LSD test, respectively.

Results

Rainfall characteristics

Cumulative seasonal rainfall was higher during the 2014/15 growing season (1 348 mm) than during 2013/14 (757 mm) (Figure 1). The date of first rains occurred in both growing seasons at the end of November. The 2014/15 season was characterized by regular heavy (> 40 mm day -1 ) rainfall events which occurred from December to the end of rice growing season, whereas during 2013/14 heavy (> 40 mm day -1 ) rainfall events occurred from mid-January to the end of February. 

Rice grain yield and its components

ANOVA results showed a significant (p < 0.01) effect of the level of weed pressure on rice grain yield in both growing seasons. Yield was on average 839 kg ha -1 and 650 kg ha -1 higher under LW than HW, respectively in 2013/14 and 2014/15 (Table 3). In 2014/15, a significant interaction between crop rotation x soil/residue management was observed: rice yield was significantly (p < 0.05) higher under CA than CT under MS//S//R, which was not the case under MD//R (Figure 2). Rice grain yields were explained by the number of filled spikelets per m² (Figure 3a).

Analysis of yield components (cf. Annexe 6) showed that the number of filled spikelets was significantly corelated (r = 0.71, p < 0.001) to the number of filled spikelets per panicle, and the relation varied according to the treatment (Figure 3b,c). The number of filled spikelets per panicle was significantly affected by weed pressure (p < 0.001) and soil/residue management (p < 0.05). Comparison of means showed that the number of filled spikelets was significantly (p < 0.05 ) higher under LW than HW, and under CA than CT. 

PAR interception by the rice canopy

At panicle initiation (S3, 77 DAS), flowering (S4, 94 DAS) and maturity (S5, 123 DAS) of rice, crop rotation (p<0.05), soil/residue management (p<0.05) and the level of weed pressure (p<0.001) had significant effects on light interception. At tillering stage (S2, 66 DAS), only crop rotation showed a significant effect (p<0.05) (Table 4). Besides, the 3-way interaction of crop rotation, soil/residue management and the level of weed pressure was significant at tillering (p<0.05) and flowering (p<0.01). Under HW, CA under MS//S//R showed significantly (p<0.05) higher PAR interception than CT, whereas there was no effect of soil/residue management under MD//R. In contrast, under LW, the 2way interaction between crop rotation and soil/residue management had no effect (p>0.05) on PAR interception (Figure 4). Treatment effects on weed emergence varied depending on the rice growing season. In 2013/14, cumulative weed emergence at the end of rice growing season was significantly (p < 0.01) higher under CT as compared to CA for total, monocot and dicot weeds (Table 5).

Cumulative weed emergence was also higher under MS//S//R as compared to MD//R for emergence of total and dicot weeds. The interaction between soil/residue management and rotation was however not significant (p > 0.05). In 2014/15, no significant (p > 0.05) effects were observed. 

Weed biomass

In 2013/14, cumulative weed biomass under MS//S//R was significanlty (p < 0.05) lower under CA than CT at the first weeding (43 DAS), whereas there was no significant (p > 0.05) effect under MD//R (Figure 5a). At the second (74 DAS) and the third weeding (117 DAS), cumulative weed biomass was significantly (p < 0.05) lower under CA than CT, and under MS//S//R than MD//R.

In 2014/15, cumulative weed biomass did not significantly (p > 0.05) differ between MD//R and MS//S//R at all weeding dates. Besides, there was no significant (p > 0.05) difference between CA and CT at the first (26 DAS), third (105 DAS) and fourth weeding date (122 DAS). In contrast, at the second weeding (65 DAS), cumulative weed biomass was significanly (p < 0.01) higher under CT than CA (Figure 5b).

Observed trends for monocot weeds were similar as for total weed biomass (Figure 5c,d).

Dicot weed biomass was significantly (p < 0.05) higher under MS//S//R as compared to MD//R in 2013/14 at all weeding dates, whereas no significant (p > 0.05) treatment effect was found in 2014/15 (Figure 5e,f). 

Soil water content

The rainfall pattern affected the soil water dynamics with a large increase of water content from 10 DAS onwards for all treatments (Figure 6). Soil water contentin the 0-150 cm soil profile showed no significant (p > 0.05) differences for levels of weed pressure, crop rotation and soil/residue management throughout the rice growing season (Figure 6a). Soil/residue management had however a significant (p < 0.05) effect on soil water content in the topsoil layer (0-20 cm) at 23 and 30 DAS (Figure 6b). No other significant (p > 0.05) treatment effects were observed. In 2013/14, there were no significant (p > 0.05) treatment effects on mineral N content in the 0-90 cm soil layer at S1, S2, S3 and S4 in 2013/14, whereas there was a significant (p < 0.05) effect of weed pressure and crop rotation at S5. Mineral N content was higher under HW than LW , and under MS//S//R as compared to MD//R.

In 2014/15, at S1, the 3-way interaction of weed pressure, crop rotation and soil/residue management had a significant effect (p < 0.01) on mineral N content in the 0-90 cm soil layer.

Under LW, CA with MS//S//R showed higher mineral N content as compared to CT, whereas there was no significant (p > 0.05) effect of the 2-way interaction of crop rotation and soil/residue management under HW. At S4, CT showed significantly (p < 0.05) higher mineral N contents as compared to CA. There were no signficant (p > 0.05) treatment effects at S5. Ammonium which accounted for most of the mineral N in 2013/14 showed the same patterns as total mineral N with higher contents under MS//S//R than MD//R, and under LW than HW at S5. The missing data at S2 and S3 in 2014/15 was due to a problem of contamination of the samples with ammonium. In 2014/15, treatments had no significant (p > 0.05) effect on ammonium contents at S1, S4 and S5.

In 2013/14, nitrate content was significanlty higher under LW than HW (p < 0.05) at S1.

There were no treatment effects (p > 0.05) at S2, S3, S4 and S5 (Figure 7). In 2014/15, the 3way interaction of weed pressure, crop rotation and soil/residue management was significant (p<0.01) at S1. Under LW, nitrate content was higher under CA with MS//S//R than under CT, whereas the 2-way interaction of crop rotation and soil/residue management was not singificant (p > 0.05) under HW (Figure 7). Analysis of the nitrate contents over soil depth showed that this effect at S1 occurred in the 0-10 cm and 30-60 cm soil layers (Figure 8). At S2, there were no significant (p > 0.05) treatment effects on nitrate content. By contrast, nitrate content was significantly (p < 0.05) higher under CT than CA at S3, S4 and S5. This mainly occurred in the 60-90 cm soil layer (Figure 8). 

Discussion

In our study, higher rice grain yields under CA as compared to CT were mainly attributed to a decrease of weed infestation under CA during the rice growing period. Overall, the practice of CA did not affect soil water and soil mineral N dynamics. Results from 2014/15 suggested that the type of residue and the length of rotation influenced the CA effects on rice yield. The 3-year MS//S//R rotation resulted in significantly less weed infestation as compared to 2-year MD//R rotation. These findings are in agreement with [START_REF] Thierfelder | Benefits and challenges of crop rotations in maizebased conservation agriculture (CA) cropping systems of southern Africa[END_REF] who showed the importance of the type of crop rotation for obtaining yield benefits with CA.

Yield effects mainly occurred through effects on the number of filled spikelets per panicle, which were determined at the elongating stage of rice [START_REF] Moreau | L"analyse de l"élaboration du rendement du riz: Les outils de diagnostic[END_REF]. A significant decrease of weed infestation under CA as compared to CT occurred at this stage, which corresponded to the first and the second weeding operation.

Effect of CA on weed emergence

Observed reduction of weed emergence under CA was mainly as a result of a physical barrier created by the mulch layer [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF]. It has also been stated that lower weed emergence under CA is caused by altered soil moisture conditions [START_REF] Mohler | Response of weed emergence to rate of Vicia villosa Roth and Secale cereale L. residue[END_REF]. Observed soil water content during 2014/15 in our study showed the efficiency of CA in retaining moisture in topsoil layer (0-20 cm) during periods without rainfall. Our study also showed that the effect of CA on weed emergence was not related to a decrease of the weed seed bank in the soil (cf. Annexe 7). This finding is in contrast with some other studies that found declining weed seed banks in the soil under CA (Chauhan et al.

2012).

Weed emergence did not differ between CT and CA during 2014/15. This was probably related to the continuous rainfall during 2014/15 which accelerated residue decomposition (cf.

Annexe 5) leading to a relative rapid disappearance of the physical barrier created by the mulch and enhanced weed emergence later in the season [START_REF] Mohler | Response of weed emergence to rate of Vicia villosa Roth and Secale cereale L. residue[END_REF]). In addition, high rainfall usually promotes weed emergence irrespective of the soil/residue management [START_REF] Chauhan | Ecology and management of weeds under conservation agriculture: a review[END_REF].

Effect of CA on weed biomass

The practice of CA generally decreased weed biomass as compared to CT. This could be explained by the effects of surface crop residues on light, temperature and moisture conditions in the surface soil layer [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF]. Observed soil water contents from our study during 2014/15 indicated that mulched soil retained moisture in the topsoil layer (0-20 cm) during periods without rainfall.

The higher efficiency of stylosanthes residues as compared to the mixture of maize and dolichos residues in controlling weed growth could be explained by an indirect effect of the rice canopy. We found that light interception of the rice vegetation was significantly higher from rice panicle initiation to rice harvest in 2014/15 under the 3-year rotation with stylosanthes than under the 2-year rotation with maize and dolichos. Besides, stylosanthes residues that have a higher N concentration than maize + dolichos residues [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]) could enhance rice growth and development through better soil N supply. However, the results of our study on mineral N did not show evidence of this during the two growing season of the experiment.

Effect of CA on weed biomass varied depending on the cropping season. Weed biomass under CA was lower as compared to CT throughout the rice growing in 2013/14, while this effect was only observed at the start of the season in 2014/15. This was consistent with the results of [START_REF] Mhalanga | Relay intercropping and mineral fertilizer effects on biomass production, maize productivity and weed dynamics in contrasting soils under conservation agriculture[END_REF] showing that the suppressive effect of CA on weeds depends on rainfall amount and distribution during the cropping season.

Effect of CA on soil water content

CA effects on soil water content through moisture conservation as a result of mulching were marginal because of high rainfall during 2014/15. This season had 40 % more rainfall than the mean rainfall for the past 20 years.

Nevertheless, soil water contents in the 0-20 cm topsoil layer showed that CA retained moisture compared to CT, irrespective of the type of residue. For example, after the highrainfall events from 12 to 19 DAS, soil water content in the topsoil was significantly (p<0.05)

higher under CA as compared to CT. Residues retained on the soil surface enhance soil water infiltration and reduce water losses from soil evaporation and runoff [START_REF] Ranaivoson | Agro-ecological functions of crop residues under conservation agriculture[END_REF].

From 30 DAS onwards, continuous rainfall resulted in high soil water contents throughout the soil profile. As a result there was no water stress on rice growth (cf. chapter 5) and, thus no mulching effect through moisture conservation.

Effect of CA on soil mineral N dynamics

The practice of CA in our study had generally little effect on soil mineral N dynamics. We measured high soil mineral N contents of up to 200 kg ha -1 in the 0-90 cm soil layer, irrespective of treatments. Although positive effects of CA on soil nutrient contents are frequently reported (e.g. [START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF][START_REF] Turmel | Crop residue management and soil health: a systems analysis[END_REF], other studies also found no effects [START_REF] Karlen | Crop residue effects on soil quality following 10years of no-till corn[END_REF][START_REF] Maltas | Cover crop and nitrogen effects on maize productivity in no-tillage systems of the Brazilian cerrados[END_REF][START_REF] Iqbal | Influence of Residue Management and Tillage Systems on Carbon Sequestration and Nitrogen, Phosphorus, and Potassium Dynamics of Soil and Plant and Wheat Production in Semi-arid Region[END_REF].

Nitrogen supply from residue decomposition calculated from the decomposition rates in the litter bag experiments and the initial N concentrations in the residues was about 60 and 150 kg N ha -1 respectively in 2013/14 and 2014/15. These amounts were however not retrieved in the soil mineral N measurements.

The observed decrease of mineral N during the rice growing season was related to plant N uptake and nitrate leaching in 2014/15. The occurrence of nitrate leaching losses during that season is suggested by the observed accumulation of nitrate in the 60-90 cm soil layer. The increase of mineral N at flowering stage in 2013/14 can be explained by a decrease of plant N uptake combined with continuous soil N mineralization without leaching losses given the relative low rainfall. The more pronounced decrease of mineral N under CA as compared to CT in 2014/15 can probably be explained by the increased plant N uptake as a result of the higher rice yields and by more pronounced N leaching resulting from higher water infiltration under residue cover in CA [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF][START_REF] Ranaivoson | Agro-ecological functions of crop residues under conservation agriculture[END_REF].

Conclusions

The effects of CA systems on weed infestation, soil water and soil mineral N dynamics varied according to the type of crop rotation and the rainfall distribution during rice growing season.CA systems reduced weed emergence and weed biomass during rice growth period as compared to CT systems. Soil moisture content in the topsoil layer (0-20 cm) increased under CA during periods without rainfall. On the other hand, CA systems increased mineral N leaching during the rainy year. Stylosanthes residue improved mineral N availability in the topsoil at the start of the cropping season, i.e. when leaching losses are relatively low. The higher rice grain yields under CA as compared to CT were mainly related to a decrease of weed infestation under CA. Thus our study points out the potential benefits of CA on crop productivity through reduced weed pressure, especially when large amounts of residues are retained on the soil surface. This may be important benefit for smallholder farmers in regions such as Lake Alaotra, who face labor constraints with hand weeding, but usually cannot afford herbicide use for weed control. 

Introduction

Le riz tient une place importante dans l"économie de Madagascar. Il constitue l"alimentation principale des malgaches avec une consommation moyenne annuelle de 115 kg par habitant et occupe près de 55% des surfaces cultivées sur l"ensemble du pays [START_REF] Dabat | L"histoire inachevée de la régulation du marché du riz à Madagascar[END_REF]. La région du lac Alaotra constitue une de ses principales zones de production à Madagascar avec plus de 120 000 ha de rizières. L"augmentation de la demande suite à une croissance démographique et la forte variabilité pluviométrique constituent cependant des contraintes majeures pour la production rizicole. De plus, l"augmentation du rendement en riz sur les bas-fonds reste limitée par la vétusté et la dégradation des infrastructures hydro-agricoles. Afin d"assurer une production suffisante, la région a connu un fort développement de l"agriculture pluviale depuis les années 1980. Toutefois, l"exploitation des zones pluviales rencontre des contraintes pratiques notamment la faible fertilité du sol, les phénomènes de ruissellement et d"érosion.

L"agriculture de conservation (AC) a été introduite dans la zone vers la fin des années 90 afin d"améliorer la productivité des cultures pluviales. Elle repose sur trois principes : le travail minimal du sol, la couverture permanente du sol et la diversification des espèces cultivées en association et/ou dans la rotation culturale (FAO 2015). Certaines études ont démontré dans certaines situations les effets de l"AC notamment sur l"amélioration du bilan hydrique et de la fertilité du sol (e.g. [START_REF] Hobbs | Conservation agriculture: what is it and why is it important for future sustainable food production?[END_REF]). La couverture du sol peut améliorer le stockage en eau dans le sol en limitant son évaporation et le ruissellement et en favorisant l"infiltration de l"eau dans le sol (e.g. [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF]). Elle peut également limiter les risques d"érosion du sol en fournissant une protection physique et en améliorant ses propriétés [START_REF] Smets | Spatial scale effects on the effectiveness of organic mulches in reducing soil erosion by water[END_REF]. La diversité des espèces cultivées et la décomposition des résidus retenus à la surface du sol influencent le cycle des nutriments et favorise leur disponibilité pour la plante [START_REF] Maltas | Long-term effects of continuous direct seeding mulch-based cropping systems on soil nitrogen supply in the Cerrado region of Brazil[END_REF]. L"AC peut contribuer à réduire la pression des adventices [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF] et à améliorer l"activité biologique dans le sol [START_REF] Kladivko | Tillage systems and soil ecology[END_REF] principalement par la restitution de fortes quantités de biomasse au sol. Enfin elle peut favoriser le stockage de carbone dans le sol grâce à une réduction de la minéralisation en cessant le labour et à une augmentation des apports en carbone via la présence de plantes de couvertures [START_REF] Corbeels | Soil carbon storage potential of direct seedingmulch-based cropping systems in the Cerrados of Brazil[END_REF]).

D"autres études ont avancé que l"efficacité de l"AC est influencée par l"environnement pédoclimatique de la culture. Un effet positif à court terme de l"AC sur le rendement n"est mis en évidence que dans des conditions limitantes de l"eau à la plante [START_REF] Bruelle | Can conservation agriculture improve crop water availability in an erratic tropical climate producing water stress? A simple model applied to upland rice in Madagascar[END_REF]. Sous certaines conditions pédoclimatiques, la réduction du ruissellement peut ne pas se traduire par une réduction nette des stress hydriques mais plutôt par une augmentation du drainage sous culture, avec des risques induits de pertes de nutriments par lixiviation [START_REF] Scopel | Modelling crop residue mulching effects on water use and production of maize under semi-arid and humid tropical conditions[END_REF][START_REF] Bruelle | Can conservation agriculture improve crop water availability in an erratic tropical climate producing water stress? A simple model applied to upland rice in Madagascar[END_REF]. [START_REF] Domas | Quand les tanetys rejoignent les rizières au lac Alaotra : Diversification et innovation sur les zones exondées dans un contexte foncier de plus en plus saturé[END_REF] ont aussi montré que le choix du système en AC doit dépendre du type du sol, notamment de son niveau de fertilité.

Les effets de l"AC à partir d"une expérimentation sur plusieurs années sont ainsi difficiles à interpréter. Les variations annuelles du rendement en riz peuvent être liées aux variations pluviométriques, mais aussi aux effets cumulatifs du système sur la fertilité du sol ou les attaques des ravageurs. Afin de tenter de résoudre ces problèmes, nous avons eu recours dans cette étude à deux approches, d"une part la méthode utilisant le concept de l"analyse de stabilité et d"autre part la modélisation afin d"interpréter les effets de l"AC sur le rendement en riz à partir de données issues d"un dispositif expérimental maintenu sur plusieurs années.

L"analyse de stabilité utilisant le rendement par rapport à la « moyenne environnementale » a été développée pour étudier les expérimentations à long-terme ou sur plusieurs sites [START_REF] Raun | Use of Stability Analysis for long-term Soil Fertility Experiments[END_REF][START_REF] Ripoche | Cotton as an entry point for soil fertility maintenance and food crop productivity in savannah agroecosystems-Evidence from a long-term experiment in southern Mali[END_REF]. La moyenne environnementale qui consiste en un rendement moyen obtenu au cours de l"année est facile à calculer mais ne tient cependant pas compte des effets cumulatifs des systèmes dans le temps. En effet, la moyenne environnementale n"est pas indépendante des traitements dans une expérimentation agronomique et ne représente plus le seul facteur de variation interannuelle de l"environnement [START_REF] Raun | Use of Stability Analysis for long-term Soil Fertility Experiments[END_REF].

L"étude du rendement potentiel qui se définit comme le rendement atteint par la culture dont la croissance ne serait limitée que par le climat (van Ittersum and Rabbinge 1997) permet de réduire les effets de la variabilité climatique sur le rendement. La modélisation agronomique passant par un paramétrage avec les données observées des expérimentations agricoles permet de calculer le rendement potentiel d"une culture [START_REF] Affholder | Ad Hoc Modeling in Agronomy: What Have We Learned in the Last 15 Years?[END_REF]. Bien que nécessitant un effort de paramétrage du modèle, cette deuxième approche permet d"évaluer les parts de l"environnement indépendamment des traitements dans la variation de rendement.

Ainsi, l"objectif principal de cette étude consiste à évaluer la part respective des effets des facteurs climatiques et de celle des effets des facteurs tels que la rotation culturale, la gestion du sol et des résidus ainsi que le niveau de fertilisation dans l"élaboration du rendement en riz, dans une expérimentation sur plusieurs années. Le dispositif expérimental a été implanté sur un sol de type ferralitique avec une texture limonoargileuse et un ph acide (Table 1). [START_REF] Brisson | STICS : a generic model for the simulation of crops and their water and nitrogen balances . 1 . Theory and parameterization applied to wheat and corn[END_REF][START_REF] Brisson | An overview of the crop model STICS[END_REF] et les composantes du module bilan hydrique au modèle SARRA [START_REF] Forest | Contribution à l"explication de la variabilité du rendement d"une culture de maïs plus ou moins intensifée à l"aide d"un modèle de bilan hydrique amélioré[END_REF][START_REF] Affholder | Empirically modelling the interaction between intensification and climatic risk in semiarid regions[END_REF]). PYE permet de simuler le rendement potentiel (Yp) et le rendement potentiel limité par l"eau (Yw) (Table 3). Ce dernier se définit comme le rendement atteint dans des conditions favorables sans limitation de croissance de la plante autre que la température, le rayonnement solaire et la pluviométrie [START_REF] Van Ittersum | Concept of production ecology for analysis and quantification of agricultural imput-output combination[END_REF]. Le schéma conceptuel du modèle PYE est représenté par la Figure 2. Les différente stades phénologiques des cultures sont définis à partir d"une approche de temps thermique [START_REF] Gao | Rice clock model: a computer model to simulatte rice development[END_REF]). Les constantes de temps thermiques à chaque stade de développement ainsi que les seuils de température sont caractéristiques du cultivar. Un stade i démarrant le jour k est atteint le jour n lorsque :

Matériel et méthode

(f Tm ) +1 = TT()
Où Tm est la température moyenne du jour en °C ; TT(i) est la constante de temps thermique en degrés jours du stade i et est caractéristique de l"espèce ; f(Tm) est une fonction définie comme suit : si Tm < tdmin, f(Tm) = 0 ; si Tm > tdmax, f(Tm) = tdmaxtdmin ; sinon, f(TM) = Tmtdmin, où tdmin est la température-base en dessous de laquelle le développement de la plante est nul et tdmax est la température-seuil au-dessus de laquelle la vitesse de développement de la plante n"augmente plus.

Pour les cultivars sensibles à la photopériode, la vitesse de développement de la plante est influencée par un facteur qui est déterminé selon la formule :

PhotFact (j)= 1 -(DL (j) -MOPP) * SensPhot
Où PhotFact est un facteur appliqué à la vitesse de développement de la plante sensible à la photopériode au jour j; DL est la durée de la longueur du jour j ; MOPP est la période à laquelle la photopériode agit sur la plante ; SensPhot est un coefficient de sensibilité de la plante à la photopériode.

En ce qui concerne le riz, cinq étapes clés du développement sont considérées par le modèle: du stade levée à la montaison (Juv), du tallage maximal à l"épiaison (Tall), de l"épiaison jusqu"à la pleine floraison (Flo), du début du remplissage de grain jusqu"à la sénescence (Grain), et de la sénescence à la maturité (Mat).

L"indice de surface foliaire (LAI) est une variable clé du modèle qui entre dans le déterminisme de la quantité de biomasse produite. Le modèle calcule chaque jour un incrément de LAI en fonction du stade phénologique de la plante et de la densité de culture selon la formule suivante : Où dBiom est l'incrément quotidienne de biomasse (t ha -1 jour -1 ) ; Ebmax est un coefficient de conversion maximal du rayonnement en biomasse ; WS est l"indice de stress hydrique variant de 0 à 1 selon le niveau de remplissage de la réserve utile dans la couche de sol occupée par les racines ; Ftemp est un coefficient de sensibilité du croit de biomasse quotidien à la température.

Le rendement en grains est calculé à partir de la biomasse aérienne totale en utilisant une approche d'indice de récolte [START_REF] Brisson | STICS : a generic model for the simulation of crops and their water and nitrogen balances . 1 . Theory and parameterization applied to wheat and corn[END_REF]) selon la formule:

Rendement = Minimum (Biom × HI, P1grainMax × Ngrain)
Où Biom est la biomasse produite, HI est l'indice de récolte quotidien limité par un indice de récolte maximal caractéristique de l"espèce ; P1grainMax est le poids maximal d'une graine ;

Ngrain est le nombre de grains par unité de surface.

Ngrain est calculé selon la formule :

Ngrain = Cgrain × Vitmoy + CgrainV0
Où Cgrain est la pente de la relation entre le nombre de grains et le taux de croissance moyen ;

Vitmoy est le taux de croissance moyen simulé ; CgrainV0 est le nombre de grain produit avec un Cgrain égal à 0. Cgrain et CgrainV0 sont des paramètres caractéristiques de l"espèce. 3). L"analyse du rendement relatif Ye permet d"évaluer les interactions entre les années de culture et les traitements.

Le rendement relatif au rendement potentiel limité par l"eau simulé par PYE (Yrel) a été calculé pour les 6 saisons culturales, selon la formule : = L"ANOVA sur le rendement a montré des effets significatifs de l"année de culture (p < 0.001), du mode de gestion du sol et des résidus (p < 0.05) et de la fertilisation (p < 0.05). Il montre également un effet significatif de l"interaction de l"année de culture avec les traitements (Table 4). L"effet de la gestion du sol et des résidus en interaction avec la rotation culturale dépend de l"année de culture (p < 0.01). Et la fertilisation est également en interaction avec l"année de culture (p < 0.001). En ce qui concerne les effets de l"apport de fertilisation, les résultats ANOVA ont montré un effet significatif de l"interaction de l"année de culture et de la fertilisation. L"apport de fertilisation a eu un effet sur le rendement Ye, seulement pour l"année 2011/12 (Figure 5a).

La fertilisation est également en interaction avec le mode de gestion du sol et des résidus.

L"apport de fertilisation augmente le rendement en riz pour un système labouré sans restitution des résidus (L+/R-), ce qui n"est pas le cas pour les systèmes AC et labouré avec restitution des résidus (L+/R+) (Figure 5b). Ceci suggère l"efficacité de la restitution des résidus dans le recyclage des nutriments. des constantes thermiques et de la sensibilité à la photopériode (Sensphot = 0) avec un biais de 4.5 jours. Les données sur les quatre sites à différentes altitudes nous ont permis d"avoir une large gamme de date de levée qui va de 268 à 400 jour depuis le 1 er janvier de l"année de semis (jour de l"année ou JDA dans ce qui suit) et de mettre en évidence les effets de la diversité climatique sur la date de début floraison en fonction de la date de levée. La figure 7 montre la superposition du stock en eau simulés et observés durant la saison culturale. Bien que pendant une partie assez longue de la saison, le stock soit maintenu à des valeurs élevées, voisines de la capacité au champ, l"arrêt des précipitations en fin de cycle conduit à un assèchement du sol par évapotranspiration. Les données observées de stock hydrique du sol à la fin de cette période d"assèchement permettent de montrer que la simulation rend bien compte de l"évapotranspiration de la culture à cette période. Le résultat de l"ANOVA sur le rendement relatif a montré un effet principal de l"année de culture (p < 0.001) et de l"interaction de l"année de culture, le mode de gestion du sol et des Les mesures de stock en eau sur le dispositif expérimental ont été réalisées tardivement après les premières pluies, ce qui n"a pas permis d"évaluer les pertes par évaporation du sol et la transpiration en début de cycle. Par ailleurs, les données de stock en eau sur quelques parcelles du dispositif expérimental durant une année pluvieuse suggèrent que la réserve utile varie d"une parcelle à l"autre. Toutefois, la variation des paramètres définissant la réserve utile du sol n"a pas d"effet significatif sur les sorties du modèle à l"exception de l"année 2012/13 où il y a eu un stress hydrique notable.

En général, les résultats de simulation ont suggéré qu"il n"y avait pas eu de stress hydrique sur l"essai mais plutôt une variation du rendement potentiel importante due aux variations de température, de pluviométrie et de rayonnement.

4.2.

Les effets des traitements sur la variation du rendement en riz L"utilisation du modèle PYE et la moyenne environnementale n"ont pas permis de mettre en évidence les effets des traitements sur les variations du rendement en riz. Les résultats suggèrent que d"autres facteurs potentiels non contrôlés par le modèle et par l"expérimentateur contribuent à la variabilité annuelle du rendement en grain de B22. Il semble également qu"il y ait des facteurs variant entre les parcelles de l"essai expliquant la forte variabilité intra-traitement des données de cet essai.

Les mesures de stock en eau sur les parcelles en 2014/15 ont montré une grande variabilité de la réserve utile du sol d"une parcelle à l"autre. De plus, les simulations de rendement potentiel limité par l"eau montrent des taux de drainage importants sous culture la plupart des années. Ces observations suggèrent la possibilité de variations importantes des pertes de nutriments par lixiviation, à la fois entre les années et entre parcelles une année donnée, sans lien avec les traitements. Ainsi, les pertes par lixiviation pourraient expliquer d"une part le faible rendement observé par rapport au rendement potentiel, même avec les traitements les plus fertilisés, d"autre part, la variabilité des résultats intra traitements qui est forte par rapport aux variations entre traitements.

Cette variabilité intra-traitements peut également être amplifiée par le ruissellement qui n"a pas été pris en compte dans les simulations et qui peut varier dans le dispositif expérimental en fonction des années comme entre les parcelles. En effet, le taux de ruissellement dépend principalement du taux d"infiltration de l"eau dans le sol et de la quantité et de l"intensité de la pluviométrie [START_REF] Dunne | Effects of Rainfall, Vegetation, and Microtopography on infiltration and Runoff[END_REF]. Enfin, les maladies et la pression parasitaire durant le cycle cultural peuvent également être un facteur de variation annuelle du rendement en riz. Ainsi, il semble nécessaire de tenir compte de la variabilité spatiale du dispositif expérimental, notamment de la fertilité du sol.

Les analyses de variance sur le rendement relatif ainsi que le rendement par rapport à la « moyenne environnementale » ont permis de mettre en évidence un effet significatif de la rotation triennale avec les résidus de stylosanthes en AC à la sixième année. D"après les résultats dans le chapitre 3 de la thèse, les variations de rendement entre les traitements en 2014/15 étaient principalement liées à une diminution significative de l"enherbement sur les parcelles en AC issus de la rotation triennale par rapport aux autres traitements. De plus, la teneur en azote minéral dans l"horizon superficiel du sol au stade germination a été supérieure pour ce traitement par rapport aux autres.

Le faible rendement en 2012/13 est dû en partie au le stress hydrique d"après le rendement Yp et Yw. Toutefois, l"écart avec le rendement potentiel reste élevé. Ce qui suggère que l"attaque fongique durant cette année a joué une part importante dans la diminution du rendement en riz.

Conclusion

Le L"effet de l"AC avec un type de mulch à forte teneur en azote a été mis en évidence à la sixième année de pratique par l"approche faisant appel à la modélisation et à l"analyse de stabilité. Une rotation triennale avec le stylosanthes est plus favorable qu"une rotation biennale avec l"association de maïs et dolique sur le rendement en riz à long terme. Les résultats de cette étude nous ont montré que les mesures de réserve utile du sol des parcelles sur le dispositif ainsi que la croissance racinaire du riz sont nécessaire afin d"identifier les pertes de nutriments par lixiviation et leur rôle dans les variations de rendements.

DISCUSSION GENERALE ET CONCLUSION

La thèse a été structurée en 4 chapitres sous forme d"articles scientifiques afin de répondre à l"objectif principal qui est de caractériser les impacts des fonctions agro-écologiques de l"AC dans l"amélioration du rendement en riz. L"AC a été proposée dans la région comme une solution technique pour augmenter la productivité de l"agriculture pluviale qui est menacée par la variabilité pluviométrique et la faible fertilité des zones pluviales [START_REF] Penot | Rôle et place du riz pluvial dans les exploitations du lac Alaotra[END_REF]). Il est important d"évaluer les impacts de ses principes qui sont le minimum de travail du sol, la couverture permanente du sol et la diversification des espèces cultivées dans l"amélioration de la production agricole. Avec une revue de la littérature, des expérimentations agricoles et des approches utilisant le concept de l" « analyse de stabilité » et la modélisation, cette étude nous a permis de mettre en évidence les impacts de l"AC sur la production rizicole ainsi que les interactions des fonctions agro-écologiques de l"AC avec les conditions pédoclimatiques.

Fonctions agro-écologiques du mulch en fonction de la quantité de résidus

La revue de la littérature nous a montré que la quantité de couverture nécessaire va dépendre essentiellement des fonctions agro-écologiques attendues. Il a été démontré que les effets de la couverture du sol sur un sol non labouré sont très nets en ce qui concerne l"amélioration du taux d"infiltration de l"eau dans le sol, la limitation du ruissellement et de l"érosion du sol, même avec une faible quantité de couverture de l"ordre de 2 à 3 t ha -1 . Ceci rejoint les recommandations de la FAO avec une couverture du sol à 30 % pour avoir les effets bénéfiques de l"AC (FAO 2015).

Par contre, les données sur le contrôle de l"enherbement, la disponibilité des nutriments ainsi que la faune du sol en fonction de la quantité de mulch étaient très dispersées, suggérant l"interaction de ses fonctions agro-écologiques avec d"autres facteurs, notamment le type de résidus et les conditions pédoclimatiques. Il a été aussi montré que les effets maximums de la couverture du sol sur la disponibilité des nutriments (N, P, K) et l"augmentation de la faune du sol parmi les données de la littérature sont faibles et ne représente qu"une augmentation respective de 30% et de 45% par rapport au sol nu. L"effet maximum serait atteint dès 3 t ha -1 de résidus pour la disponibilité des nutriments, tandis que l"effet maximum pour l"augmentation de la faune du sol ne serait atteint qu"à partir de 10 t ha -1 de résidus. Néanmoins, les données disponibles pour ces dernières fonctions sont nettement moins nombreuses que pour ce qui est de l"effet du mulch sur l"érosion par exemple. Ce premier chapitre nous a permis également de déterminer des courbes enveloppe qui correspondent au maximum d"effet qu"il a été permis d"observer dans la littérature (Figure 1). Ces courbes enveloppe sont une bonne approximation de l"effet maximum que l"on espérer en produisant ou en ajoutant des quantités croissantes de mulch. Les manques de biomasse ont toujours été une des principales contraintes pour la mise en oeuvre de l"AC, notamment en Afrique Sub-saharienne [START_REF] Wezel | Resource conservation strategies in agro-ecosystems of semi-arid West Africa[END_REF][START_REF] Erenstein | Crop residue mulching in tropical and semi-tropical countries: An evaluation of residue availability and other technological implications[END_REF][START_REF] Giller | Conservation agri-culture and smallholder farming in Africa: the heretics" view[END_REF]). Avec cette revue, il a été possible de déterminer les fonctions agro-écologiques du mulch qui seraient potentiellement atteintes avec une faible quantité de biomasse, ainsi que le niveau de biomasse nécessaire pour atteindre les autres fonctions. Ainsi, selon l"objectif du producteur, il n"est pas forcément nécessaire de produire de grandes quantités de biomasse.

L"originalité de ce chapitre est aussi d"avoir représenté de manière homogène l"intensité de ces différentes fonctions agro-écologique en fonction de la quantité de mulch. Ceci permettant de mieux hiérarchiser les effets que l"on peut attendre avec une quantité donnée de mulch. Les conclusions de cette revue doivent être cependant interprétées avec précaution, sachant que pour certaines fonctions agro-écologiques, les données de la littérature ont été très limitées. En se référant aux quantités de résidus normalement produites sur les parcelles paysannes dans la région du lac Alaotra qui est de l"ordre de 3 -4 t ha -1 pour le stylosanthes et à 5 -6 t ha -1 pour le maïs + dolique [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF], il est possible d"atteindre le maximum d"effet des fonctions agro-écologiques du mulch selon les données de la littérature. Toutefois, les quantités de résidus réellement retenues sur les parcelles sont largement plus faibles suite à d"autres utilisations des résidus de culture, notamment pour l"alimentation animale [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF]. Ainsi, d"après les résultats de la revue, la couverture du sol avec les conditions réelles chez les producteurs serait donc adaptée sur des parcelles dont les contraintes sont relatives aux ruissellements et à l"érosion du sol. D"autres méthodes doivent être mobilisées afin d"assurer les fonctions du mulch sur le contrôle de l"enherbement, de même pour l"augmentation de la teneur en N, P et K minéral dans le sol par la couverture du sol qui reste faible même avec une quantité élevée de mulch.

Effet physique du mulch sur l'enherbement

Des expérimentations agricoles ont été menées dans la région du lac Alaotra sur 4 saisons culturales afin d"évaluer l"efficacité de la couverture du sol pour contrôler l"émergence et la croissance des adventices et l"effet induit sur la production du riz. Les résultats ont montré que l"enherbement sur les parcelles couvertes dépend essentiellement de la quantité et de la distribution de la pluviométrie durant la saison culturale. L"émergence ainsi que la biomasse des mauvaises herbes diminuent avec l"augmentation de la quantité de mulch maintenu sur les parcelles. Toutefois, une grande quantité de résidus de l"ordre de 10 t ha -1 est nécessaire pour réduire significativement (p < 0.05) la pression des adventices sur le riz par rapport à un sol nu dans les conditions agro-écologiques de notre dispositif expérimental. Nos résultats sont cohérents avec les études précédentes démontrant qu"il faut au moins un taux de couverture de 90% du sol pour avoir un effet sur le contrôle de l"enherbement [START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF][START_REF] Bilalis | Effect of different levels of wheat straw soil surface coverage on weed flora in Vicia faba crops[END_REF]. Il a été également démontré que l"efficacité du mulch sur le contrôle des adventices va dépendre de la vitesse de dégradation du mulch. Une année avec une forte pluviométrie va diminuer l"efficacité du mulch sur le contrôle des adventices suite à une dégradation rapide des résidus. Ceci suggère que le type de résidus joue un rôle dans l"efficacité du mulch sur l"enherbement. Par ailleurs, l"étude sur 2 types de résidus a également permis de montrer que l"effet du mulch sur l"émergence des adventices est plus lié à la quantité de couverture que le taux de couverture du sol (Figure 2). Autrement, il est nécessaire d"augmenter la production de biomasse par la fertilisation ou de choisir une culture à forte production biomasse.

La quantité de couverture nécessaire pour contrôle les adventices dans cette étude semble être élevée par rapport aux études précédentes. La revue de littérature dans le premier chapitre a montré un effet maximum de réduction de l"émergence et de la biomasse des adventices de 90%

par rapport au sol nu, effet qui serait atteint à partir de 3 -4 t ha -1 de résidus. La richesse de la banque de semence d"adventices sur le dispositif expérimental atteignant plus de 3000 plantules d"adventices par m² émergeant durant une saison culturale peut en être la cause principale.

Effet de l'AC sur le rendement en riz

Dans le troisième chapitre, il a été démontré que l"augmentation du rendement en riz sur les parcelles en AC par rapport aux parcelles en CT en cinquième et sixième année de pratique de l"AC est essentiellement liée à une diminution de l"infestation des adventices pendant la période de végétation du riz. Le gain en rendement suite aux pratiques de l"AC est proportionel à la perte d"émergence des adventices (Figure 3). L"émergence et la biomasse des adventices ont généralement été réduites sur les parcelles en AC, avec en moyenne 7 t ha -1 de résidus, en 2013/14 et 2014/15. Les résultats ont aussi montré que les effets de l"AC sur le contrôle de l"émergence des adventices sont liés à un effet physique du mulch qui va créer un environnement peu favorable à l"émergence et le développement des adventices [START_REF] Teasdale | Light transmittance, soil temperature, and soil moisture under residue of hairy vetch and rye[END_REF]. adventices sont fortement dépendants de la quantité de pluie et de la distribution des pluies dans l"année [START_REF] Mhalanga | Relay intercropping and mineral fertilizer effects on biomass production, maize productivity and weed dynamics in contrasting soils under conservation agriculture[END_REF]).

La dynamique de l"eau dans le sol ainsi que la dynamique de l"azote minéral sont fortement influencées par le régime pluviométrique et ne différent généralement pas significativement entre AC et CT. Il faut cependant noter que les mesures du stock en eau ont été réalisées sur une année à forte pluviométrie (1 348 mm). Le sol a été saturé pendant presque toute la saison culturale.

Bien que l"amélioration du stock en eau dans l"horizon superficiel du sol (0-20 cm) en AC par rapport au CT ait été mise en évidence sur deux prélèvements pendant les périodes d"assèchement du sol, ceci n"a probablement pas affecté le rendement en riz. Afin de mettre en évidence les effets de l"AC sur le rendement en riz suite à l"amélioration du stockage en eau du sol, les mesures devraient être réalisées durant une année moins pluvieuse. Ceci a déjà été avancé par les précédentes études qui ont pas pu mettre en évidence les effets bénéfiques de l"AC durant les années pluvieuses [START_REF] Sissoko | Wet years and farmers" practices may offset the benefits of residue retention on runoff and yield in cotton fields in the Sudan-Sahelian zone[END_REF][START_REF] Bruelle | Can conservation agriculture improve crop water availability in an erratic tropical climate producing water stress? A simple model applied to upland rice in Madagascar[END_REF]. Les effets de la couverture permanente du sol sur la limitation des pertes en eau par évaporation (cf. chapitre 1) en début de cycle seront mis en évidence avec des mesures du stock en eau bien avant les premières pluies.

En ce qui concerne la teneur en azote minéral du sol, elle a été plus élevée dans l"horizon Les mesures de l"azote dans le sol nous ont renseignés sur la teneur élevée de l"azote minéral dans le sol du dispositif expérimental quelque soit le traitement, allant jusqu"à 200 kg ha -1 dans l"horizon 0-90 cm. Bien que les effets de l"AC sur le recyclage des nutriments ont été reportés (e.g. [START_REF] Lal | Soil quality impacts of residue removal for bioethanol pro-duction[END_REF][START_REF] Turmel | Crop residue management and soil health: a systems analysis[END_REF], d"autres études ont aussi trouvé l"absence des effets de l"AC sur l"azote minéral dans le sol [START_REF] Karlen | Crop residue effects on soil quality following 10years of no-till corn[END_REF][START_REF] Maltas | Cover crop and nitrogen effects on maize productivity in no-tillage systems of the Brazilian cerrados[END_REF][START_REF] Iqbal | Influence of Residue Management and Tillage Systems on Carbon Sequestration and Nitrogen, Phosphorus, and Potassium Dynamics of Soil and Plant and Wheat Production in Semi-arid Region[END_REF]. Cette étude nous a également permis de mettre en évidence la migration de l"azote minéral en profondeur après les fortes pluies quelle que soit la rotation culturale et le mode de gestion du sol et des résidus. L"azote minéral en profondeur peut être absorbé par les plantes, mais aussi perdu par lessivage. Une mesure de la teneur en azote dans le plant de riz à chaque date de prélèvement du sol aurait apporté des informations complémentaires sur les effets de la dynamique de l"azote sur le développement du riz.

Dans l"ensemble, les résultats montrent qu"il y a eu peu d"effet de l"AC par rapport au CT sur le dispositif expérimental à part les effets sur l"enherbement, malgrè l"âge du dispositif (5 e et 6 e année de pratique de l"AC considérées dans cette étude). Nos résultats sont cohérents avec ceux de Maltas et al. (2007) qui ont démontré un faible impact des systèmes AC sur l"amélioration de la fertilité du sol même après 10 ans de pratique d"AC.

Cette étude a permis de mettre en évidence les avantages potentiels sur la productivité des cultures grâce à la réduction de la pression des adventices. Bien que nécessitant une grande quantité de couverture dépassant la capacité des producteurs dans la région du Lac Alaotra [START_REF] Naudin | Trade-offs be-tween biomass use and soil cover. The case of rice-based cropping systems in the Lake Alaotra region of Madagascar[END_REF], il a été déduit de nos travaux qu"il est possible de produire environ 7 t ha -1 de résidus avec une rotation culturale à forte production de biomasse. L"AC présente ainsi des avantages pour les petits exploitants agricoles dans des régions comme le lac Alaotra, qui font face à des contraintes de main-d'oeuvre en raison du désherbage manuel, mais qui ont généralement des moyens limités pour acheter les herbicides. Les avantages de l"AC face aux aléas climatiques peuvent également se traduire par une bonne gestion du calendrier cultural. Avec la présence de mulch, la date de semis peut être réalisée précocement sans pour autant être affectée par le retard ou la manque de pluie [START_REF] Bruelle | Short-to mid-term impact of conservation agriculture on yield variability of upland rice: Evidence from farmer"s fields in madagascar[END_REF]. De plus, des gains sur la diminution des charges de travail pourraient survenir suite à l"absence de labour et la diminution des temps de sarclage [START_REF] Domas | Quand les tanetys rejoignent les rizières au lac Alaotra : Diversification et innovation sur les zones exondées dans un contexte foncier de plus en plus saturé[END_REF].

Notre étude qui se base sur les performances agronomiques de l"AC en milieu contrôlé pourrait être complétée par la vérification des résultats dans les conditions réelles en milieu paysan, notamment en ce qui concerne les conditions pédologiques, la densité de plantation, la pression des adventices et la quantité de résidus réellement retenue sur les parcelles. Il serait également plus judicieux de confronter les résultats avec les perceptions et les objectifs des producteurs afin de déterminer les conditions dans lesquelles les pratiques de l"AC seraient bénéfiques pour les producteurs. En ce qui concerne la modélisation, les résultats avec les expérimentations agronomiques suggèrent qu"il va falloir aussi modéliser le bilan azoté ainsi que la compétition de la culture avec les adventices afin de pouvoir mieux prédire l"effet de l"AC sur le rendement. 

Litterbag experiment

Standing biomass from the previous season was estimated before sowing of the rice on 4 quadrants of 1m² (1 x 1m) in each subplot. Plants were cut at ground level and oven-dried at 70°C for 48 hours to obtain dry matter. Decomposition of the crop residues was then monitored using the litterbag technique (Murungu et al., 2011). The litterbags were 0.20 x 0.25 m with a mesh size of 2 mm. Litterbags were filled with a mixture of maize and dolichos or with stylosanthesresidues according to crop rotation, with amounts equivalent to the initial amounts measured on the fields.Twenty-four litterbags were randomly placed on the soil surface of each CA subplot and collected every 10 to 15 days from rice sowing to harvest (8 sampling dates with 3 litterbags per sampling date).

Crop residue decomposition

Initial amounts of crop residues from the previous cropping season, varied from 6 to 7 t dry matter ha -1 (Table A5 Annexe 7 : Mesure de l"effet assainissant de l"Agriculture de Conservation L"agriculture de conservation a un effet sur le contrôle des adventices grâce à l"effet physique du mulch, mais aussi grâce à un effet « assainissant ». En effet, le stock en semence d"adventice dans le sol devrait s"épuiser au cours des années. La diminution de l"infestation des adventices diminuerait la production de graine et éviterait le renouvellement du stock. Le stock en surface germerai mais va s"épuiser rapidement et le stock en profondeur ne sera pas remonté par le labour.

Protocole :

L"évaluation de l"effet assainissant de l"agriculture de conservation (AC) a été réalisée à la sixième année d"expérimentation (2014/15) sur le dispositif expérimental utilisé dans les chapitres 3 et 4 de la thèse.

Les mesures ont été réalisées sur les parcelles de riz issus des 2 rotations culturales, la rotation biennale maïs + dolique // riz et la rotation triennale maïs + stylosanthes // stylosanthes // riz et avec deux modes de gestion du sol et des résidus, non labour avec rétention des résidus (AC) et labour sans rétention des résidus (Labour). Sur chaque parcelle, deux placettes de comptage de 0.25 m² (0.5 X 0.5 m) ont été utilisées. Afin d"évaluer l"effet assainissant de l"AC, le mulch dans les placettes sur les parcelles AC a été enlevé. L"émergence des mauvaises herbes dans les placettes aété mesurée chaque semaine du semis à la récolte du riz. Les plantules ont été séparées en monocotylédones et dicotylédones. Et les plantules des plantes de couverture, dolique et stylosanthes n"ont pas été comptabilisées.

Résultats :

L"analyse de variance a montré qu"il y a significativement plus d"émergence de mauvaises herbes, notamment de dicotylédones sur les parcelles en AC dont le mulch a été enlevé par rapport aux parcelles labourées quelle que soit la rotation culturale. En ce qui concerne les monocotylédones, il n"y a pas de différence significative entre les parcelles labourées et les 

Conclusion :

Les effets de l"AC sur la diminution de l"émergence des mauvaises herbes démontrés dans la section 3.3.1 du chapitre 3 de la thèse sur les parcelles en AC, notamment avec la rotation culturale MS//S//R ne sont pas dus à un effet assainissant de l"AC, mais plutôt liés à un effet physique du mulch.
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Figure 1 :

 1 Figure 1 : Localisation de la zone d'étude à Madagascar Les dispositifs expérimentaux ont été installés sur les parcelles et du centre de recherche régionale du Moyen-Est (CRR-ME) du FOFIFA dans la région du lac Alaotra (Adapté de BD 500)

Figure 2 :

 2 Figure 2 : Pluviométrie annuelle de 1993/94 à 2014/15 Les données ont été enregistrées à la station météo d"Ambohitsilaozana, commune d"Ambatondrazaka, région du lac Alaotra, Madagascar

Figure 1 :

 1 Figure 1 : Agro-ecological functions of surface crop residues (+) and (-) signs designate positive and negative effects respectively, adapted from Lu et al. (2000) and Turmel et al. (2014)

Figure 2 :

 2 Figure 2 : Illustration of bare and mulched soil Rice crop under no-till practice on bare soil (A) and with a mulch of Stylosanthes guianensis residues (B), Madagascar (Photo by L. Ranaivoson)

Figure 3 :

 3 Figure 3 : Relative effect of surface crop residues on soil water evaporation control, soil water infiltration and soil water runoff control Blue symbols are data from temperate zones and red symbols from tropical zones. For soil water runoff, filled symbols are data from simulated rainfall and unfilled symbols are from real rainfall events. Black curves are the boundary lines using the maximum likelihood methodology. Red curves are from published literature.

Figure 4 :

 4 Figure 4 : Relative effect of surface crop residues on soil erosion control Blue symbols are data from temperate zones and red symbols from tropical zones. Filled symbols are data from simulated rainfall and unfilled symbols are from real rainfall events. The black curve is the boundary line using the maximum likelihood methodology. The red curves is from published literature.

Figure 5 :

 5 Figure 5 : Relative effect of surface crop residues on soil nutrient availability (N, P, K) Blue symbols are data from temperate zones and red symbols from tropical zones. Filled symbols are data with legume residues and unfilled symbols with cereal and a mixture of cereal and legume residues. Black curves are the boundary lines using the maximum likelihood methodology.

Figure 6 :

 6 Figure 6 : Relative effect of surface crop residues on SOC stocks and annual SOC gains Blue symbols are data from temperate zones and red symbols from tropical zones. Black curves are the boundary lines using the maximum likelihood methodology.

  seasons were in part explained by the faster residue decomposition in 1996 than in 1997. The different responses of weed emergence to residue cover between temperate and tropical climate zones (Figure7a,b) can to a certain extent be explained by the effect of climate conditions on the dormancy release of weed populations[START_REF] Benech-Arnold | Environmental control of dormancy in weed seed banks in soil.pdf[END_REF].

Figure 7 :

 7 Figure 7 : Relative effect of surface crop residues on weed emergence and weed biomass control Equations on weed emergence are from[START_REF] Teasdale | The quantitative relationship between weed emergence and the physical properties of mulches[END_REF] and correspond to a regression curve fitted to their observed data, with the solid line for the year 1996 (r²=0.43) and the dotted line for 1997 (r²=0.59). For weed biomass, curves in blue are from[START_REF] Radicetti | Impact of managing cover crop residues on the floristic composition and species diversity of the weed community of pepper crop (Capsicum annuum L.)[END_REF] and correspond to regression curves fitted to their observed data (r² not available). Solid line in red is an equation from[START_REF] Chauhan | Seed germination ecology of feather lovegrass [Eragrostis tenella (L.) Beauv. Ex Roemer & J.A. Schultes[END_REF] and corresponds to a regression curve fitted to his observed data (r²=0.99). Dotted line in red is from[START_REF] Ngwira | On-Farm Evaluation of the Effects of the Principles and Components of Conservation Agriculture on Maize Yield and Weed Biomass in Malawi[END_REF] and corresponds to a boundary line fitted through their boundary points. Blue symbols are data from temperate zones and red symbols from tropical zones. Black curves are the boundary lines using the maximum likelihood methodology.

Figure 8 :

 8 Figure 8 : Relative effect of surface crop residues on meso-and macro-fauna abundance Blue symbols are data from temperate zones and red symbols from tropical zones. Black curves are the boundary lines using the maximum likelihood methodology.

Figure 9 :

 9 Figure 9 : Maximum effect of surface crop residues in relation to their amount for a set of agroecological functions.Effect of residues was calculated as (Ym-Yb)/Yb for soil water infiltration, available N P K, SOC stock and meso-and macro-fauna abundance, which have positive impacts on crop production; and (Yb-Ym)/Yb for soil water evaporation, water runoff, soil erosion, weed emergence and weed biomass, which have negative impacts on crop production. Ym = agro-ecological function on mulched soil, Yb = agro-ecological function on bare soil. The curves are the boundary lines fitted from published data using the maximum likelihood methodology.

CHAPITRE 2 :

 2 EFFETS PHYSIQUES DU MULCH SUR L'ENHERBEMENT DES PARCELLESCe chapitre a été publié dans le journal Field Crop Research : Ranaivoson, L.,Naudin, K., Ripoche, A., Rabeharisoa, L., Corbeels, M., 2018. Is mulching an efficient way to control weed infestation? Effects of type and amount of crop residues on weeds in rainfed rice based cropping systems inMadagascar. F Crop Res 217:20-31. doi: 10.1016/j.fcr.2017.11.027 Les adventices constituent une contrainte majeure pour l"agriculture dans les systèmes de production tropicaux, en particulier pour les petits exploitants agricoles qui ne peuvent pas se permettre d'acheter des herbicides. Il a été avancé que la couverture du sol avec les résidus de récolte peut limiter la pression des adventices dans les systèmes en agriculture de conservation.Dans ce chapitre, nous avons quantifié l'effet d'une augmentation de la quantité de résidus de culture laissés sur les parcelles sur l"émergence des adventices, la biomasse des adventices et le rendement du riz en menant des experimentations agronomiques. L'expérience a été reconduit pendant quatre saisons culturales dans la région du lac Alaotra, Madagascar. Deux types de paillis ont été appliqués sur un sol non labourré, Stylosanthes guianensis et un mélange de maïs et Dolichos lablab, avec des quantités allant de 0 à 45 Mg de matière sèche ha -1 . L'émergence des adventices a été mesurée chaque semaine à partir du jour de la première pluie qui a déclenché l"émergence des adventices jusqu' à 100 jours par la suite, et la biomasse des adventices a été mesurée à quatre dates au cours de la saison culturale.Is mulching an efficient way to control weeds? Effects of type and amount of crop residue in rainfed rice based cropping systems in MadagascarLalaina Ranaivoson a,b,* , Krishna Naudin b,c , Aude Ripoche

Figure 1 :

 1 Figure 1: Cumulative rainfall amounts (mm) within 100 days following the first rain which triggered weed emergence Data corresponded to the four growing seasons of the weed experiment at the FOFIFA research station located in the Lake Alaotra region, Madagascar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 2 :

 2 Figure 2 : Decomposition of S and MD residues during 2011/12 (red), 2013/14 (green) and 2014/15 (purple) Symbols are observed data (filled symbols for S residue and unfilled symbols for MD residue) and curves are fitted relationship (solid line for S residue and dotted line for MD residue), S: stylosanthes, MD: maize + dolichos. Asterisks indicate the significance level of the r value: *** P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  Dunnett"s significance test at P ≤ 0.05 for differences of weed emergence between the bare soil treatment and treatments with residue cover are shown in Annexe 3.During the driest year 1, the amount of residue (S or MD) required to significantly reduce weed emergence varied over time. Treatments with more than 9.2 Mg ha -1 of residue significantly reduced total weed emergence as compared to the bare soil between 19 and 70 DAF, whilst more than 20.7 Mg ha -1 was needed to have the same effect from 77 to 100 DAF (Figure3a,e; Annexe 3). Treatments with more than 9.2 Mg ha -1 of residue (S or MD) significantly reduced monocot weed emergence as compared to the bare soil from 19 to 100 DAF. Dicot weed emergence was significantly higher in treatment with 1.5 Mg ha -1 of residue as compared to the bare soil between 19 -42 DAF. More than 9.2 Mg ha -1 of residue was needed to significantly reduce dicot weed emergence between 19 -35 DAF, whereas mulching had no significant effect on dicot weed emergence between 42 -100 DAF. In year 2, more than 13.6 Mg ha -1 of residue (S or MD) were needed to significantly reduce total weed emergence as compared to the bare soil between 68 -100 DAF (Figure3b, f; Annexe 3).Emergence of monocots was significantly reduced in treatments with 20.4 Mg ha -1 of residue at 19 DAF, whilst treatments with 13.6 Mg ha -1 of residue significantly reduced monocot weed emergence between 26 -100 DAF. Treatments with residue amounts of 20.4 Mg ha -1 or more significantly reduced emergence of dicots as compared to the bare soil between 68 -100 DAF. During year 3 with rice crop, total weed emergence was significantly reduced in treatments with more than 12.2 Mg ha -1 of S residue and 18.4 Mg ha -1 of MD residue as compared to the bare soil between 20 -100 DAF (Figure3c,g; Annexe 3). Monocot weed emergence was significantly reduced in treatments with more than 3.2 Mg ha -1 of S residue and 18.3 Mg ha -1 of MD residue between 27 -41 DAF, whilst 18.3 Mg ha -1 of S residue and 27.6 Mg ha -1 of MD residue were needed between 20 -100 DAF for the same effect. Dicot weed emergence was significantly reduced as compared to the bare soil between 69 -83 DAF in treatments with more than 12.2 Mg ha -1 of residue irrespective of the type of residue, whereas the amount needed increased to 18.3 Mg ha -1 of residue at 90 and 100 DAF for MD residue. In year 4, total weed emergence was significantly higher as compared to the bare soil in treatments with 3.2 Mg ha -1 of S residue and 4.8 Mg ha -1 of MD residue at 25 DAF.

Figure 3 :

 3 Figure 3 : Relationship between total weed emergence and amount of residues from the first rain to 100 DAF Data corresponds to total weed emergence (number of seedlings m -2 ) during the four growing seasons according to the amount of residue (Mg ha -1 ) for the two types of residue: S (a, b, c, d) and MD (e, f, g, h), S: stylosanthes, MD: maize and dolichos, DAF: days after the first rain.

Figure 4 :

 4 Figure 4: Relationship between cumulative weed emergence and the amount of residue Data corresponds to absolute cumulative weed emergence (number of seedlings m -2 ) (a, c, e) and cumulative weed emergence relative to that on bare soil (b, d, f) according to the amount of residue during year 1 (blue), year 2 (red), year 3 (green) and year 4 (purple) for total, monocot and dicot weeds. Regressions for the two types of mulch were combined (bold solid line) when there was no significant difference between them, if not S: solid line and MD: dotted line. Symbols are observed data (asterisks for bare soil, circles for S residue and triangles for MD residue). Astersisks of r-values indicate the significance level: *** P ≤ 0.001; ** P ≤ 0.01; S: stylosanthes, MD: maize + dolichos. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 5 :

 5 Figure 5: Evolution of weed biomass production in relation to the type and the amount of residue Data corresponds to total, monocot and dicot weeds biomass according to the type of residue (red curves for MD and blue curves for S) and the amount of residue (Mg dry matter ha -1 ) during the 2013/14 and 2014/15 growing season. Black curves correspond to the bare soil treatment. Vertical bars represent standard errors of the mean, S: stylosanthes, MD: maize + dolichos. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 6 :

 6 Figure 6 : Relationship between cumulative weed biomass and the amount of residue Data corresponds to absolute cumulative weed biomass (Mg ha -1 ) (a, c, e) and cumulative weed biomass relative to the bare soil (b, d, f) and the amount of residues for the two types of residues (solid line for S residue and dotted line for MD residue) during year 3 (color green) and year 4 (color purple) for total, monocot and dicot weeds. Symbols are observed data (asterisks for bare soil, circles for S residues and triangles for MD residues). Astersiks of r-values indicate the significance level: *** P ≤ 0.001; ** P ≤ 0.01; NS = not significant; S: stylosanthes, MD: maize + dolichos. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  Figure 7. The slope of the regression curves differed between years 3 and 4, and between the types of residue in year 3, based on AIC.

Figure 7 :

 7 Figure 7: Correlation between weed biomass production relative to the bare soil treatment and weed emergence relative to the bare soil treatment Data corresponds to year 3 (green) and year 4 (purple) depending on the type of residue (solid line for S residue and dotted line for MD residue). Symbols correspond to observed data (circles for S residue and triangles for MD residue). Vertical and horizontal bars represent standard errors of the mean. Asterisks indicate the significance level of the r value: *** P ≤ 0.001; * P ≤ 0.05; NS = not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Figure 8 :

 8 Figure 8: Rice grain yield in relation to the proportion of soil covered with corresponding amounts of residue Data corresponds to year 3 (a) and year 4 (b). * represents significant differences as compared to the bare soil (LSD, p ≤ 0.05). Vertical bars represent standard errors of the mean, S: stylosanthes, MD: maize + dolichos.

Figure 9 : 1 )

 91 Figure 9: Relationship between rice grain yield (Mg ha -1 ) and cumulative weed biomass (Mg ha - 1 ) Data corresponds to total, monocot and dicot weeds (solid line for S residue and dotted line for MD residue). Symbols are observed data (asterisks for bare soil, circles for S residue and triangles for MD residue). Asterisks of r-values indicate the significance level: *** P ≤ 0.001; * P ≤ 0.05; NS = not significant; S: stylosanthes, MD: maize + dolichos.

( 2003 )

 2003 with 5 Mg ha -1 of wheat straw and[START_REF] Campiglia | Weed control strategies and yield response in a pepper crop (Capsicum annuum L.) mulched with hairy vetch (Vicia villosa Roth.) and oat (Avena sativa L.) residues[END_REF] with 5 Mg ha -1 of oat residue. There may be several reasons for this discrepancy in results. Possible explanations are a larger soil weed seed bank at our experimental site, or some weed species are less sensitive to mulching/shading or the soil and climatic conditions in our experiment caused a more favorable environment for weed growth under mulching.

CHAPITRE 3 :

 3 EFFETS DE L'AGRICULTURE DE CONSERVATION SUR L'ENHERBEMENT, LA DYNAMIQUE DE L'EAU DANS LE SOL, LA DISPONIBILITE DE L'AZOTE ET LE RENDEMENT EN RIZ Ce chapitre est en cours de finalisation pour soumission dans le journal European Journal of Agronomy : Ranaivoson, L., Naudin, K., Ripoche, A., Rabeharisoa, L., Corbeels, M. Effect of conservation agriculture on agronomic performance and biotic constraints of rainfed rice based cropping systems. L'agriculture de conservation (AC), qui repose sur les principes de perturbation minimale des sols, d'une couverture permanente des sols et d"association et/ou rotation culturale, a été vulgarisée depuis la fin des années 90 dans la région du lac Alaotra à Madagascar, pour une agriculture plus durable et rentable. Malgré ses avantages, l'adoption de l'AC reste faible dans la région, en partie à cause des effets variables de l'AC sur les rendements des cultures. Dans ce chapitre, nous avons étudié l"enherbement des parcelles, la dynamique de de l'eau du sol et l'azote minéral (N), qui sont les principaux facteurs qui déterminent le rendement en riz pluvial dans la région étudiée. Le dispositif expérimental mis en place depuis 2009 consiste en quatre traitements disposés en blocs randomisés avec quatre répétitions : 1) travail du sol conventionnel avec une rotation biennale de maïs + Dolichos lablab // riz (CT-MD//R); 2) travail du sol conventionnel avec une rotation triennale de maïs + Stylosanthes guinensis // S. guianensis // riz (CT-MS//S//R); 3) agriculture de conservation avec la rotation biennale (AC-MD//R); et 4) agriculture de conservation avec la rotation triennale (AC-MS//S//R). L"enherbement, l'humidité du sol et la dynamique de l'azote minéral du sol, ainsi que le rendement en riz ont été étudiées au cours des saisons culturales 2013/14 et 2014/15.

  water and mineral nitrogen (N), which are the main factors that determine rice yield under rainfed conditions in the study region. The experiment was established in 2009 at the experimental station of the National Research Center (FOFIFA) located at Ambohitsilaozana in a completely randomized block design with four replications. Four experimental treatments were established: 1) conventional tillage with a 2-year rotation of maize + Dolichos lablab // rice (CT-MD//R); 2) conventional tillage with a 3-year rotation maize + Stylosanthes guinensis // S. guianensis // rice (CT-MS//S//R); 3) conservation agriculture with the 2-year rotation (CA-MD//R); and 4) conservation agriculture with the 3-year rotation (CA-MS//S//R). During the 2013/14 and 2014/15 seasons two levels of weed pressure: "high" and "low "were introduced as a split-plot design. Weed infestation, soil moisture and soil mineral N dynamics, and rice productivity were studied during 2013/14 and 2014/15 rice growing

(

  FOFIFA) located at Ambohitsilaozana in the Lake Alaotra region of Madagascar (17°30"S, 48°30"E, 780 m a.s.l.) during two growing seasons 2013/14 and 2014/15. The region has a tropical altitude climate, Cfa, (Köppen classification) with a mean seasonal rainfall of 1040 mm and a mean annual temperature of 22°C (2004/05 to 2014/15). The soil was classified as an OrthicFerralsol (FAO classification). Selected soil physical and chemical properties are

(

  S.W. & W.S. Burrage, Ashford, UK) by placing a control bar above the rice canopy and a second bar below the canopy. The ratio between the photosynthetic photon flux density (micromoles of photons per meter squared per second) under and above the canopy determined the proportion of PAR intercepted by the rice canopy. Measurements were done during the 2014/15 growing season at four development stages of rice corresponding to tillering (S2), panicle initiation (S3), flowering (S4) and maturity (S5) on four quadrants of 1 m² (1 x 1 m) in each subplot. Three measurements per quadrant were done.

Figure 1 :

 1 Figure 1 : Cumulative rainfall (mm) at the experimental site during the 2013/14 and 2014/15 rice growing seasons Arrows indicate the sowing dates of rice.

Figure 2 :

 2 Figure 2: Rice grain yield in relation to the soil/residue management and the crop rotation during the 2013/14 and 2014/15 growing seasons CA: conservation agriculture; CT: conventional tillage; MD//R: maize + dolichos // rice; MS//S//R: maize + stylosanthes // stylosanthes // rice. Vertical bars represent standard errors of the mean.* indicate significant differences of the interaction rotation x soil/residue management at p<0.05.

Figure 3 :

 3 Figure 3: Relationship between rice grain yield and number of filled spikelet Data corresponds to rice grain yield in relation to the number of filled spikelets per m² during the 2013/14 and 2014/15 growing seasons according to the level of weed pressure (), crop rotation (MD//R: maize + dolichos // rice; MS//S//R: maize + stylosanthes // stylosanthes // rice) and the soil/residue management (CA: conservation agriculture; CT: conventional tillage) (a). Number of filled spikelets per m² in relation to the number of filled spikeletsper panicle for each treatment under low (b) and high weed pressure (c). Asterisksindicate the significance levelof the r value: *** p< 0.001; ** p< 0.01; * p <0.05.

Figure 4 :

 4 Figure 4: PAR interception by the rice canopy at four development stages of rice Data corresponds to PAR interception at tillering (66 DAS), panicle initiation (77 DAS), flowering (94 DAS) and maturity (123 DAS) stages under low (a) and high weed pressure (b)according to the soil/residue management (CA: conservation agriculture: CT: conventional tillage)and crop rotation (MD//R: maize + dolichos // rice; MS//S//R: maize + stylosanthes // stylosanthes // rice) during 2014/15. Vertical bars represent standard errorsof the mean, DAS: days after sowing. * indicate significant differences of the interaction rotation x soil/residue management at p<0.05

Figure 5 :

 5 Figure 5: Cumulative weed biomass according to the soil/residue management and crop rotation during the 2013/14 and 2014/15 for total, monocot and dicot weed CA: conservation agriculture: CT: conventional tillage; MD//R: maize + dolichos // rice rotation; MS//S//R: maize + stylosanthes // stylosanthes // rice rotation. * indicate significant differences of the interaction rotation x soil/residue managementat p<0.05. Vertical bars represent standard errors of the mean

Figure 6 :

 6 Figure 6 : Soil water content in the 0-150 cm (a) and 0-20cm (b) soil layers according to the soil/residue management and the crop rotation CA: conservation agriculture: CT: conventional tillage; MD//R: maize + dolichos // rice; MS//S//R: maize + stylosanthes // stylosanthes // rice. The blue bars represent daily rainfall amounts in mm. * indicates significant differences of the interaction rotation x soil/residue management at p<0.05. Vertical bars represent standard errors of the mean.

Figure 7 :

 7 Figure 7: Dynamics of mineral N content Data corresponds to total, nitrate and ammonium content at S1: germination, S2: tillering, S3: panicle initiation, S4: flowering and S4: maturity stages of rice in the soil profile (0-90 cm) during the two growing season (2013/14 and 2014/15) according to soil/residue management (CA: conservation agriculture: CT: conventional tillage) and crop rotation (MD//R: maize + dolichos // rice; MS//S//R: maize + stylosanthes // stylosanthes // rice). * indicate significant differences of the interaction rotation x soil/residue management at p < 0.05. Vertical bars represent standard errors of the mean.

Figure 8 :

 8 Figure 8: Nitrate contents over soil depth (0-90 cm) Data at four stages of rice during two growing seasons (2013/14 and 2014/15) according to soil/residue management (CA: conservation agriculture: CT: conventional tillage) and crop rotation (MD//R: maize + dolichos // rice; MS//S//R: maize + stylosanthes // stylosanthes // rice).* indicate significant differences of the interaction rotation x soil/residue management at p<0.05

CHAPITRE 4 :

 4 EFFETS DE LA ROTATION CULTURALE, LA GESTION DU SOL ET DES RESIDUS ET LA FERTILISATION SUR LA VARIATION DE PERFORMANCE DU RIZCe chapitre est en cours de préparation en vue d"une soumission :Ranaivoson, L., Affholder, F., Naudin, K.,Ripoche, A., Rabeharisoa, L., Corbeels, M., 2017. Effets de la rotation culturale, la gestion du sol et des résidus et la fertilisation sur la variation de performance du riz. En cours de préparation pour soumission RESUME L"agriculture de conservation (AC) est caractérisée par le travail minimum du sol, la couverture permanente du sol et la diversification des espèces cultivées en association et/ou dans une rotation culturale. A Madagascar, elle a été introduite dans la région du lac Alaotra dans l"objectif d"augmenter la productivité de l"agriculture pluviale qui, généralement, rencontre des problèmes de fertilité du sol. La région étant caractérisé par une forte variabilité pluviométrique intra-et interannuelle, les effets de l"AC sur le rendement en riz varient fortement en fonction du climat. Cette étude a pour objectif d"évaluer la part de la rotation culturale, le mode de gestion du sol et des résidus et le niveau de fertilisation dans l"élaboration du rendement du riz. Elle se base sur un dispositif expérimental mis en place dans les parcelles du centre régional de recherche du FOFIFA dans la région du lac Alaotra maintenu pendant 6 saisons culturales de 2009/10 à 2014/15. De manière à évaluer les effets des traitements sur le rendement en riz, deux approches complémentaires des méthodes statistiques classiques ont été mobilisées. D"une part une méthode utilisant le concept de l"analyse de stabilité, comparant les données des traitements rapportée à la moyenne de l"essai chaque année permet d"étudier les interactions entre l"année de culture et les traitements. D"autre part, le modèle PYE (Potential Yield Estimator) a été utilisé pour simuler le rendement potentiel du riz pluvial qui est défini par le climat dont le rayonnement global, la température, la pluviométrie, les paramètres du sol définissant sa capacité de rétention en eau et les paramètres du cultivar. Le rendement observé relatif au rendement potentiel a été analysé pour évaluer les effets des traitements. Ainsi, le modèle PYE a été calibré avec le cultivar de riz pluvial B22 utilisé sur le dispositif expérimental. Malgré le manque de données mesurées sur le cultivar, les résultats de simulation ont été satisfaisants. L"analyse du rendement par rapport à la « moyenne environnementale » ainsi que le rendement relatif au rendement potentiel ont montré que les facteurs rotation culturale, mode de gestion du sol et des résidus et niveau de fertilisation sont en interactions avec d"autres facteurs probablement liés à la variabilité spatiale des sols dans le dispositif expérimental.

2. 1 .

 1 La zone d"étudeL"étude a été réalisée dans la région du Lac Alaotra, à Ambatondrazaka. Elle est située au centre-Est de Madagascar (17°69"S, 48°46"E) à environ 780 m d"altitude. La région est caractérisée par un climat tropical d"altitude Cfa (Classification Köppen) avec une température moyenne annuelle de 22 °C. La pluviométrie annuelle est très variable avec une moyenne de 1 060 mm entre les saisons 1993/94 et 2014/15 (Figure1). La saison des pluies commence généralement vers la fin du mois de novembre et se termine en avril.

Figure 1 :

 1 Figure 1 : Pluviométrie annuelle de 1993/94 à 2014/15 Données enregistrées par la station météo d"Ambohitsilaozana, commune d"Ambatondrazaka, région du Lac Alaotra, Madagascar. Les saisons culturales concernées par ce chapitre sont en rouge.

  photosynthétiquement active du rayonnement (PAR/Rg) ; coefExtin est le coefficient d"extinction du rayonnement par le LAI.L'accumulation de biomasse est calculée par la suite en utilisant une formule de conversion de la lumière à la biomasse comme suit : dBiom = Ebmax× WS × Ftemp× (Raint / 100)

2. 4 .

 4 Mesures et calculs effectuésLes stades phénologiques du riz dont la date de levée, début tallage, initiation paniculaire, début floraison, maturité ont été notés durant les 6 saisons culturales de 2009/10 à 2014/15.Le stock en eau dans le sol (0-180 cm) a été mesuré durant la saison 2014/15 à l"aide d"une sonde TRIME®-PICO IPH (SDEC, France) de mesure de l"humidité volumique en différents points du sol. Cet équipement consiste en des tubes d"accès installés sur chaque parcelle élémentaire et une sonde TDR (Time-Domain Reflectometry) mobile introduite dans ces tubes pour réaliser des mesures à différentes profondeurs dans le sol, connectée à un boîtier de commande et de stockage des données. Des mesures hebdomadaires tous les 10 cm de 0 à 200 cm ont été réalisées une semaine avant la date de semis du riz jusqu"à la récolte. La réserve utile du sol a été calculée à partir des données mesurées sur un sol sec (point de flétrissement) et les données mesurées sur un sol après ressuyage (capacité au champ). Plus précisément, pour chaque profondeur de mesure, l"humidité au point de flétrissement permanent était la valeur minimale de l"humidité observée au cours de l"ensemble de la campagne de mesures, qui comportait des mesures en fin de saison sèche. Et de même pour chaque profondeur de mesure, l"humidité à la capacité au champ correspondait à la valeur maximale de l"humidité mesurée, en écartant cependant les mesures réalisées moins de 24 heures après une pluie. La densité de plantation (nombre de poquet m -²), le nombre de grain/m² et le rendement en riz (Yobs) ont été mesurés durant les 6 saisons culturales de 2009/10 à 2014/15. Le rendement par rapport à la « moyenne environnementale » (Ye) a été calculé pour les 6 saisons culturales selon la formule : = Où Ymoy est le rendement moyen de tous les traitements sur une saison culturale dit « moyenne environnementale » (Table

1 .

 1 Rendement en riz influencé par la saison culturale (Yobs)Le rendement en riz observé dans l"expérimentation présente une forte variabilité interannuelle avec une baisse marquée en 2012/13 (Figure3). En général, les expérimentations se sont bien déroulées de 2009/10 à 2014/15. L"année 2012/13 avec une faible quantité pluviométrique a connu une forte attaque fongique. Il est à noter que la densité de plantation réelle a connu une variation inter-parcellaire et une variation interannuelle bien que l"on ait défini la densité de plantation sur le dispositif expérimental avec un écartement 20 x 40 cm entre les poquets. Elle varie de 9 à 15 poquet/m² avec une moyenne de 13 poquet/m² indépendamment des traitements.

Figure 3 :

 3 Figure 3 : Rendement en riz pluvial observé dans l'expérimentation durant les 6 saisons culturales Données selon la rotation culturale (MD//R : rotation biennale de maïs + dolique // riz ; MS//S//R : rotation triennale de maïs + stylosanthes // stylosanthes // riz) et le mode de gestion du sol/résidus (AC : sans labour avec rétention des résidus, L+/R+ : labour avec incorporation des résidus dans le sol, L+/R-: Labour sans restitution des résidus) de 2009/10 à 2014/15. Les astérisques indiquent une différence significative entre le mode de gestion du sol/résidus selon saison culturale X rotation culturale

Figure 4 :

 4 Figure 4 : Le rendement par rapport à la moyenne environnementale (Ye) Données selon la rotation culturale (MD//R : rotation biennale de maïs + dolique // riz ; MS//S//R : rotation triennale de maïs + stylosanthes // stylosanthes // riz) et le mode de gestion du sol et des résidus (AC : sans labour avec rétention des résidus, L+/R+ : labour avec incorporation des résidus dans le sol, L+/R-: Labour sans restitution des résidus) de 2009/10 à 2014/15

Figure 5 :

 5 Figure 5 : Rendement par rapport à la moyenne environnementale Données en fonction de la saison culturale et la fertilisation du sol (F0 : sans fertilisation, F1 : avec fertilisation) (a) et en fonction du mode de gestion du sol et la fertilisation du sol (AC : sans labour avec rétention des résidus, L+/R+ : labour avec incorporation des résidus dans le sol, L+/R-: Labour sans restitution des résidus)

Figure 6 :

 6 Figure 6 : Jour de début de floraison en fonction du jour de la levée avec les données observées et les données simulées par le modèle Les symboles correspondent aux données observées et les symboles noirs les données simulées. RRMSE : erreur quadratique moyenne relative ; JDA : Jour de l"année

Figure 7 :

 7 Figure 7 : Dynamique du stock en eau dans l'horizon 0 à 180cm observé et simulé durant la saison 2014/15, superposé avec la pluviométrie journalière et la courbe d'évolution du LAI.Le modèle a été calibré par rapport au rendement en grain observé sur le dispositif expérimental durant les 6 saisons culturales (de 2009/10 à 2014/15). Les paramètres liés à l"évolution du nombre de grain durant la période de croissance de la plante ont été ajustés à partir des données sur le nombre de grain/m² relevés sur le dispositif expérimental. Le taux d"augmentation journalière a été fixé à 0.03 g de grain/ g de matière sèche /jour. Le rendement potentiel dont les contraintes de croissance de la plante sont la pluviométrie, la température et le rayonnement global est généralement supérieur au rendement observé (Figure8). Les variations de rendement potentiel sur une année donnée s"expliquent par les différentes dates de semis des parcelles sur le dispositif expérimental. L"atteinte du rendement potentiel varie d"une année à l"autre et d"un traitement à l"autre. L"analyse du rendement relatif au rendement potentiel limité par l"eau va nous permettre d"évaluer les effets des traitements dans la variation du rendement en riz.

Figure 8 :

 8 Figure 8 : Rendement du riz en grain observé durant les 6 années d'expérimentation en fonction du rendement potentiel simulé par PYE

Figure 9 :

 9 Figure 9 : Rendement potentiel et rendement potentiel limité par l'eau de 2009/10 à 2014/15 Evolution du rendement potentiel (Yp) et du rendement potentiel limité par l"eau (Yw) (a). Relation entre Yw et Yp (b) simulé avec une densité de plantation optimale (15 poquet/m²). Les variations des points pour la même année sont dues à des dates de semis différentes

Figure 10 :

 10 Figure 10 : Rendement potentiel et rendement potentiel limité par l'eau selon la densité de plantation Evolution du rendement potentiel limité par l"eau (Yw) (a) et le rendement potentiel (Yp) (b) avec une densité de plantation optimale de 15 poquet/m² (Dens15) et une densité de plantation réelle (DensRe)

Figure 11 :

 11 Figure 11 : Evolution du rendement observé (t ha -1 ), du rendement par rapport à la moyenne environnementale (%) et du rendement relatif au rendement potentiel limité par l'eau (%) de 2009/10 à 2014/15 (A1 à A6) Chaque boite représente 48 données de rendement par an, soit 12 traitements x 4 répétitions. Les points rouges représentent la moyenne annuelle.

  résidus et de la rotation culturale (p < 0.01). La gestion du sol et des résidus avec MD//R n"a pas d"effet sur le rendement relatif Yrel tandis que des effets ont été mis en évidence avec MS//S//R pour la saison 2009/10 (première année) et 2014/15 (sixième année). En 2009/10, le système AC a un faible Yrel par rapport aux systèmes labourés. En 2014/15, le labour avec restitution de résidus a un faible Yrel par rapport à AC. (Figure 12).

Figure 12 :

 12 Figure 12 : Rendement relatif au rendement potentiel limité par l'eau Données selon la rotation culturale (MD//R : rotation biennale de maïs + dolique // riz ; MS//S//R : rotation triennale de maïs + stylosanthes // stylosanthes // riz) et le mode de gestion du sol et des résidus (AC : sans labour avec rétention des résidus, L+/R+ : labour avec incorporation des résidus dans le sol, L+/R-: Labour sans restitution des résidus) de 2009/10 à 2014/15. Les astérisques indiquent une différence significative entre le mode de gestion du sol et des résidus selon saison culturale x rotation culturale

Figure 1 :

 1 Figure 1 : Effet maximum de l'augmentation de la quantité de résidus jusqu'à 4 t ha -1 sur les fonctions agro-écologiques à partir des données de la littérature

Figure 2 :

 2 Figure 2 : Relation entre l'émergence des adventices et le type et la quantité de mulch maintenues sur la parcelle avec la correspondance en taux de couverture du sol sur 4 saisons culturales S : stylosanthes ; MD : maïs + dolique

Figure 3 :

 3 Figure 3 : Relation entre la différence de rendement en riz et la différence en émergence des adventices en AC et CT AC : Agriculture de conservation, CT : pratiques conventionnelles Pendant l"année à forte pluviométrie (2014/15) qui a favorisé la dégradation des résidus, les effets de l"AC sur la réduction de la biomasse des adventices par rapport au CT ont été significatifs seulement pendant la phase de croissance végétative du riz, alors que la réduction a été perçue durant toute la saison culturale en 2013/14. Les effets de l"AC sur le contrôle des

superficiel 0 -

 0 10 cm au stade germination avec le traitement Ac avec la rotation triennale à base de stylosanthes par rapport aux autres traitements en 2014/15. Ceci se manifeste également par une interception lumineuse plus élevée de la culture avec ce traitement à ce stade, et sur une parcelle enherbée (HW). La forte teneur en azote minéral à ce stade peut être liée à une faible infestation des mauvaises herbes, mais aussi à une restitution d"azote minéral dans le sol par la dégradation du stylosanthes (Rakotoarivelo 2017).

4.

  Variations de performance du riz selon la rotation culturale, la gestion du sol/résidus et la fertilisationLes résultats du dernier chapitre analysant les rendements en riz sur les 6 saisons culturales ont montré que les effets des facteurs dont la rotation culturale, le mode de gestion du sol et des résidus ainsi que le niveau de fertilisation du sol sont en interaction avec d"autres facteurs probablement liés à la variabilité spatiale du dispositif expérimental. En effet, les rendements du riz par rapport à la moyenne environnementale présentent une forte variabilité dans le dispositif expérimental indépendamment des traitements (Figure4). Ceci peut s"expliquer par les attaques des bio-agresseurs qui peuvent varier d"une parcelle à l"autre et d"une année à l"autre, mais aussi par les flux hydrique qui n"ont pas été étudiés en détail dans l"expérimentation. D"après les mesures de stock en eau du sol durant la saison culturale en 2014/15, la capacité de rétention en eau du sol qui se traduit par la différence entre une mesure réalisée sur sol sec et sur sol saturé est variable d"une parcelle à l"autre indépendamment des traitements. Les flux hydrique influençant les flux des nutriments, cela pourrait expliquer la variabilité spatiale du dispositif expérimental. Les deux approches ont permis de mettre en évidence l"effet de l"AC sur l"amélioration du rendement en riz à la sixième année d"expérimentation. En se référant aux résultats du chapitre 3, ceci s"explique principalement par un faible enherbement des parcelles en AC pendant la phase végétative du riz et une teneur élevée en azote minéral du sol au stade germination avec les résidus de stylosanthes durant 2014/15.

Figure 4 :

 4 Figure 4 : Rendement en riz par rapport à la moyenne environnementale sur 6 saisons culturales du 2009/10 au 2014/15 Données du dispositif expérimental à Ambohitsilaozana (17°35"S, 48°30"E, 760 m alt.), région du lac Alaotra, Madagascar

Figure A5. 1 :

 1 Figure A5.1: Crop residue decomposition Data corresponds to litter bag study under CA plot during the 2013/14 and 2014/15 rice growing seasons with S and MD residue (MD: maize and dolichos; S: stylosanthes). Vertical bars represent standard deviations of the mean

  parcelles en AC. Par contre, il y a plus d"émergence de monocotylédones avec la rotation triennale (MS) par rapport à la rotation biennale (MD) (Figure A7.1).

Figure A7. 1 :

 1 Figure A7.1 : Emergence des mauvaises herbes en fonction de la rotation culturale et du mode de gestion du sol et des résidus Données sur l"émergence du total, des monocotylédones et des dicotylédones. MD//R : rotation biennale de maïs + dolique // riz ; MS//S//R : rotation triennale de maïs + stylosanthes // stylosanthes // riz sur les parcelles labourées (CT) et les parcelles AC avec des placettes sans mulch
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Contexte générale et justification de l'étude

  La sécurité alimentaire qui se traduit par la suffisance de l"apport énergétique alimentaire se détériore à l"échelle mondiale (OECD 2013). Bien que la quantité produite de denrées alimentaires semble suffisant pour la population mondiale, sa répartition sur le globe reste très déséquilibrée. En 2016, le nombre de personnes souffrant de sous-alimentation chronique s"élève à 815 millions et touche plus particulièrement l"Afrique Sub-saharienne (FAO, FIDA, OMS, PAM 2017). Par ailleurs, la menace que constitue le changement climatique contraint la capacité du secteur agricole à répondre aux besoins alimentaires de la population mondiale.

L"amélioration de la sécurité alimentaire et la résilience face aux changements climatiques requièrent de profonds changements des systèmes alimentaires et agricoles. L"agriculture familiale étant la principale forme d"agriculture

[START_REF] Bélières | Les agricultures familiales du monde : définitions, contributions, et politiques publiques[END_REF]

, la sécurité alimentaire au niveau mondial repose essentiellement sur la résilience des petites exploitations face aux changements climatiques. Il s"avère ainsi indispensable de développer des pratiques agricoles durables reposant sur l"exploitation raisonnable des ressources naturelles.

  Il s"agit du principal secteur pourvoyeur d"emploi utilisant près de 70% de la main d"oeuvre active et assure principalement la consommation alimentaire de la population. Les faibles performances agricoles couplées avec une croissance démographique sont les principaux déterminants de l"insécurité alimentaire à Madagascar. Il s"avère indispensable de mettre en place des pratiques agricoles plus performantes, durables et résilientes au changement climatique. L"AC a été alors introduit à Madagascar dans le début des années 1990 à Antsirabe dans les hautes terres afin d"assurer une amélioration de la productivité des cultures. L"ONG TAFA (Terre et développement) avec l"appui technique du CIRAD ont réalisés des tests dans différentes conditions climatiques de

	Madagascar

dont le climat semi-aride du Sud-Ouest, climat tropical humide du Sud-Est et aux écologies de moyennes altitude dans la région du lac Alaotra et au Moyen-Ouest (Husson and Rakotondramanana 2006).

Figure 3 : Schéma conceptuel de la thèse CHAPITRE 1 : FONCTIONS AGRO-ECOLOGIQUES DES PLANTES DE COUVERTURE EN AGRICULTURE DE CONSERVATION. UNE REVUE DE LA LITTERATURE

  Le modèle PYE permet de simuler le rendement potentiel atteint dans des conditions favorables sans limitation de croissance de la plante autre que la température, le rayonnement solaire et la pluviométrie. Le rendement relatif au rendement potentiel simulé par le modèle PYE ainsi que le rendement relatif à la moyenne environnementale ont permis d"évaluer les effets de nos variables d"intérêt dont la rotation culturale, la gestion du sol et la fertilisation dans l"élaboration du rendement.

	(4) Evaluer les effets de la rotation culturale, de la gestion du sol et des résidus et de la
	fertilisation sur les variations de performance du riz
	Hypothèse 4 : Les systèmes en Agriculture de Conservation réduisent les écarts entre le
	rendement observé et le rendement potentiel du riz pluvial
	Afin d"expliquer davantage les rendements en riz issus de l"expérimentation agronomique, on a eu recours à deux approches : une méthode utilisant le concept de l"« analyse de stabilité » comparant le rendement à la moyenne de l"expérimentation sur une saison culturale et l"approche mobilisant le modèle PYE (Potential Yield Estimator). Les données de rendement en riz sur les 6 saisons culturales de 2009/10 à 2014/15 du dispositif expérimental du chapitre 3 ont été utilisées afin d"évaluer les effets de la rotation culturale, la gestion du sol et la fertilisation sur la variation Ranaivoson, L., Naudin, K., Ripoche, A., Affholder, F., Rabeharisoa, L., Corbeels, M., 2017. Agro-ecological functions of crop residues under conservation agriculture . A review. Agron. Sustain. Dev. doi:10.1007/s13593-017-0432-z L'agriculture de conservation, qui se définit comme le travail minimum du sol, la couverture de performance du riz. Ce chapitre a été publié dans le journal Agronomy for Sustainable Development : permanente du sol et la diversification des espèces cultivées par l"association et/ou la rotation
	culturale, a été largement diffusée comme pratique pour maintenir ou améliorer la qualité du
	sol et accroître la productivité des cultures. D"après les précédentes études sur l"agriculture de
	conservation, les effets bénéfiques de cette technique proviennent principalement de la
	couverture permanente du sol avec les résidus de cultures. Les résidus des cultures laissées sur
	les parcelles jouent un rôle important dans la production agricole par leurs effets bénéfiques
	sur les composantes structurales du sol et les processus liés à l'agro-écosystème, dites
	fonctions agro-écologiques dans cette étude.
	Dans ce chapitre, on a étudié les relations entre l"efficacité d"un certain nombre de fonctions
	agro-écologiques du mulch et la quantité de résidus de culture laissées sur la parcelle à partir
	d"une méta-analyse de la littérature. Parmi les fonctions agro-écologiques, on a étudiés le
	contrôle de l'évaporation de l'eau dans le sol, l'infiltration de l'eau dans le sol, le contrôle du
	ruissellement de l'eau dans le sol, le contrôle des pertes en terre, l"amélioration de la
	disponibilité des éléments nutritifs du sol, les stocks et les gains de carbone organique du sol,
	le contrôle des adventices et l'abondance de la méso et macrofaune du sol. La performance
	d"une quantité de mulch pour une fonction agro-écologique a été calculée à partir des écart Contrairement relatifs au sol nu sans labour. Et les effets potentiels du mulch ont été quantifiés à l'aide des
	au précédent dispositif expérimental, les résidus sur les parcelles sont issus de la rotation courbes enveloppes des données disponible dans la littérature.
	culturale. Un dispositif expérimental constitué de deux rotations culturales : une rotation
	biennale de maïs + D. lablab // riz (MD//R) et une rotation triennale de maïs + S. guianensis // S.
	guianensis // riz (MS//S//R); trois modes de gestion de sol et des résidus de culture, deux niveaux
	d"enherbement et deux niveaux de fertilisation mis en place depuis la saison culturale 2009/10 et
	retenue pendant 6 saisons culturales a été étudié. Afin d"évaluer les effets de la rotation culturale,
	le mode de gestion du sol et des résidus ainsi que le niveau d"enherbement de la parcelle sur
	l"amélioration du rendement en riz, la dynamique de l"eau dans le sol, la dynamique de l"azote
	minéral dans le sol et l"enherbement ont été mesurés en 2013/14 (5 e année) et en 2014/15 (6 e
	année).

Agro-ecological functions of crop residues under conservation agriculture. A review
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Table 1 : Parameters of the boundary lines fitted in this study

 1 

	Agro-ecological function	Regression model	Estimate, a	Significance test of the estimate (1) parameter	Confidence interval of (95%) estimate parameter	r²	IOA
	Soil water evaporation control	y ~ (1.30/(1 + 0.30 * exp(-a * x))) -1	0.344	***	0.256 ; 0.430	0.98 0.94
	Soilwater infiltration	y ~ (2.14/(1 + 1.14 * exp(-a * x))) -1	1.402	*	0.413 ; 2.391	0.97 0.95
	Water runoff control	y ~ (1.96/(1 + 0.96 * exp(-a * x))) -1	1.405	*	0.473 ;2.337	0.85 0.82
	Soil erosion control	y ~ (1.96/(1 + 0.96 * exp(-a * x))) -1	2.702	***	1.861 ; 3.543	0.99 0.97
	Soil mineral nitrogen	y ~ (1.32/(1 + 0.32 * exp(-a * x))) -1	1.184	NS	-0.017 ; 2.385	0.94 0.91
	Available soil phosphorus	y ~ (1.30/(1 + 0.30 * exp(-a * x))) -1	0.867	NS	-0.264 ; 1.998	0.96 0.90
	Exchangeablesoil potassium	y ~ (1.17/(1 + 0.17 * exp(-a * x))) -1	0.600	NS	-	-	-
	SOC stock	y ~ (2.09/(1 + 1.09 * exp(-a * x))) -1	0.187	**	0.109 ; 0.264	0.84 0.82
	Annual gain of SOC	y ~ (2.75/(1 + 1.75 * exp(-a * x))) -1	0.313	***	0.228 ; 0.399	0.91 0.86
	Weed emergence control	y ~ (1.99/(1 + 0.99* exp(-a * x))) -1	1.156	***	0.767 ; 1.543	0.86 0.84
	Weed biomass control	y ~ (1.95/(1 + 0.95* exp(-a * x))) -1	1.075	**	0.626 ; 1.524	0.96 0.93
	Meso-and macro-fauna abundance	y ~ (1.47/(1 + 0.47 * exp(-a * x))) -1	0.295	**	0.199 ; 0.390	0.99 0.95

(1) *** p < 0.001; ** p < 0.01; * p < 0.05; NS = not significant; x: amount of residues, y: agroecological function performance, IOA: index of agreement, SOC: soil organic carbon
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Table 1 : Selected physical and chemical properties of the soil

 1 study was carried out on the research station of the National Research Center for Rural Development (FOFIFA) located at Ambohitsilaozana (17°30"S; 48°30"E, 780 m asl) in the Lake Alaotra region, Madagascar. This region is characterized by a mid-altitude tropical climate, Cfa (Köppen classification), with a mean annual temperature of 22°C. The cropping season starts at the end of November with the onset of the rains and ends in April. The mean seasonal rainfall recorded between 2004/05 and 2014/15 was 1040 mm. The soil of the experimental site is an Orthic Ferralsol (FAO classification). Selected physical and chemical properties of the topsoil layer (0-20 cm) are shown in Table1.

	mean	SD	n

Data corresponds to the 0-20cm topsoil layer of the experimental field at the FOFIFA research station located in Lake Alaotra, Madagascar; SD: standard deviation; n: number of samples.

Table 2 : Experimental treatments during the four growing seasons

 2 Amounts of residue (Mg dry matter ha -1 ) applied and the corresponding proportion of soil cover (%) for both types of residue used.

	Type of residue	2010/11 Quantity Cover (Mg ha -1 ) (%)	2011/12 Quantity Cover (Mg ha -1 ) (%)	2013/14 Quantity Cover (Mg ha -1 ) (%)	2014/15 Quantity Cover (Mg ha -1 ) (%)
	Bare soil	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0
		0.6	20.2	1.1	32.7	0.9	30.0	0.9	30.0
		1.5	43.8	2.7	63.9	3.2	70.0	3.2	70.0
		2.7	63.7	4.7	83.3	12.2	99.0	12.2	99.0
	Stylosanthes	3.9	76.6	6.8	92.3	18.3	99.9	18.3	99.9
		7.7	94.5	13.6	99.4				
		11.6	98.7	20.4	100.0				
		17.4	99.9	27.2	100.0				
		0.7	16.1	1.8	35.7	1.4	30.0	1.4	30.0
		1.8	36.4	4.5	67.8	4.8	70.0	4.8	70.0
		3.2	55.2	7.9	86.4	18.4	99.0	18.4	99.0
	Maize + dolichos	4.6 9.2	68.5 90.1	11.4 22.7	94.2 99.7	27.6	99.9	27.6	99.9
		13.8	96.9	34.1	100.0				
		20.7	99.4	45.5	100.0				
	2.3. Measurements						

Weed emergence (number of seedlings m -2 ) was measured during the four growing seasons of the experiment, following a method used by

[START_REF] Jodaugienė | The impact of different types of organic mulches on weed emergence[END_REF]

;

[START_REF] Moore | Effect of cover crop mulches on weed emergence, weed biomass, and soybean (Glycine max) development[END_REF]

;

Table 3 : Field operations during the 2013/14 and 2014/15 growing seasons

 3 

	DAS: days after rice sowing			
	Cropping practices	2013/14 Date DAS	2014/15 Date DAS
	Rice sowing	06/12/13	-	08/12/14	-
	First weeding	07/01/14 32 31/12/14 23
	Second weeding	30/01/14 55 04/02/15 58
	Third weeding	07/03/14 91 19/03/15 101
	Fourth weeding	21/03/14 105 14/04/15 127
	Rice harvest	25/03/14 109 16/04/15 129
	2.4. Residue decomposition		

Decomposition of both types of crop residue (S or MD) was measured in 2011/12, 2013/14

Table 4 : P-values for the effect of amount and type of residue on cumulative weed emergence

 4 ANOVA for effects of amount of residue and the interaction of amount and type of residue on cumulative weed emergence (total, monocot and dicot) at 100 DAF in year 1, year 2, year 3 and year 4 of the experiment.

			Total weed	Monocot weed		Dicot weed
		amount	amount x type	amount	Amount x type	amount	amount x type
	Year 1	***	NS	***	NS	**	NS
	Year 2	***	NS	***	NS	***	*
	Year 3	***	*	***	*	***	NS
	Year 4	***	NS	***	NS	***	NS
	NS: not significant; *** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05; DAF: Days after the first rain
		3.4. Weed biomass				
		3.3.1. Dynamics of weed biomass		
	Dynamics of weed biomass under bare soil during the rice growing season were different

Table 5 : P-values for the effects of amount and type of residue on cumulative weed biomass

 5 Data corresponds to ANOVA result for effects of amount of residue and the interaction of amount and type of residue on cumulative weed biomass (total, monocot and dicot) at 100 DAF in year 3 and year 4 of the experiment.

			Total weed	Monocot weed		Dicot weed
		amount	amount x type	amount	Amount x type	amount	Amount x type
	Year3	***	***	***	***	***	NS
	Year4	***	*	***	NS	***	NS
	NS: not significant; *** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05; DAF: Days after the first rain

Table 1 : Selected physical and chemical properties (mean and standard deviation) of the soil

 1 Data corresponds to the soil of the experimental field at the FOFIFA research station located in the Lake Alaotra region, Madagascar.

	Soil layer (cm)	pH (H 2 O)	Olsen P (mg kg -1 )	CEC (meq 100 g -1 )	Organic C (g kg -1 )	Clay (%)	Silt (%)	Sand (%)
	0-10	5.2 (±0.2) 317 (±42) 7.0 (±2.8) 34.6 (±4.1) 31.3 (±6.3) 41.9 (±3.4) 26.8 (±4.7)
	10-20	5.2 (±0.2) 316 (±42) 7.0 (±2.8) 33.8 (±4.7) 31.2 (±6.2) 41.9 (±3.4) 26.9 (±4.7)
	20-30	5.3 (±0.2) 309 (±48) 6.3 (±2.2) 31.0 (±8.3) 35.6 (±8.3) 42.3 (±5.0) 22.2 (±4.5)
	30-60	5.4 (±0.2) 289 (±51) 5.7 (±1.9) 18.2 (±6.6) 35.4 (±9.8) 42.2 (±6.1) 22.4 (±5.9)
	60-90	5.6 (±0.2) 219 (±30) 4.0 (±0.9)	8.8 (±2.9)	35.1 (±8.9) 43.4 (±4.3) 21.5 (±5.6)

Table 2 : Field operations during the 2013/14 and 2014/15 growing seasons.

 2 

	Cropping practices	HW Date	2013/14 DAS	LW Date	DAS	HW Date	2014/15 DAS	LW Date	DAS
	Rice sowing	26/11/2013	-	26/11/2013	-	08/12/2014	-	08/12/2014	-
	First weeding	08/01/2014 43 28/12/2013 32 03/01/2015 26 30/12/2014 22
	Second weeding 08/02/2014 74 05/01/2014 40 11/02/2015 65 16/01/2015 39
	Third weeding 23/03/2014 117 16/01/2014 51 23/03/2015 105 06/02/2015 60
	Fourth weeding			01/02/2014 67 09/04/2015 122 17/03/2015 99
	Rice harvest	03/04/2014 128 03/04/2014 128 13/04/2015 126 13/04/2015 126

DAS: days after sowing; HW: high weed pressure; LW: low weed pressure treatment

Table 3 : Effect of crop rotation, soil/residue management, level of weed pressure and their interactions on rice yield (kg ha -1 ) in 2013/14 and 2014/15 2013/14 2014/15

 3 

	LW	2610	2325
	HW	1771	1675
	p. value	0.002** 0.002**
	SED	343.3	335.9
	MS//S//R	2268	2293
	MD//R	2091	1707
	p. value	0.89	0.06
	SED	695.6	456.3
	CA	2636	2266
	CT	1684	1733
	p.value	0.08	0.08
	SED	695.6	456.3
	rotation X management	0.75	0.01*
	weed pressure X rotation	0.68	0.36
	weed pressure X management	0.52	0.53
	weed pressure X rotation X management 0.67	0.21
	*** p<0.001; ** p<0.01; * p<0.05 SED: Standard Error of Difference of Mean; MD//R: maize +
	dolichos // rice rotation; MS//S//R: maize + stylosanthes // stylosanthes // rice rotation; CA:
	conservation agriculture; CT: conventional tillage; LW: low weed pressure; HW: high weed pressure.

Table 4 : Effect of weed pressure, crop rotation, soil/residue managementand their interactions on PAR interception by the rice canopy

 4 Data on PAR (%) at tillering (S1), panicle initiation (S2), flowering (S3) and maturity (S4) of rice, and data on soil water content (mm) at 23 DAS in the 0-150 and 0-40 cm soil layers in 2014/15.

			PAR interception by the rice canopy
		S2	S3	S4	S5
	LW	0.47	0.49	0.6	0.68
	HW	0.45	0.39	0.49	0.48
	p. value	0.23	<0.001***	<0.001***	<0.001***
	SED	0.03	0.04	0.03	0.07
	MS//S//R	0.5	0.52	0.6	0.64
	MD//R	0.42	0.35	0.48	0.53
	p. value	0.04*	<0.001***	0.007**	0.03*
	SED	0.06	0.04	0.05	0.08
	CA	0.48	0.5	0.59	0.65
	CT	0.44	0.38	0.49	0.51
	p.value	0.33	0.002**	0.02*	0.01*
	SED	0.06	0.04	0.05	0.08
	rotation X management	0.09	0.16	0.4	0.17
	rotation X weed pressure	0.15	0.07	0.47	0.39
	management X weed pressure	0.07	0.48	0.31	0.84
	rotation X management X weed pressure 0.02*	0.06	0.009**	0.46
	*** p <0.001; ** p <0.01; * p <0.05 SED: Standard error of difference of mean; LW: low weed
	pressure; HW: high weed pressure; MD//R: maize + dolichos // rice rotation; MS//S//R: maize +
	stylosanthes // stylosanthes // rice rotation; CA: conservation agriculture; CT: conventional tillage

Table 5 : Effect of crop rotation, soil/residue managementand their interactions on cumulative weed emergence at rice harvest (number m -2 ) in 2013/14 and 2014/15
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	Data for total, monocot and dicot weeds				
			2013/14			2014/15	
		Total	Monocots Dicots	Total	Monocots Dicots
	MS	893.3	238.0	655.3	1457.9	469.8	988.1
	MD	1326.3	388.8	937.5	965.6	343.6	622.0
	p. value	0.003**	0.06	0.02*	0.1	0.35	0.06
	SED	171.6	92.1	175.7	390.2	186.0	249.2
	CA	824.8	205.0	619.8	1003.8	330.8	673.0
	CT	1394.8	421.8	973.0	1419.8	482.6	937.1
	p. value	<0.001*** 0.008** 0.003**	0.16	0.26	0.1
	SED	171.6	92.1	175.7	390.2	186.03	249.2
	rotation X management	0.44	0.67	0.48	0.12	0.11	0.18
	*** p <0.001; ** p <0.01; * p <0.05 SED: Standard error of difference of mean; MD//R: maize +
	dolichos // rice rotation; MS//S//R: maize + stylosanthes // stylosanthes // rice rotation; CA:
	conservation agriculture; CT: conventional tillage				

Table 1 : Caractéristiques physico-chimiques du sol (0-90 cm) sur le dispositif expérimental situé sur un bas de pente à Ambohitsilaozana, région du Lac Alaotra

 1 Les analyses ont été effectuées au Laboratoires des radio-isotopes, 2009Le dispositif expérimental a été mis en place en 2009 et a fait l"objet d"un suivi jusqu"en 2014/15. Il est constitué de 12 traitements issus de la combinaison de trois facteurs dont la rotation culturale, le mode de gestion du sol et des résidus et le niveau de fertilisation (Table2). Une rotation triennale d"une association de maïs et Stylosanthes guianensis, une jachère améliorée de S. guianensis, suivie du riz (MS//S//R) En ce qui concerne le mode de gestion de sol et des résidus, l"AC qui consiste en l"absence de labour et la restitution des résidus à la surface a été comparée avec un système labouré sans restitution des résidus (L+/R-) et un système labouré avec incorporation des résidus dans le sol (L+/R+).

	Horizon	pH eau	% Argile	Granulométrie % Limon	% Sable
	0-10 cm	5.24	31.29	41.88	26.82
	10-20 cm	5.24	31.21	41.90	26.89
	20-30 cm	5.34	35.56	42.28	22.16
	30-60 cm	5.42	35.36	42.25	22.39
	60-90 cm	5.64	35.13	43.36	21.50
	2.2. Le dispositif expérimental	
	Les traitements sont disposés en blocs randomisés avec 4 répétitions.
	Deux rotations culturales qui diffèrent par le type de plante de couverture utilisés et la longueur
	de la rotation ont été étudiées :		
	-Une rotation biennale d"une association de maïs et Dolichos lablab, suivie du riz (MD//R)
	-				

Table 1 : Description des traitements sur le dispositif expérimental.
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	MD//R : rotation biennale d'une association de maïs et dolique suivie du riz ; MS//S//R : rotation triennale d'une association de maïs et stylosanthes, une année de stylosanthes, suivie du riz ; AC :
	agriculture de conservation, sans labour et restitution des résidus ; L+/R-: Labour sans restitution des
	résidus : L+/R+ : Labour avec restitution des résidus ; F0 : sans apport de fertilisation ; F1 : avec
	apport de fertilisation
	En ce qui concerne le riz pluvial, le cultivar utilisé est le B22. Il s"agit d"une variété à cycle court
	(120 jours) sélectionnée à l"EMBRAPA, l"institut brésilien de recherche agronomique. Le B22
	été choisi de par son adaptation aux conditions pédoclimatiques de la région (Domas et al. 2009).
	2.3. Présentation du modèle PYE
	PYE (Potential Yield Estimator, Affholder et al. 2013) est un modèle dynamique de culture
	construit dans le langage de programmation Visual Basic avec le logiciel Microsoft Access. Il
	fonctionne avec un pas de temps journalier et emprunte les composantes du module
	développement et croissance des cultures au modèle STICS

Schéma conceptuel du modèle PYE

  

	Traitement Rotation culturale Gestion du sol et des résidus Fertilisation
	T1	MD//R	L+/R-	F0
	T2	MD//R	L+/R+	F0
	T3	MD//R	AC	F0
	T4	MD//R	L+/R-	F1
	T5	MD//R	L+/R+	F1
	T6	MD//R	AC	F1
	T7	MS//S//R	L+/R-	F0
	T8	MS//S//R	L+/R+	F0
	T9 Figure 2 :	MS//S//R	AC	F0
	T10	MS//S//R	L+/R-	F1
	T11	MS//S//R	L+/R+	F1
	T12	MS//S//R	AC	F1

Table 3 : Récapitulation des termes relatifs au rendement

 3 Yobs), le rendement relatif à la « moyenne environnementale » (Ye) et le rendement relatif au rendement potentiel limité par l"eau (Yrel) sur les 6 saisons culturales ont été soumis à une analyse de variance (ANOVA) pour mettre en évidence l"effet de l"année de culture, la rotation culturale, la gestion du sol et des résidus et le niveau de la fertilisation ainsi que leurs interactions. Le classement des traitements après les analyses de variance a été réalisé avec le test LSD de Fischer au seuil de 5%. Les traitements statistiques ont été réalisés avec le logiciel statistique R avec le package agricolae 1.2-4 (De Mendiburu 2016).

	Notation	Définition	Formule	
	Yobs	Rendement observe sur les parcelles expérimentales					
	Ymoy	Moyenne environnementale: rendement moyen obtenu durant une saison culturale indépendamment des traitements	Ymoy =	1	=1	Yobs	( )
	Ye	Rapport entre le rendement observé et la moyenne environnementale		=			
	Yp	Rendement potentiel simulé par le modèle PYE					
	Yw	Rendement potentiel limité par l"eau simulé par le					
		modèle PYE					
	Yrel	Rapport entre le rendement observé et le rendement potentiel limité par l"eau		=		
	2.5. Traitements statistique					
	Le rendement observé (					

Table 4 : ANOVA du rendement en riz (Yobs)

 4 Evaluation des principaux effets de l"année de culture, la rotation culturale, la gestion du sol et des résidus, la fertilisation ainsi que leurs interactions respectives.La « moyenne environnementale » qui est le rendement moyen des traitements par saison culturale représente la variation interannuelle du rendement qui ne serait pas due aux traitements. L"ANOVA sur le rapport entre le rendement observé et la moyenne environnementale noté Ye a montré un effet significatif de l"interaction de l"année de culture avec la rotation culturale et le mode de gestion du sol et des résidus (p < 0.05). Avec MD//R, le mode de gestion du sol et des résidus n"a pas d"effet sur Ye quelle que soit la saison culturale. Par contre, des effets significatifs du mode de gestion du sol et des résidus ont été mis en évidence avec MS//S//R pour

		ddl	Somme des carrés	Moyenne des carrés	F.value	Pr(>F) (1)
	Année [1]	5	3.43E+02	68.56	141.6709	<2.20E-16***
	Rotation culturale [2]	1	0.32	0.317	0.6555	0.41922
	Gestion du sol et des résidus [3]	2	3.42	1.711	3.5364	0.031123*
	Fertilisation [4]	1	3.03	3.03	6.2607	0.013221*
	[1] : [2]	5	2.81	0.562	1.1608	0.330245
	[1] : [3]	10	11.13	1.113	2.2995	0.014472*
	[2] : [3]	2	0.44	0.219	0.4526	0.63671
	[1] : [4]	5	10.48	2.095	4.3291	0.000954***
	[2] : [4]	1	0.1	0.103	0.2128	0.645128
	[3] : [4]	2	3.59	1.796	3.7107	0.02632*
	[1] : [2] : [3]	10	11.93	1.193	2.4642	0.008689**
	[1] : [2] : [4]	5	2.05	0.41	0.8464	0.518504
	[1] : [3] : [4]	10	3.45	0.345	0.7131	0.711447
	[2] : [3] : [4]	2	2.22	1.112	2.2986	0.103292
	[1] : [2] : [3] : [4]	10	8.74	0.874	1.8061	0.062172
	Residuals	183	88.56	0.484		
	(1) *** P < 0.001; ** P < 0.01; * P<0.05.ddl : degré de liberté		
	3.2. Evaluation des rendements par rapport à la moyenne environnementale (Ye)
	la saison 2009/10 (première année) et la saison 2014/15 (sixième année). En 2009/10, le labour
	avec restitution de résidus a un Ye plus élevé par rapport à AC. En 2014/15, le système AC a un
	rendement Ye plus élevé par rapport aux systèmes labourés avec la rotation MS//S//R (Figure 4).

  Calibration du modèle avec le cultivar B22La calibration du modèle consiste à utiliser les données observées sur le cultivar d"intérêt ainsi que des données de la littérature afin d"ajuster les sorties du modèle aux observations sur le terrain. Les paramètres du modèle PYE estimés dans le cadre de cette étude sont récapitulés dans Les constantes thermiques définissant les stades phénologiques du riz ont été estimées à partir des données de dates d"atteinte des stades phénologiques collectées sur quatre sites, à

	3.3.	Evaluation du rendement par rapport au rendement potentiel
	3.3.1. Annexe 8.
	Ambatondrazaka (17°69"S, 48°46"S, 780m alt.), à Andranomanelatra (19°77, 47°1"S, 1 642m
	alt.), à Ankepaka (21°19"S, 47°88"S, 40m alt.) et à Ivory (19°55"S, 46°41"S, 954 alt.), où l"on

disposait simultanément de mesures journalières des températures minimales et maximales de l"air à moins de 1 km de la culture. Le cultivar B22 n"est pas réputé photosensible

[START_REF] Shrestha | Phenological responses of upland rice grown along an altitudinal gradient[END_REF] 

et nous avons pu le vérifier comme le montre la figure 6 présentant une relation quasi linéaire entre les données observées du jour de début floraison et le jour de la levée, pour un très large intervalle de dates de levées. En effet, pour les cultivars photosensibles, il existe un intervalle de dates de levées pour lequel la date de floraison dépend moins de la date de levée, voire pas du tout (sensibilité maximale à la photopériode). La figure 6 permet de montrer également l"adéquation du modèle avec les observations sur les dates de floraison après le calage

  3.3.1. Evolution du rendement potentiel et du rendement potentiel limité par l"eau du rizLe rendement potentiel du riz (Yp) et le rendement potentiel limité par l"eau (Yw) durant les 6 saisons culturales sont représentés par la figure9. A l"exception de l"année 2012/13, les rendements potentiels Yp et Yw sont très proches. Ce qui suggère qu"il n"y avait généralement pas de stress hydrique dans cette expérimentation agronomique. Toutefois, on a noté une variation des rendements potentiels (Yp et Yw) d"une année à l"autre qui serait due à la pluviométrie, la température et le rayonnement global. Une baisse progressive d"une année à l"autre des rendements potentiels (Yp et Yw) est visible de 2009/10 à 2012/13. La baisse est en moyenne de 11% en 2010/11, 23% en 2011/12 et 35% en 2012/13 par rapport à 2009/10. Le rendement limité par l"eau Yw représente 63% du rendement Yp en 2012/13. Cette année a été caractérisée par une pluviométrie nettement défavorable par rapport aux autres années. La

quantité de pluies a été faible et mal répartie durant la saison culturale conduisant à un effet marqué du stress hydrique.

  rendement en riz sur le dispositif expérimental est faiblement expliqué par le mode de gestion du sol et des résidus, la rotation culturale et le niveau de fertilisation, comparativement à d"autres facteurs responsables des variations importantes observées dans cet essai en fonction des années et à l"intérieur des traitements. Parmi ces autres facteurs de variation, il y a les facteurs pédoclimatiques dont la pluviométrie, le rayonnement global, la température et la capacité de rétention en eau du sol. La pluviométrie impacte peu les rendements à travers le stress hydrique, qui ne se manifeste qu"une année sur 6 dans l"essai analysé. Mais il paraît probable qu"elle contribue fortement aux variations de rendement à travers des variations de ruissellement et de

drainage, suscitées par les variations temporelles de la pluie et les variations spatiales des caractéristiques du sol, ainsi que par les variations du système de culture susceptibles d"interagir avec cet excès d"eau. L"analyse du rendement avec la moyenne environnementale n"a pas permis de déterminer les interactions en jeu entre saison culturale et les différents facteurs du système de culture (rotation culturale, mode de gestion du sol/résidus, fertilisation). Et bien que le calage de PYE avec le cultivar B22 ait été satisfaisant, notre approche par modélisation n"a pas été suffisante pour démêler ces interactions entre système de culture, bilan hydrique et rendements suite à une variabilité spatiale du dispositif expérimental. Notre étude suggère que d"autres facteurs non tenu en compte dans l"expérimentation et par le modèle PYE peuvent influencer la variabilité annuelle du rendement en riz.

  Annexe 5 : Residue decomposition during the rice growing season in 2013/14 and 2014/15

	Type	t/ha	20 27 34 41 48 55 62 69 76 83 90 100 Type	t/ha	25 32 39 46 53 59 67 73 81 88 100
	S	0.9	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	S	0.9	ns ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	MD	1.4	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	MD	1.4	ns ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	S	3.2	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	S	3.2	+ ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	MD	4.8	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	MD	4.8	+ ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	S	0.9	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	S	0.9	ns ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	MD	1.4	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	MD	1.4	ns ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	S	3.2	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	S	3.2	ns ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	MD	4.8	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	ns	MD	4.8	+ ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	S	12.2	ns	ns	ns	ns	-	ns	ns	-	-	-	-	-	S	12.2	ns ns	ns	ns	ns	ns	ns	ns	ns	ns	ns
	S	18.3	ns	ns	ns	ns	-	ns	ns	-	-	-	-	-	S	18.3	ns	-	-	-	-	-	-	-	-	-	-
	MD	18.4	ns	ns	ns	ns	-	ns	ns	-	-	-	-	-	MD	18.4	ns	-	-	-	-	-	-	-	-	-	-

  .1). Rate of residue decomposition depended mainly on rainfall distribution during the growing season (Figure A5.1). Residues decomposed faster during the 2014/15 growing season with continuous rainfall as compared to 2013/14. Stylosanthes and the mixture of maize and dolichosshowed similar decomposition patterns in 2013/14, whereas in 2014/15 stylosanthes residues decomposed faster than the mixture. In 2013/14, 38 % of the residues (both types) had disappeared at rice harvest, whereas 56 % and 66 % decomposed during the 2014/15 rice growing season, respectively for the MD and S residues.

Table A5 .1: Amount of residues in t ha -1 under CA at rice sowing and harvest.

 A5 

		2013/14		2014/15
	Initial	Final	Initial	Final
	CA -stylosanthes CA -maize + dolichos 7.05 4.23 (± 0.03) 7.64 3.36 (± 1.20) 6.05 3.81 (± 0.03) 8.59 2.92 (± 0.91)
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ANNEXES