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|. Résumé des activités de recherche

1. Introduction et trajectoire

J'ai obtenu mon dipléme d'ingénieur agronome en7 1®9'Université Nationale Lomas de Zamora
(UNLZ) (Buenos Aires, Argentine). Depuis — et méauparavant, en tant qu'étudiant-assistant — gai ét
employé dans des activités de recherche a difi@m@neaux. Pendant les années passées a tradaitier

le secteur privé en agronomie, j'ai toujours coréseun contrat a temps partiel & I'UNLZ en tant
gu'assistant enseignant et assistant cherchewgrencmie et sciences du sol. En raison de I'deé@hon
premier projet de thése pendant la crise économgguérgentine en 2001, j'ai décidé de démarrer un
nouveau master a l'étranger (néanmoins, j'ai trtes/énds pour finir ma premiere these quelqueses
plus tard). J'ai obtenu une bourse du gouvernemégrandais pour poursuivre mes études a I'Unigersi
de Wageningen (WUR) aux Pays-Bas. Entre 2005 e7,20dl travaillé comme chercheur associé au
Tropical Soil Biology and Fertility Institutdu Centre International d'Agriculture TropicaléS@F, CIAT)

a Nairobi (Kenya), en participant & des projeterimationaux de recherche pour le développement dans
plusieurs pays africains. En 2007 je suis retoari@ageningen ou j'ai obtenu le grade de PhD etadu j
été employé en tant que chercheur post-doctora agroupePlant Production System(®PS). Depuis
ao(t 2008 je travaille pour le Centre de Coopénatidernational en Recherche Agronomique pour le
Développement (CIRAD), affecté a I'Unité de reclmerc102, Systémes de Culture Annuels du
Département Persyst. Dans les sections suivgatpsasente une synthése de mes activités de obeher
passeées, la publication et la vie scientifiqué¢’eecadrement d’étudiants.

2. Publications

Pendant toutes ces années, et a travers mes ejtiése, des stagiaires et des thésards quen¢adré,
et des projets internationaux dans lesquels jeigipe, j'ai mené des recherches sur différenjistsgui
ont résulté en 40 publications en revues scientfig en 11 publications de divulgation et chapitres
d’ouvrages partagés, et en plus de 50 résumégddarectes du colloques internationaux (voir Anrixe
On peut les regrouper comme suit:
1. Agronomie des cultures maraicheres dans densgstintensifs
2. Dynamique du carbone dans I'agro-écosysteme
3. Conception et évaluation de systemes de pramuatiricole durables
4. Gestion de la fertilité des sols dans des sysdéai® petits exploitants agricoles
5. Analyses et modélisation des systemes d’exfilmitagricoles a différents échelles
Dans les sections suivantes je présente des exemngle publications concernant chacune de ces
rubriques, avec une synthése des résultats princigideurs conclusions.

2.1 Agronomie des cultures maraichéres dans des ®mses intensifs

Deux axes de recherche ont été ciblés dans ce demdi) L'effet de la fertilisation azotée et des
conditions de croissance sur le rendement et lit@uies laitues; la préoccupation croissante ikeat la
qualité nutritionnelle des légumes frais provendatsystéemes de production intensifs, ainsi que les
nouvelles réglementations gouvernementales liéés fois a la pollution par les nitrates des eaux
souterraines et la teneur maximum en nitrates @gsnes-feuilles frais représentent les principawesa
de cette recherche. Nous avons examiné les seatélgi gestion pour permettre une récolte précaee de
laitues frisées tout en maintenant les niveaux @e-Nl en dessous des seuils critiques. (2) La plupest
Iégumes tropicaux consommeés en Argentine provigntersystemes de production de plein air dans la
région subtropicale du nord du pays; ils doiven¢ &tansportés sur de longues distances (jusq@@ 30
Km). Les régions tempérées de Pampas ont des $4ég bngs pour permettre la culture des poivrons,
tomates ou mais doux en plein air (systemes bepupus efficients que la culture en serres
artificiellement chauffées). Cependant, I'étabhisset de cultures dans le champ est plus risquéitidds
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plus faibles températures dans ces régions, atuldsres doivent étre initiées avec des plants atenbé
gualité. Notre recherche avait pour objectif d'éealdes technologies pour la production de plamts s
I'exploitation en utilisant les matériaux dispoeil et gérer la fertirrigation pour obtenir desdoiits
précoces, et de qualité.

Exemples de publications:

De Grazia, J., Tittonell, P., Chiesa, A., 2004.v@toand quality of sweet peppeZdpsicum annuurh.)
transplants as affected by substrate propertiesiraigdtion frequency. Advances in Horticultural
Science 18, 181 — 187.

De Grazia, J., Tittonell, P., Germinara, D., Chjésa2003. Phosphorus and nitrogen fertilisatiosweet
corn Zea mayd.. var. saccharata Bailey). Spanish Journal ofAdfural Research 1, 103-107.

De Grazia, J., Tittonell, P., Chiesa, A., 2002.g&gdCapsicum annuurh.) transplant growth as affected
by growing medium compression and cell size. Agroieo22: 503 - 509.

Tittonell, P., De Grazia, J., Chiesa, A., 2001 eEffof nitrogen fertilization and plant populatidaring
growth on lettucel(actuca sativa..) postharvest quality. Acta Horticulturae 553;@S8.

2.2 Dynamique du carbone dans I'agro-écosystéme

Deux axes de recherche ont été ciblés dans ce demdi) La compréhension et la quantification de
l'effet des facteurs agronomiques de la séquestratu Carbone en analysant le type de compromis
auxquels les agriculteurs doivent faire face emgméune décision concernant la gestion de leutsfole
ressources naturelles, a la fois a I'échelle aplb@ation individuelle (p.ex. gestion de la fété du sol,
labour, alimentation du bétail, fumure) et de lamownauté (p.ex. gestion des prairies et foréts
communales, réseaux sociaux). Le travail d’'Henrgl2009) au western Kenya constitue une premiere
approximation méthodologique pour la quantificatinstocks de C dans le sol et dans la végétatinga d
les systemes de subsistance africains. Ces résaithpermis, par exemple, estimer I'ampleur d'unjgb
CDM dans deux localitts au western Kenya, ou ftefietentiel du changement climatique sur la
séquestration du C dans ces systéemes. (2) La régiumale d'Argentine est le lieu de la transitotre
deux grands écosystémes: les prairies de Pampas stavanes d'El Espinal. C'est également la zone
d'expansion actuelle de la frontiére agricole, afitde par le développement de systéemes de semis dir
qui permettent de cultiver sur des sols plus femgitypiques des formations forestiéres d'El E$pibas
préoccupations concernant la durabilité de cegsyes indiquent le besoin de développer des indicate
de suivi, parmi lesquels le C organique du soléapébposé étant donné sa nature intégrative. Litripa
long terme des régimes de gestion d'utilisation si@s, tentant de comprendre et reconstruire des
chronoséquences de C dans le sol ont été analysdédigant la modélisation en simulation dynamique
Le modele CENTURY a été paramétré, puis testé iigaut les données collectées sur des sites couplé
détériorés/non détériorés sous des conditionsrdeaton initiales de sols similaires.

Exemples de publications :

Tittonell, P., Rufino, M.C., Janssen, B., Gillet B 2009. Carbon and nutrient losses from maniorec
under traditional and improved practices in smadlbocrop-livestock systems — evidence from Kenya.
Plant and Soil, accepted: 3/2009.

Henry, M., Tittonell, P., Manlay, R., Bernoux, MAlbrecht, A., Vanlauwe, B., 2009. Biodiversity, C
stocks and sequestration potential in abovegroumddss in smallholder farming systems of western

Kenya. Agriculture, Ecosystems and Environment 238-252.

Tittonell, P., De Grazia, J., de Hek, S., Bricdhi, 2006. Exploring land use scenarios by long-term
simulation of soil organic matter in central Argeat Spanish Journal of Agricultural Research 4,
381-389.

2.3 Conception et évaluation des systemes de protioa agricole durables

Deux axes de recherche ont été ciblés dans ce denfd) Systemes de gestion du sol avec des iatrant
organiques a long terme par rapport a des int@ngentionnels a faible dose en production maragché
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intensive. Des expérimentations avec des rotatamsultures de légumes furent établies et suivies
pendant 10 ans pour évaluer l'utilisation de de®rfumures biologiques et animales comparée aux
régimes de fertilisation de systémes avec intr@otsventionnels a faible dose. Une des principales
contraintes a l'utilisation d'alternatives biolaggeg était la qualité visuelle des légumes-feuili@y Effet

des systémes de labour et des rotations sur l@matiganique des sols (en courBes expérimentations

a long terme ont été établies en 2006 ou les ooistiypiques des cultures annuelles (blé, sojas,ratd.)
sont conduites dans des systemes de labour cooneelj réduit ou sans labour (SCV) pour suivre les
changements de propriétés du sol, comme la temeQrat en éléments nutritifs, des propriétés plesq

du sol (infiltration, rétention d’'eau, compactiorgt la performance agronomique des cultures. La
modélisation des systémes de culture et des eféeta succession sont aussi prévus. (3) Evaluatésn
impacts de différents scénarios d’'intégration agnire-élevage a I'échelle de I'exploitation suféatilité

du sol et la durabilité des systemes de productigriere en Afrique sub-saharienne. L'analyse de
recyclage d'azote dans les systémes culture-élanaggrés d'Afriqgue de I'Est et du Sud a été conheni
utilisant des techniques deEgological network Analysis provenant de I'écologie et la modélisation de
type «Fuzzy-logic» pour mieux caractériser I'effet des décisionsl'dgriculteur, avec I'objectif de
contribuer a concevoir des systemes de gestiomedssurces nutritifs efficients et durables. L'gsal
comparative des systémes culture-élevage intégtés ees diverses régions suggere que les prodscteu
ayant développé des mécanismes de coopérationulgiecélevage les plus perfectionnés ont une
meilleure fertilité des sols et des systemes delymtion les plus durables. Pourtant, les mécanismes
d’intégration ne sont pas les mémes aux différerigmns, et ils présentent des taux de recyclagese
efficiences d'utilisation de I'azote significativemt variables.

Exemples de publications :

Rufino, M.C., Tittonell, P., Reidsma, P., Lopez-&ida, S., Hengsdijk, H., Giller, K.E., Verhagen, A.
2008. Characterisation of N flows and N cyclingmallholder crop-livestock systems in the highlands
of East and southern Africa using network analyNigrient Cycling in Agroecosystems, in press: doi
10.1007/s10705-009-9256-9.

Rufino, M.C., Tittonell, P., van Wijk, M.T., Caslahos-Navarrete, A., de Ridder, N., Giller, K.EOOZ.
Manure as a key resource to sustainability of dméder farming systems: analysing farm-scale
nutrient cycling efficiencies within the NUANCESamework. Livestock Science 112, 273-287.

Moccia, S., Chiesa, A., Oberti, A., Tittonell, RQ06. Yield and quality of sequentially grown clyerr
tomato and lettuce under long-term conventionali-itgput and organic soil management systems.
European Journal of Horticultural Science 71, 183-1

2.4 Gestion de la fertilité du sol dans les systémide petits exploitants agricoles

La fertilité du sol est décrite comme le princifatteur expliquant la diminution de la productioa d
nourriture par habitant en Afrigue sub-saharier®eci est particulierement vrai dans les zones t& for
densité de population telles que les hautes tarrgsir du lac Victoria en Afrique de I'Est. Divgn®jets
dans cette zone ont été conduits pour analyséetl'éé la diversité régionale et socio-économiqes d
ménages sur les pratiques de gestion affectatatiat sle fertilité des sols. Des typologies d'ekptmns

en ont été déduites afin de caractériser la diderdes ménages, puis de les classer. Une telle
catégorisation est allée au-dela du classemergigises selon la richesse pour inclure les objeetifies
stratégies a long terme des ménages. Les modifitsaiinnuelles des stocks en éléments nutritifs alwes
décisions des agriculteurs ont été décrites ettdiéms. Les résultats illustrent comment les agraurs
provoquent I'hétérogénéité typique au sein desoéatibns, souvent connue sous le nom de graddmnts
fertilité des sols. Les modéles spectraux des sranNIRS (proche Infra rouge) pour prédire les
propriétés du sol ont été calibrés et utilisés mawmactériser les sols. L'importance relative deralité du

sol (par exemple, teneur en éléments nutritifure) et les facteurs de gestion (par exemplegtesité de

! Des résultats partiels de ce dispositif ont éj& péésentés comme : De Grazia, J., Barrios, Mi@&gnell, P.,
Rodriguez, H.A., Andrada, H.l., Fernandez, F., 2@B84amica del agua en el suelo bajo diferentdersias de
labranza en una rotacion trigo-soja. Congreso Angemle la Ciencia del Suelo, 13-16 May, San LAigentina.



plantation) dans la détermination du rendementcdéisres ont été analysées en utilisant des teabsiq
de ‘Arbres de Classification et de Régression’ (TARt plusieurs effets synergiques ont été idigstif

Exemples de publications :

Tittonell, P., Vanlauwe, B., Corbeels, M., Gillé¢,E., 2009. Yield gaps, nutrient use efficiencies a
responses to fertilisers by maize across heterogsnemallholder farms in western Kenya. Plant and
Soil 313, 19-37.

Tittonell, P., Shepherd, K.D., Vanlauwe, B., GiJl&.E., 2008. Unravelling the effects of soil antg
management on maize productivity in smallholdericagural systems of western Kenya — an
application of classification and regression trealgsis. Agriculture Ecosystems and Environment
123, 137-150.

Tittonell, P., Vanlauwe, B., de Ridder, N., Gillé¢,E., 2007. Heterogeneity of crop productivity and
resource use efficiency within smallholder Kenyamnis: soil fertility gradients or management
intensity gradients? Agricultural Systems 94, 396-3

Vanlauwe, B., Tittonell, P., Mukalama, J. 2006. Mfitfarm soil fertility gradients affect responsg o
maize to fertilizer application in western Kenyauthent Cycling in Agroecosystems 76, 171-182.

Tittonell, P., Vanlauwe, B., Leffelaar, P.A., Shepd, K.D., Giller, K.E., 2005. Exploring diversity soil
fertility management of smallholder farms in westétenya. Il. Within-farm variability in resource
allocation, nutrient flows and solil fertility statuAgriculture, Ecosystems and Environment, 116- 16
184.

2.5 Analyses et modélisation des systemes d’expdtibn agricoles a différents échelles

Une grande quantité d'informations est disponibted#férentes approches sur la gestion de lditértes
sols dans les petites exploitations en Afrique,snsan appropriation et sa mise en pratique sowitesd

En dépit du manque de dissémination et des limitatsocio-économiques pour adopter ces technologies
un probléme fondamental est le manque d'intégragion'utilisation d'une telle connaissance par la
communauté scientifigue. Beaucoup d'informations laugestion de la fertilité des sols dérivent de
recherches a I'échelle de la parcelle; peu d'étoiiesomparé la potentialité de combiner des telciynes
dans une zone ciblée, en considérant les facteultiples opérant a I'échelle de I'exploitation etirk
interactions a une échelle supérieure, au seirilidges ou de régions. Les décisions quotidienmsep
par les agriculteurs concernant 'allocation dedeéléments nutritifs et les ressources en maiowt&ont
des conséquences sur I'équilibre entre les enattless sorties des éléments nutritifs. Par exenipte,
champs éloignés de la ferme sont également sowsiteids sur de fortes pentes. Donner la priorité aux
parcelles prés de la ferme impliqgue souvent quedeselles en pente sont semées plus tard, abdedant
saison des pluies avec des sols nus. De tellédsgoreae sont pas toujours prises en compte pdculea

les équilibres en éléments nutritifs. J'ai particgla conception des modéles de simulation psusdes-
systémes de cultures et d'élevage jusqu'aux odgilsimulation pour l'analyse des compromis dans
l'allocation des ressources a I'échelle de l'etqtion. Quelques exemples de méthodologies de meuhe
innovante sont: (1) L'utilisation des techniquesnaadélisation inverse pour optimiser les décisidas
gestion a I'échelle de l'exploitation en intégilaiocation des ressources en main d'ceuvre etdigees ;

(2) Le lien dynamique des modeles de productioncdéisires (basés sur la disponibilité en eau, Nt P
K), d'élevage (en utilisant des taux de concepdiochastiques) et de gestion de la fertilisatiomegades
systemes de "logique floue™) a I'aide d'un outikdwrulation & I'échelle de I'exploitation pour 8&yse des
stratégies de long terme. Je me suis surtout sgérau développement d'un modéle de production des
cultures simple mais déja robuste, relativementgégeant en données, mais suffisamment sensibie po
cerner les réponses différentielles au sein d'upigation aussi bien que les modifications a loeigne

de la productivité des sols. Ce modele, FIEIHReId-scale Interactions, resource use Efficienciasd
Long term soil fertility Developménta été calibré et testé dans diverses conditonZimbabwe et au
Kenya, et il est en train d'étre adapté aux systdmeés sur le mil au Niger, a ceux basés surtda e
Mali, sur le café dans les hautes terres en AfragiBESst et sur le manioc et la banane en Ouganda.
Exemples de publications :



Tittonell, P., van Wijk, M.T., Herrero, M., Rufind\l.C., de Ridder, N., Giller, K.E., 2009. Beyond
resource constraints — exploring the physical felitsi of options for the intensification of smadider
crop-livestock systems in Vihiga district, Kenyagriultural Systems 101, 1- 19.

Tittonell, P., Corbeels, M., van Wijk, M.T., Vanlaa, B., Giller, K.E., 2008. Combining organic and
mineral fertilizers for integrated soil fertility anagement in smallholder farming systems of Kenya —
explorations using the crop-soil model FIELD. Agoamy Journal 100, 1511-1526.

Chikowo, R., Corbeels, M., Tittonell, P., Vanlauvig, Whitbread, A., Giller, K.E., 2008. Using theop
simulation model APSIM to generate functional relaships for analysis of resource use in African
smallholder systems: aggregating field-scale kndgdefor farm-scale models. Agricultural Systems
97, 151-166.

Tittonell, P., M.T. van Wijk, M.C. Rufino, J.A. Vgi, K.E. Giller, 2007. Analysing trade-offs in resoe
and labour allocation by smallholder farmers usmgerse modelling techniques: a case-study from
Kakamega district, western Kenya. Agricultural $ys$ 95, 76-95.

Tittonell, P., Zingore, S., van Wijk, M.T., CorbseM., Giller, K.E., 2007. Nutrient use efficiensiand
crop responses to N, P and manure applicationsnibabwean soils: Exploring management strategies
across soil fertility gradients. Field Crops Resbaf 00, 348 — 368.

3. La vie scientifique et académique

Pendant ces années, jai construit un large rédearollegues dans de nombreuses institutions qui me
permet une collaboration fructueuse et une padimp a différents projets. Je participe aux
consortiums suivants: (i) CIALCA (Consortium Intational pour I'Amélioration des Moyens d'Existence
basés sur I'Agriculture en Afrique Centrale), usea de chercheurs des organisations internatgonale
TSBF-CIAT, IITA, INBAP et des organisations natitem de recherche agronomique en Rwanda,
Burundi et DR Congo ; (i) NUANCES (Nutrient Use Amimal and Cropping Systems — Efficiences and
Scales), qui regroupe des chercheurs des orgamsatnternationaux CIMMYT, TSBF-CIAT, IRD,
CIRAD, ILRI et des organisations nationales de eeche agronomique au Kenya, Ouganda, Tanzanie,
Zimbabwe, Zambie, Mali, Ghana et Cameroun.

Je suis souvent impliqué dans des activités d'gnsgient et de formation au niveau universitairal J’
donnée des cours occasionnellement a I'Univer&t&v/dgeningen et a SupAgro, Montpellier, mais plus
fréquemment j'ai organisé des cours internationdexniveau de post-graduation sur place, comme au
Zimbabwe (Janvier 08), en Rwanda (Janvier 07, Ndwerd8), en Argentine (Octobre 08) au Mexique
(Mars 09) ou a Cuba (Mai 09). Jusqu’a ce jourj garticipé (et participe) a I'encadrement d’'unatale

34 étudiants, dont 16 du niveau doctofabir Annexe 1). J'ai participé des jurys d’évaloa de thése
doctoral (Un exemple récent: Astrid MarqueX, systems approach to investigate agricultural
intensification processes in Venezy&ahool of Geosciences, University of EdinburglayN2008).

Je patrticipe régulierement a des conférences esaélinions scientifiques, en tant que présentateur
organisateur (Un exemple récent : Session ch#tireaBEAMLESS Conference : Integrated Assessment of
Agriculture and Sustainable Development, 10-12 M&@09, The Netherlands). Quand cela est possible,
j'accepte les opportunités pour publier dans deseede vulgarisation pour toucher un public plaste,

en dehors des cercles scientifiques (Un exempentéc Tittonell, P., Misiko, M., Ekise, ., 200Balking

soil science with farmers. LEISA Magazine 24(2) 21.). Du fait de mon travail passé et actuesuis
régulierement invité comme relecteur pour desladiscientifiques dans des revues comme, entresautr
Agricultural SystemsAgriculture Ecosystems and Environments, Soil aillhgE Research Ambio,
Biological Agriculture and Horticulture, CAB ReviswEnvironmental Modelling and Software, African
Journal of Agricultural Research, Agronomy for Swsable Development, Canadian Journal of Soil
Science, Plant and Soil

2 Mes activités d’encadrement de thésards, aussinpuecontrat comme post-doc, ont commencée avaehiob
mon dipldme de doctorat. A I'Université de Wagemingai profite d’'un régime de doctorat spécialecdearte
durée, en vue de mes expériences antérieureslegreche scientifique.



II. Projet de recherche

Propriétés, diversité et variabilité spatio-tempordle des agroécosystemes — Implications
pour leur conception, leur analyse et leur gestiomtégrée®

Résumé

Les agroécosystemes multifonctionnels doivent fedtés les demandes d'une population mondiale
croissante, tout en assurant la qualité de I'enviesnent et une qualité de vie satisfaisante desiiactLa
réalisation des fonctions nécessaires pour satisfas services attendus des agroécosystemeseriout
réduisant au minimum les externalités associéqsentient en grande partie des décisions stratégiques
(conception) et tactiqgues (gestion) prises paraldsurs qui poursuivent différents objectifs et gaoint
impliqués a différentes échelles, dans des jeugam¢raintes des milieux biophysiques et des coasext
socio-économiques.

Ce projet de recherche vise :

® la formalisation et la mise au point de méthodaes pour I'analyse quantitative, I'évaluatiortaet
conception des agroécosystéemes a différentes éshallec la prise en considération des spécifiités

a la diversité et & la variabilité spatio-templarele ces systemes;

(i) a contribuer a la conception d'agroécosysteéoedogiquement intensifs et durables par la mise e
place de technologies et de pratiques innovantiressees en particulier a des exploitations faleslia
pour lesquelles I'agriculture représente la sopriteipale de nourriture et de revenus monétaires.

Quatre domaines de recherche sont définis dans cetttribution a I'analyse, a la conception et a la
gestion des agroécosystemes dans leur diversilguetvariabilité spatio-temporelle : (I) L'étudesde
propriétés et des indicateurs de durabilité demémgisystémes, avec un accent particulier sur leur
organisation, leur diversité et leur fonctionnemefi) La conception de systémes de culture inmésat
écologiqguement intensifs ; (lll) L'analyse de laahilité et des services environnementaux atteleégs
agroécosystemes ; (IV) L'élaboration de méthodemgiour I'analyse des compromis, opportunités et
conflits entre acteurs dans la gestion de resssunegurelles, intégrant les dimensions sociales et
écologiques des agroécosystemes.

Un intérét particulier est porté sur les propriégés se rapportent a l'organisation, a la diversit@& la
dynamique des agroécosystémes, en effet ces peEmprsédnt déterminantes sur la vulnérabilité et la
capacité d'adaptation des communautés ruralesinDiesiteurs de la vulnérabilité et de la durabitias
agroécosystemes seront établis pour caractérisevdeiabilité dans I'espace et le temps (domainkd
structuration de la variabilité et de la diversigra analysée dans le but de raisonner et optildser
interventions technologiques et mesures incitatdass le cadre d'opérations de développement (par
exemple, des gradients de fertilité du sol, I'atiigoie des paysages agricoles, la diversité de gecetde
stratégies de vie rural).

L'intensification écologique des systemes de celtaorrespond a une plus grande efficience des
ressources naturelles (le rayonnement, I'eauglésents nutritifs) et sociales (terre, capitaihtin
d’ceuvre). Des mesures pour améliorer I'optimisatienl'utilisation des ressources seront explorées
(domaine 1) avec pour objectif lintensificatiorurdble des productions, a travers notamment la
diversification dans I'espace et le temps des syestale culture. Une premiére étape dans la conoeghi
systémes de culture efficients en terme de resssuest de porter un diagnostic sur les proceddes e
facteurs qui rendent le systeme traditionnel péinaefe (analyse des écarts au potentiel). L'évialuates
causes de la variabilité des rendements obtenuepgraysans et la mise en place d'essais en Iparcel

3ce projet de recherche a été congu en anglaisangaé en laguelle je m'exprime facilement et avécigion. Favorisant un
texte approprié en anglais au-dessus d'une tratugdiuvre en francgais, j'ai gardé la section entiécrivant le projet de
recherche en anglais. Ce qui suit est un résuméitrem francais.



paysannes sont deux méthodologies que l'autewe geofet a appliquées intensivement et qui fouemss
des informations de valeur inestimable pour la eption de systémes par la modélisation et/ou le
prototypage.

La capacité d'un agroécosystéeme a fournir desceamnast déterminée par ses propriétés intrinseques,
aussi les fonctionnalités attendues doivent éttégnée des la phase de conception. Les recherches a
conduire dans le domaine Ill visent a comprendmaexturer le déterminisme de facteurs agronomiques e
écologiques sur les fonctions attendues. Sansedirdria définition conventionnelle de la durabilitasée

sur des considérations sociales, économiques éoanementales, ce projet de recherches définit les
agroécosystemes durables comme étant ceux qujredtei des niveaux acceptables pour les différents
indicateurs qui les caractérisent (par exempléafite, diversité, stabilité, fiabilité, résiliesic

Les agroécosystémes tropicaux conduits dans ddeitatipns familiales ont pour caractéristiquesrleu
diversité, leur hétérogénéité et leur dynamiquejdttoire). Ces caractéristiques de systemes én pet
paysannat devraient étre prises en compte desakeple conception des interventions dans le cadne d
gestion raisonnée des ressources naturelles. Qeancessources deviennent moins abondantes et/ou
dégradées, comme c'est souvent le cas dans desg&yiforte densité de population, les transfests d
ressources entre écosystémes tendent a augmentercréer des situations conflictuelles qui vont a
I'encontre d'un équilibre général au niveau duesystagraire. Le domaine de recherche IV a pouctibje
développer des méthodologies pour I'analyse eipld® tels conflitst(adeoff§, en tenant compte de la
dimension socioculturelle de lI'agroécosystemejdtilf étant de contribuer a la recherche d'altévea a

ces situations conflictuelles par l'intensificatagricole.
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Agroecosystem properties, diversity and spatio-tengral variability — Implications for their design,
analysis and integrated management

Summary

Multifunctional agroecosystems should meet the delwaof an increasing world population, while ensgri
environmental quality and viable local livelihoodghieving the desirable agroecosystem servicetions, as well
as minimising their associated externalities, ddpkmgely on strategic (design) and operational n@gement)
decisions taken by agents who pursue differentabbjes and are involved at different scales, cadirby the
possibilities offered by the broader biophysicatl @ocio-economic (past and present) environmeritis. fesearch
project aims at:

() formalising and fine-tuning methodologies for theagtitative analysis, evaluation and design of
agroecosystems at different scales, with specigbhasis on studying properties related to their
diversity and spatio-temporal variability; and

(i) contributing to the (re-)design of agroecosystehmsugh the development and testing of innovative
technologies and practices, targeting in particidgstems managed by rural families for whom
agriculture represents their major food and inc@meerating activity.

Four areas of research are defined within thisgetahat aim at contributing to the analysis, desigd management
of agroecosystems while embracing their diversitg apatio-temporal variability: (I) The study ofoperties and
indicators of agroecosystems, with emphasis orr thigjanisation, diversity and functioning; (II) Thkesign of
innovative, ecologically intensive cropping systerfil) The analysis of sustainability and enviroemal service
functions of agroecosystems; (IV) The developmehtmethodologies to analyse tradeoffs, opportunitesl
conflicts in natural resource management systermbracing the social and ecological dimensions of
agroecosystems.

Of particular interest are the properties thatteeta the organisation, diversity and dynamicsgrbacosystems, as
they form the basis to understand the vulnerabdityl adaptation capacity of rural communities. datlirs of
vulnerability and sustainability of agroecosystenil be studied (Area ) in relation to their vabiéity in space and
time. Variability and diversity patterns will be stgibed and categorized to aid a better targetifig o
technology/development interventions (e.g., saililfy gradients, anisotropy of agricultural lamdges, household
diversity and livelihood strategies).

The ecological intensification of cropping systest®wuld aim at improving their efficiency in the usknatural
(light, water, nutrients) and social (land, cap#ald labour) resources. Measures will be explofadd Il) for the
sustainable intensification of cropping systemsotlgh increased diversification in space and timd batter
targeting of resources to specific socio-ecologitiahe. A first step in the design of resourceeéiit cropping
systems is to understand the processes and factdrsender the current system inefficient (yiedgb ginalysis). The
assessment of the causes of yield variability améas’ fields and the establishment of researdiston-farm are
two methodologies that the author of this projeat hpplied extensively and that provide invaluatiermation for
systems design through modelling and/or prototyping

The provision of agroecosystem functions is regalaby their intrinsic properties, which functiomglican be
influenced by design. The research to be conduatédea Il aims at understanding and quantifyihg effect of
different agronomic and ecological determinantswh functions. Without contradicting the convemibdefinition
of sustainability based on environmental, social aconomic aspects, this research proposal de$nstsinable
agroecosystems as those that fulfil acceptabldd@falifferent indicators pertaining to their vaus properties (e.g.,
efficiency, diversity, stability, reliability, relgnce).

The smallholder farms that integrate most tropagioecosystems are in general highly diverse, bgémeous and
dynamic, and therefore a single recommendation,agement plan or policy will not suit all of themh&se
characteristics of smallholder systems should besidered in the design of interventions to addiegsroved
natural resource management. Farmers face tradeodisciding on the management of their naturadbuese base,
both at individual farm and at community scale. Whesources become too scarce and/ or degradedofien the
case in areas of dense human population, agrieu#tnd resource ‘harvesting’ tend to expand ontacadjt natural
ecosystems, obviously conflicting with nature camaton. Research Area IV aims at developing mettmgles for
the explicit analysis of such tradeoffs, accountiiog the influence of the socio-cultural dimensiof the
agroecosystem, and to propose ways to curtail saolds through agricultural intensification.
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1. Introduction and research aims

The integrated management of agroecosystems itef¢ihe set of principles, decisions and practites t
propend to achieving the various service functitres are desired/ expected from them. These may
include the production of food, fibre and energwatevshed protection and regulation of the local and
regional hydrology, conservation of (agro) biodsigr and habitats, carbon sequestration, or the
preservation of the rural landscape, local tradd#lolivelihoods and their cultural inheritance. The
willingness to achieve two or more of these objedisimultaneously often places decision maketldn
face of trade-off situations. Such trade-offs maketplace between objectives that are relevariffateht
scales of intervention or more to certain actomntiio others. Frequently, the achievement of one
objective may be associated with one or more negatxternalities. Less frequent, but yet plausiate,

the cases in which synergies between objectivegrewin situations are found.

While management refers to principles-put-in-piaetivithin the realm of operational and/or tactical
decision-making, the simultaneous achievement afoma agroecosystem service functions requires
strategic design. In most cases, however, the wesigeals with existing agroecosystérasd thus
strategies are laid out for their re-design. Bixeanteevaluation of the newly designed system allows
testing its performance and eventually revisingsitsicture in relation to expected levels of sexsiand
externalities. Simulation modelling may have an antant role to play in such design-evaluation cygcle
through their use in prescriptive studies (projwii predictions, and explorations), scenario a@slgr
monitoring and evaluation. However, an appareritlyple question that is often difficult to answer is
what needs to be modelled? One of the major taskhis research project is to build-on from the
following answer: what needs to be modelled isldbbaviour of different indicators that reflect oore
more agroecosystem properties of interest.

A model, in the broadest sense of the term, caddfimed as a simplified representation of a sysiem
study its behaviour; and the system itself as atdinpart of reality containing interrelated elern
(Lefelaar, 1999 This limited part of reality, with all its elemts and inherent complexity has been
defined as an ontological system, a real, tangdbke, and its representation as a semiotic systéso-(
Domenech, 2004 Many different semiotic systems may be definedrd@present a single ontological
system. Such representations may be done usirgretitf techniques and languages (e.g. mathematics, i
the case of simulation models), they always implyegree of reductionism, and the final outcome (the
model) depends on the observer and its objectimestfidying the system. It is to be noticed thathsu
reductionism takes place in any attempt to simghify real system for its study or intervention,lsas
when building a mathematical model, designing gredrent in the field, isolating a micro-organism i
the laboratory, or when choosing the scale and dnigs of a system or the relevant actors in aimult
stakeholder process.

Further, the simplification of reality to build th&emiotic system is normally done by assuming (i)
‘average’ conditions at which the system can bendo@nd (i) modal representations of its structig
disregard the variations in form that may — initgat describe a continuum. The representativeoétisze
semiotic system, based on these two assumptiong, bmahus threatened by two elements that are
certainly inherent to agroecosystems: their divgrand spatio-temporal variability. These two eletse
not only represent constraints to a good repretientaf the agroecosystem, but they may also be
associated with desirable characteristics that eerde system more stable, more reliable or more
efficient. Recognising these characteristics obagosystems is a pre-requisite to improve the impgc
agricultural research for development. The othejomtask of this research project is thus to prepos
ways of embracing agroecosystem diversity and bdit\in space and time into the design of strageg

4 Among the various definitions available, | referagroecosystems following Gordon Conway’s (198&jrbecosystems are
ecological systems modified by human beings to gpeedood, fibre or other agricultural products”f ladding ‘services’ to the
list of agroecosystems outputs. Although the bimalgcomplexity of the natural ecosystem may beé dosing its transformation,
new dimensions of complexity arise in the agroestesy from the interaction between socio-economittaalogical processes.
® Interestingly, a well known ecologist @slum (1985 defines systems as “Groups of parts (or sub-sy&téhat are interacting
according to some kind of process”, including thé&an of an overall ‘process’ but excluding thedds a ‘boundary’ delimiting
the system. When dealing with natural ecosystenisdifficult to establish their boundaries withnse degree of exactitude.
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to target technology and management innovationsngimt sustainable development and equity across
rural regions.

Meeting the demands of an increasing world poputatirom 6.5 billons nowadays to more than 9 b#lon
in 2050), while ensuring environmental quality @eevation of habitats and biodiversity, reduced
environmental impact of agriculture) and viabledblivelihoods poses serious challenges to agricailt
research for development. Achieving the desirabteecosystem service functions, as well as minigisi
their associated externalities, depend largelyt@iegjic (design) and operational (management)siets
taken by agents who pursue different objectives amrdinvolved at different scales, confined by the
possibilities offered by the broader biophysicall @ocio-economic (past and present) environmeihts. T
research project aims at:

(iii) formalising and fine-tuning methodologies for theagtitative analysis, evaluation and design
of agroecosystems at different scales, with sperigihasis on studying properties related to
their diversity and spatio-temporal variability;dan

(iv) contributing to the (re-)design of agroecosystehmeugh the development and testing of
innovative technologies and practices, targetingpamticular systems managed by rural
families for whom agriculture represents their mdgmd and income-generating activity.

The various research lines to be developed withisidontext respond to the mandate and incumbehcy o
the research unBystemes de Culture AnnuéBCA 102) of theCentre de coopération Internationale en
Recherche Agronomique pour le Développeni€iRAD), and in particular to the priority reselaraxes

of the Team 1, CESCACpnception et Evaluation de Systéemes de Cultureuéign Although not
restrictively, this research project places emghasthe analysis of smallholder farming systemisictv

are the main target of this organisation. In prasgrthe different research lines, examples of enity
on-going or recently past research conducted byathikor will be used whenever pertinent. A succinct
theoretical account and literature references Herrhain concepts sustaining this project (Sectiois 2
followed by the definition of the major researchels and a brief description and illustration offeat
them (Section 3).

2. Concepts and definitions

2.1 Agroecosystem properties

Systems theory coined a wide array of system ptiggeof which some are used more or less frequentl
in analysing social, biological or cybernetic systefNVeinberg, 2002 Agroecosystems are amongst the
latter; unlike natural ecosystems, these are systgith well-defined goals. Of all the useful anaésy
established between ecological and human systémssresearch projects follows the conceptualisation
proposed byConway (198Y: the goal of an agroecosystem may be definelddrfdrm of increased social
value, its boundaries have a social dimension, theybe characterised by a set of dynamic progetisg
describe their behaviour, and they can be defisedl lderarchy of nested systems at which bottonthiay
crop field or the livestock paddock. The agroecteys properties defined by this author were
productivity, stability, sustainability and equitliy. Later theoretical work used these concejtgd-
define sustainability at the core of multiple direiems and propertied §pez-Ridaura et al., 20D2
According to this view, productivity, stability, Irability, adaptability and resilience are all #itrtes of
sustainable agroecosystems, from which relevamtaiols can be identified.

System properties, with particular reference taagosystems, will be grouped in two main types: (1)
those that reflect the behaviour of the system iddipg on its own internal structure and functioniagd

(2) those that reflect its behaviour in the facelmdnges in any external or exogenous variabléngyior
influencing the system. This implies that the stadlyhe properties of a system starts from itscstnal
and functional characterisation, identifying andaeing the links between structure and function (
between pattern and function, for certain systgmesy. The various elements that constitute thenidiefn

of a system (scales, hierarchies, detail, bounslademponents, interrelations, inputs/outputs) ted
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study of its behaviour (dynamics, functions, pug)agpresent different steps in systems analysisther
words, analysing a system is building a formal espntation of it to study its properties. While
agroecosystems diversity may be assimilated tesystproperties grouped in type 1 (structural),rthei
spatio-temporal variability is associated with batructural and functional (behavioural, type 2)
properties.

Stability Reliability
Figure 1: The theoretical curves represent
the evolution of a certain target variable
(e.g., an indicator of agroecosystem
productivity) in time. Stability refers to the
capacity of the system to ensure the same External variable
level of the target variable, albeit normal va“
oscillations, over the period of time

considered. In this definition, stability Time Time
depends on the systems’ own structure; loss

Target variable
Target variable

—— Tr——— T\ —

2 Resilience 2 Adaptability
age. . © [
of stability in an agroecosystem may take % 5
place due to soil nutrient depletion, for :-} %7
i ili ili - = w
example. Reliability, resilience and V

adaptability are properties of the system in
relation to the behaviour of an external External variable
driving variable. In the face of normal WWWJW %Wble
oscillations in the latter, an unreliable

system will exhibit large variability in the
level of the target variable over time.

When there is a shock due to a sudden but tempohayge in the level of the external driving vaieala resilient system will
recover the level of the target variable fastentha un-resilient one (and may be also less affelyethe initial shock, more
resistant). When there is a permanent change ifetlet of the external variable, which may be abrias in the figure) or more

gradual, a non-adaptable system exhibits an irsg@serdecline in the level of the target variableotime. (Schemes adapted
from Masera et al., 1999

Time Time

The properties of agroecosystems targeted in thigeqt include productivity (efficiency), stability
(constancy), reliability, adaptability and resilben(Figure 1). The latter three are propertieypé 2, i.e.,
they describe the response of the system in the dachanges in an external driving variable. These
properties are also closely related to agroecosysténerability, often defined as a property thepends

on a system’s exposure to an external hazard anéhlierent sensitivityL{ers, 2005 Two other
properties targeted hare are diversity, complegity organisation, which serve to characterise the
structure of the agroecosystem (type 1). In accarelavith the definition of agroecosystems adopte h
(cf. Conway, 198y, viewed as multi-level hierarchies of nested eys, indicators of diversity,
complexity and organisation must be defined fohedifferent scale of analysis. This definition, rewer,
may not be easily married with that used in thessital French school of agronomy (dfore et al.,
20006); attempts to homologate both are briefly discdssehe following section.

Diversity, in its widest sense, comprises the diitgrof livelihood strategies in a certain locatialiverse
land use, management and marketing strategies)tdwration of production activities (e.g. cropdstock
interactions), the association of crops and crdpvews in space and time, or the maintenance atge
agro-biodiversity in the system. The efficiencytle utilisation of natural, economic and sociabrgses

in agroecosystems — which particularly in smallleoldgriculture goes far beyond the partial use
efficiency of a certain input — relies on one orren®f these diversification strategies. The term
biodiversity,senso strictpwas first used bipasmann (1968o refer to the variation of life forms within
an ecosystem, biome or the plangaston and Spicer (2004efined it as the total number of genes,
species and ecosystems in a given region. Agronmcgity may be seen as a subset of general
biodiversity, encompassing all forms of life relavdo agriculture: crops and livestock, semi-domeest
and wild plants, soil fauna and microorganismsopkfield et al., 2008 A wider definition may include
also the diversity of local agricultural practicesd rural knowledge.
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Knowing the structural diversity of a system may suffice to explain its behaviour; the way in white
diverse components of the system relate to eadr stiould also be known. Indicators of complexitd a
organisation were derived from communication saeand first used in economics hgontief (1951,
1966) and later introduced into ecology Bannon (1973)Indicators such as average mutual information
(AMI) and ascendency (A) were proposed Whanowicz (1997, 2004)o characterise the development
capacity (in terms of increased organisation) dafl@gical systems, and used recently in comparative
analysis of agroecosystem®ufino et al., 2009a An indirect measure of organisation of an
agroecosystem is its energy and entropy bala®dgeezhev (2000proposes the use of such concepts of
thermodynamics to assess the sustainability ofemgisystems, based on the principle that an ecosyste
in equilibrium with its environment has a certatapacity’ to absorb anthropogenic stress thatgslated

by its capacity to expel entropy back towards tingrenment (the ‘entropy pump’). This capacity, aini
emerges from different agroecosystem propertigspeaused to characterise agroecosystems health.

Most of the properties mentioned above are, of smusimultaneous and often interdependent; e.g., a
diverse and stable system may at the same timerisdered reliable, adaptable or resilient. Obperstito

this rather normative definition of system propestare not few, particularly because measureménts o
indicators taken in real agroecosystems rarelyodipre the neatly-drawn theoretical curves in Fidure

In the words ofMacArthur (1968, “Ecological patterns, of which we construct tties, are only
interested if they are repeating [...] in space amegt{...], and yet these general events and patimms
only seen by ecologists with a rathurred vision The very sharp-sighted always find discrepanaies

are able to say that there is no generality, ondpectrum of special cases”. Such blurred visiomgckv
should not be confused with compromise scientifgour (Grime, 1979, refers to the capacity to
recognise that which is general, important and genduFar from being postulates of new theory, ¢hes
properties are proposed here as operational, wgpddncepts.

2.2 Hierarchies, scales and actors

When agroecosystems are defined as a nested hig@ireystems (e.d=resco and Westphal, 1988is
necessary to define clearly the various integragonls to be targeted with research and desigyur€i2
attempts to conciliate this approach with the étadsromenclature used in francophone researchfés r

to the various levels of integration relevant imi@gture. The latter are more closely associatethe
spatial than to the temporal scale. However, smost of the agroecosystems properties to be armhlyse
(e.g., modelled, monitored) depend on their dynamilee relevant temporal scale for each integration
level should be also indicated. Agroecosystemshaadly be defined at scales smaller than the plot o
larger than a countfy Under the definition adopted in this researchjgmip aggregating in space or
prospecting in time are not synonymous with upiagaf they are not done both at the same timehEac
integration level must be analysed at its rele\spatio-temporal scale in accordance with the rekear
guestions posed.

A number of crop plots and their sequencing in ticoestitute a cropping systerde( Wit, 1992; this
could be assimilated approximately with the conadpBystéme de culturased in francophone research,
except that the latter often refers to the scala sihgle plot (fa parcelle [...] 'ensemble du peuplement
végétale et le milieu physique, chimique et bigogi sur lequel 'homme agit pour en obtenir une
productioi — Sebillote, 197). Cropping systems are nested within farming sgstdSystemes de
production) together with the other production activitiestlod¢ farm. In certain agroecosystems, this level
may be comparable to ‘the crop-livestock systentiofnton and Herrero, 20R1The integration levels
corresponding to the household and the livelihaod. Giller et al., 200p are more difficult to assimilate
to the francophone terminology. They may be definedSystémes d’activitér, more generally as
‘Moyens d'existencelying in a scale somewhere in between the fagstesn and the village. The

® There are obvious exceptions to this genericistate. For example, the Great Chaco region of Soutlerica comprises large
areas of Argentina, Paraguay, Bolivia and Brazil. Besv, many different agroecosystems may be idedtifiithin this region,
which encompasses a range of annual rainfall frofntd more than 1500 mm.

15



‘Terroir' is an entity that, at least in African family &glture, may be associated with the set of
communally owned and shared natural resources frgpfields, grasslands, woodlands and water
sources) €.9. Prudencio, 1993 This level of integration is more difficult taentify in the densely
populated highlands of East and Central Africa, ieftommunally owned resources are virtually extinct
In these cases, the most relevant unit of integnas often the landscape, the toposequence, onitre-
catchment (e.gTittonell et al., 200k
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Figure 2: Integration levels at which agroecosystare defined and their correspondence with thimitlehs used by French

school of agronomy. The minimum spatial unit ofagmoecosystem is a crop plot or a livestock paddAaropping system is

the combination of crops in space and time, witie farming system is the combination of all farradarction activities (crops,

livestock and non-farm activities). The farm houddhintegrates family labour, consumption, expamgis and the different

sources of income (livelihood level). The villageddandscape levels may or not coincide dependinipe particular land tenure
system and the organisation of the rural spacéftican family agriculture theerroir villageoisrepresents a unit of communally
shared resources). In certain cases, the releeasts| of integration are represented by a watersted region and, in the

domains of policies and markets often the levehtgfgration includes countries, continents or ecoisccommunities.

Each integration level has a certain degree oespondence with a certain spatial scale, an oraEomsl
entity (decision-making/ governance) and a templooaizon Figure J. At each scale the type of agents
that hold a stake in agroecosystem management esignddiffers, and the number of relevant actors
increases while scaling up. Agroecosystems are leongocio-ecological systems, with biological and
cultural dimensions. The impact of human agencyuhh management of natural resources often
overrides the net effect of major biophysical psses. Thus, when scaling-up from soil/crop/animal
processes or their interaction at plot scale, ® lgwvels of farm household, village or region, the
interaction between biophysical and socio-econopnmcesses cannot be ignored. Some go as far as
suggesting that human belief systems should bgratied as a major component of human ecosystems
(Stepp et al., 2003 Frequently, decision-making on agroecosystemagament responds to rules and
traditions established by agents that competentegbtiate over the use of communally owned resgurce

In complex, dynamic and spatially heterogeneousesys interactions take place across spatio-temporal
scales that lead to emergent properties and sgitatory mechanismsHplling, 1973. Often different
buffering mechanisms operating at village scale rgmdrom collective actionMeinzen-Dick et al.,
2004. Next to regulatory feedbacks that may prevenalBmlder systems from collapsing, farmers
adaptive capacity and alternative strategies {krrgugh rural-urban connectivityAndersson, 2001play

a major role in systems resilience. In analogyhtdoncept of informal economiede(Soto, 2000 such
alternatives represent informal resource flowsthey are often unaccounted for in farming systems
analysis. A key step to understanding adaptatioategfies is the study of the local perceptions and
knowledge sustaining different mechanisms of indmes resilience, particularly at the scale of the
landscape and its functionality.
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2.3 Design, evaluation and ecological intensificaim of agroecosystems

The challenge of designing innovative agroecosyste&mamands a close articulation with research
activities. Reality (the ontological system) prasdresearch questions constantly, by posing ‘pnagile
that require new desigifrigure 3. The process of design synthesises knowledgergiueby research to
arrive at strategic decisions that contribute tanging realities. Unlike on the analytical pathwayere

the study of a system’s structure and functioniray roontribute to revealing its purpose, the purpufse
the new system to be designed is kn@anpriori. This dictates which functions should be integitatethe
new system and which structures are needed todwastiich functions. The continuous evaluation of
existing agroecosystems reveals problems and cdsegaestions to be addressed, most of which aim at
their eventual (re-)design.
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Figure 3: Scheme illustrating the conceptualisatibthe terms research and design adopted inehimarch project, based on the
ideas ofGoewie (1993 See text for explanation.

The ecological intensification of agroecosystens,oaginally defined byCassman (1999 aims at
satisfying the anticipated increase in food demdne to world population growth while meeting
acceptable standards of environmental quality amihmzing the expansion of cultivated areas. Theiba
idea is to reduce the gap between the current atenpal yields of major food crops in different
agroecosystems, by making an efficient use of afiyuavailable resources and applied inputs, amillity
improvements and precise management of all progludtictors in space and time. The challenges for
research on basic plant physiology, soil sciena® agroecology are undeniable. Innovative cropping
systems must be designed that rely on principlethefintegrated management of soil fertility (e.g.,
Vanlauwe et al., 2002 of weeds, pests and diseases (eRickett et al., 1997 on soil-conserving
techniques such as mulching, minimum or no tillégg., Roose and Barthes, 200bn association of
plant species in space and time (ekthp, 2000, and that exhibit less vulnerability to climaand/or
market variability.

The ecological intensification is thus by no meaysonymous with an ecological agriculture. However,
the challenge of a more productive-while-less-goityagriculture necessarily implies that agroestsy
design should aim at capitalising the ecologicalicpsses at a maximum, to render the system more
efficient and less dependent on external inpute fEadesign of agroecosystem towards more sustainabl
configuration often involves its diversificationhit has been the case in Cuba, were small and mediu
scale farmers tended to diversify their productsgstems in response to their lack or limited actess

7 Although the term agroecology has been used byoasisuch asltieri (1999) or Gliessman (199719 refer to sustainable
and/or organic agricultural practices, the termssd here to refer to the scientific discipling stadies agroecosystems (as much
as the focus of ecology are the ecosystems).
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agricultural inputs to sustain productivityigure 4. An intensive monitoring of a number of farmsidgr
the years of their transition revealed that theediified systems were energetically more efficidegs
dependent on external inputs, more productive, atiépand resilientHunez-Monzote et al., 20D8
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Specialised dairy systems (before 1990) Integrated crop-livetsock systems (since 1990’s)

Figure 4: lllustration of the diversification prasethat took place on Cuban dairy farms after thlemse of the Soviet support
and the energetic crisis on the island during ®@03s. Diversification was the spontaneous resparfisaedium to small scale
farmers to the lack of agricultural inputs, as doeated through longitudinal farm surveying (modifieom: Funez-Monzote et
al., 2009.

Next to food, fibre and energy production, ecolaliicintensive agroecosystems are expected to geovi
ecosystem serviceKremen (2005)lassified the various ecosystem services defindte Millennium
Ecosystem Assessment (20@8)cording to their functionality, into two majorogips: supporting (e.g.,
nutrient cycling, aboveground net primary produtyivor mineralisation and decomposition) and
regulating services (e.g. carbon storage, pestiesaése control, water flow regulation, or weedagion
resistance). For each specific service one or nsemice providers may be identified (e.g., trees,
vertebrates, soil microbial communities) and intice of their efficiency postulated (e.g., biomass
accumulation rate in trees for C storage; procates rof nutrient cycling, leaching and mineralimali

Identifying indicators — and their meaningful tiiekls — is an important step in agroecosystem desig
particularly when optimisation models are usedupp®rt this process. Such indicators may be expdess
as objectives in multiple criteria and multi-scalealyses, representing the goals of different stakeers
(e.g. Herrero et al., 1999 or followed in time to study functional (type Pyoperties of the newly
designed agroecosystem (eTjttonell et al.,, 2009a The definition of meaningful indicators and
thresholds allows also for the negotiation and igigdtory prototyping of desired agroecosystem
functions. Negotiation and discussion are of paldicimportance in the presence of tradeoffs betwee
objectives, and trade-offs mapping with the aiadnafdel exploration (as illustrated kigure § is one of
the methodologies that form the basis of ‘discussigpport systemsvén Keulen, 1996

Chjective B

Figure 5: Schematic representation of possibleetts 28" By’ |
between two objectives (A and B). Situations of By
complementarities or of strong substitution between
objectives may be encountered. A change of a certai
magnitude in the value achieved for objective4A,(from .
Aq to A)) may imply a relatively largedB’) or a relatively 7B 0 Substitution
small ¢B”) ‘sacrifice’ in the value achieved for objective B,
B, respectively. \
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Several approaches using models as discussion rsuppls to enhance participatory learning andoacti
were developed worldwide and using different tygenmdels. The Companion Modelling Approach
(Busquet et al., 1999s one of them, which combines participatory samlch as role playing games with the
simulation of the interaction between actors irommunity using agent-based modeling techniquesséhe
types of tools are well suited to analyse confliat&l compromises between the social and ecological
dimensions of agroecosystems (e.g., in human-nawméicts such as forest encroachment, drainage of
wetlands for cultivation, biodiversity and habititgradation, etc.).

The type of future-oriented @x-antestudies to be used in agroecosystem design ardatiom may be
classified based on two criterigaf Ittersum et al., 1998their degree of uncertainty and the degree of
causality that is known on the processes beingiesludJncertainty is often associated with the time
horizon of the scenarios analysed (e.g., ‘whaikislyt to happen next year’ vs. ‘what if the world o
market collapses in 20 years’). According to thigssification, when uncertainty is low, but littie
known about the relevant causes and effects gowgkey phenomena (e.g., when an empirical function
is used), the study is defined as a projectioril @&tider low uncertainty, but when causality in@es
(e.g., when using a mechanistic, process-basedIjndue study is defined as a prediction. When gisin
mechanistic, high-causality approach to study siesaf large uncertainty, the study is definedaas
exploration. Finally, when analysing highly uncertacenarios using empirical, descriptive toolsmagy

be in the presence of a speculation.

3. Proposed research areas

Four areas of research are defined within thisgotgjhat aim at contributing to the analysis, desigd
management of agroecosystems while embracing diesrsity and spatio-temporal variability. Each of
them contains several research lines. The first deals with properties and indicators of agroestesys,
with emphasis on their organisation, diversity dadctioning. The second area targets the design of
innovative, ecologically intensive cropping systearsd the third one the sustainability and envirental
service functions of agroecosystems. The fourtbaeeh area targets methodologies to analyse trifzdeof
opportunities and conflicts in natural resource agament systems, embracing the social and ecologica
dimensions of agroecosystems at different scalbs. four research areas and their integration levels
scales, and methodologies are presented in Table 1.

Table 1: Research areas to be targeted in thisgbrapa their main integration level of incumbenspatial scales, and
methodological tools

Research area Main integration levels Spatial scale Tools andhods
I. Indicators and properties of Cropping systems to From plot to Data meta-analysis
agroecosystems agricultural sectors region, country Dynamic modelling
Surveying and field
measurements
1. Design and evaluation of Cropping systems Plot(s) Field experiments
ecologically intensive cropping Crop-soil modelling
systems On-farm testing/ adaptation
I1l. Sustainability and Cropping systems to Plot, farm, Field measurements
ecological services of watersheds, agricultural landscape, region Monitoring and evaluation
agroecosystems sectors Dynamic modelling
Data meta-analysis
IV. Tradeoffs, opportunities Production systems (crop- Farm, village, Farm- and village-scale bio-
and conflicts in natural livestock), livelihoods, territory, region economic modelling
resource management systemscommunally shared areas, Surveying and field
watersheds, buffer zones of measurements
natural reserves Participatory research and
prototyping

Agent-based modelling

19



The following sections elaborate further, thougtefty, on each of these four areas, presenting gksn
of research questions, methodologies and on-goésgarch. In view of the strategic nature of this
research project (i.e., research questions to po®d during the next 10 to 15 years), the objesti
pertaining to each research area were expressegdrasically as possible, without circumscription of
cropping system types or specific locations. Thérfecus of this research, however, remains on Isimal
medium scale farming systems.

3.1 Indicators and properties of agroecosystems —@anisation, diversity and functioning (Area I)

This research area will tackle the following gea@fjectives:

(i) To develop/ refine methodological tools for taealysis and monitoring of structural and funcdion
agroecosystem properties by means of indicators

(i) To study the relationship between agroecosysygoperties and their performance in terms of
productive and environmental service functions

(i) To analyse the role of different categorie§ \@riability and diversity on the functioning of
agroecosystems and their implications for the desfgnterventions

Of particular interest are the properties that teeltoo the organisation, diversity and dynamics of
agroecosystems, as they form the basis to unddrstenvulnerability and adaptation capacity of kura
communities (e.g., in the face of climatic change,new demands for agricultural resources such as
biofuels, etc.). Indicators of vulnerability andsgainability of agroecosystems (e.g., vulnerabsityfaces,
entropy balances) will be studied in relation teitlvariability in space and time. Variability adtversity
patterns will be described and categorized to aicbedter targeting of technology/development
interventions (e.g., soil fertility gradients, astiopy of agricultural landscapes, household dite@nd
livelihood strategies). The following paragraphscdiss some examples.

Table 2: Some of the indicators used in the netvemrdysis of N flows in agroecosystems of the kgtsof East and Southe
Africa by Rufino et al. (2009)

Indicator Calculation Reference

Indicators of network size, activity and integratio

n

Imports IN=3>7,
i=1
n no,
Total Inflow TIN=X z,- X (Xi )_ Finn (1980)
i=1 i=1
n
Compartmental Throughflow T = Z fi,- +z, - (K ),
=1
n
Total System Throughflow TST= ZT
i=1
n
Total System Throughput T.= ZT” Patten and Higashi (1984)
ij=1
TS
Finn’s Cycling Index FCI :?:EI' Finn (1980)
Dependency D=IN/TST

Indicators of organisation and diversity

nt2n T T T.. Ulanowicz (2001), Latham and
Average Mutual Information AMI=k ¥ ¥ —'Iogz I Scully (2002)
i=1j=0 T.. Ti,T,j
Statistical uncertainty (Diversity) Hr=-3Y —log,—
T .

j=0T-

Notation: 7 are N inflows to each system compartmen) kbm the external environment, pepresents the change in storage of a compar
and f represents internal flows between compartmengs, (leom H to H)

The organisation of agroecosystems (nutrient cgcéifficiencies, information flows, energy balances)
will be studied using network analysis technigusfino et al. (2009ajlescribe a first application of this
methodology to the comparative analysis of N flams food self-sufficiency between smallholder crop-
livestock systems of Ethiopia, Kenya and Zimbabwhe main hypothesis behind the use of these
indicators is the fact that agroecosystems congemwperties of the natural ecosystems for whiclsehe
indices were derived. Farm systems are conceptdabs networks, in which the household and the
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farming activities represent the compartments aed\t flows the connections between compartments. In
the referred example, indicators assessing netsinek activity, cycling, organisation and diversitythe
N flows (Table 2) were compared with indicatorgpodductivity and household food self-sufficiency.

The results of this exercise revealed that althdbhghamounts of N cycled were small and comparable
all sites (< 2.5 kg N capita-1 y-1), resource udieiency and dependency on external resourcesgrdiff
widely between these apparently ‘comparable’ agregstems Kigure §. System performance was
positively related to N flow network size, its onggation and N cycling. These findings contribute t
hypothesise that an increased organisation of resotycling within resource-limited agroecosystems
may render the systems more adaptable, less vbleera

* B)

Figure 6: Biomass production plotted against (A) N
imports and (B) Finn’s cycling index for farm
households of different type at three differenesit
Tigray (Ethiopia), Murewa (Zimbabwe) and Kakamega
(Kenya); and food self-sufficiency, (calculated the
ratio of food produced on farm per capita divided b
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Agroecosystem vulnerability and adaptation capaweitybe assessed computing ‘vulnerability surfaces
as proposed byuers (2005) The method is based on disaggregating the prolodéonmeasures of
sensitivity and exposure (x axis), the state ofdhgtem relative to a reference threshold (y axig) a
third dimension that represents a vulnerabilityeidz axis). The main value of the analysis is ihat
provides aquantitative measure of vulnerability that allows comparingeaiaitive agroecosystem
configurations and analysing scenarios. The propleowever, resides in establishing the relevant
indicators and thresholds for the analysis. Prelary results form on-going researchitionell and
Corbeels, unpubl indicate the importance of selecting meaningfiubsholds, which may be established
through the participation of the community, throuble use of modelling, historical data, etogure 7
illustrates an example of vulnerability analysiswdize-based agroecosystems in semi-arid Zimbabwe.

Agroecosystem diversity and spatial variability ik categorised through the development of system
(farm, field) typologies and classification trees &id decision-making and design of targeted
interventions. Farm system typologies based onurescendowment, production objectives and systems
dynamic (farm development cycles) were proposedsfoallholder farms in the highlands of western
Kenya (Tittonell et al., 200b and later expanded and tested across smallhejdtems of East Africa
(Tittonell et al., 2009p The approach combines field observation and estimg with multivariate
statistical techniques. Current researthitgnell & Giller, unpubl) aims at generalising a typology of
smallholder farming systems across sub-Saharawrafrdentifying relevant thresholds to inform pglic
and development efforts.

The use of classification and regression tree (CARTalysis for agricultural applications is incipie
(e.g.,Shepherd and Walsh, 2002; Martius, 2004t promising. CART analysis is widely used indical
science to produce diagnosis from a set of loosetyelated symptoms (e.dCrichton et al., 1997 Its
application as a diagnosis tool to identify andegatise patterns of variability in agroecosystemg.(
responsive or non-responsive fields) is a targetaech field for this project. The potential ofstmethod
may be reinforced through its combination with fiiegressive calibration of less costly, rapid aftdro
remotely sensed diagnosis tools such as the useeaf and mid infrared spectral reflectance to
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characterise soil quality (e.dljttonell et al., 2008a CART is potentially suitable for the analysis of
heterogeneous, multi-functional landscapes, linkiagterns of landscape anisotropy (niches) to agro-
ecological services. On going research in smalldugar-cane based cropping systems of Kenya
(Moraine, Clouvel & Tittonell, unpuBl.is already surveying local perceptions of thearlandscape to
document the rationale in the spatio-temporal asgdion of the agroecosystem.
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Figure 7: Preliminary results from a vulnerabildgsessment of maize-based agroecosystems to Iraarfability in Makoholi,
Zimbabwe, using the concept of ‘vulnerability sedaproposed byuers (2005)Long term experimental data (A) has been used
to establish empirical relationships between rdlirdad biomass yields of maize; visual examinatainthe data distribution
indicated threshold biomass yields of 4.4 tthahen the seasonal rainfall is less than 437 mntr@p simulation model
calibrated against these data allowed simulatirenagos of fertiliser application to maize. Sucimdations were used to
calculate the resulting vulnerability of maize puotion to rainfall (B) under different N managemeagimes. The grey lines in
panel B should be read as contour lines in a retigh, with vulnerability (v) increasing towards tlesver-right corner of the
graph. These preliminary results indicate to whatmt large doses of N fertilisation may rendes thystem more vulnerable to
rainfall (Tittonell and Corbeels, unpubl

3.2 Design and evaluation of ecologically intensiva@opping systems (Area Il)

This research area will tackle the following gea@fjectives:

(i) To contribute to the design, adaptation antirig=f innovative agricultural practices and stgages for

the ecological intensification of agroecosystems

(i) To indentify the main (yield-limiting and yidtreducing) factors responsible for the gap between
current and attainable crop productivity and meastw curtail their effect

(i) To analyse the role of diversification of tlmopping systems in space and time in providirg th
necessary ecological services to maximise resageefficiency and minimise externalities

The ecological intensification of cropping systesh®uld aim at improving their efficiency in the use
natural (light, water, nutrients) and social (laedpital and labour) resources. This research waika
explore measures for the sustainable intensifinatfocropping systems through increased divergitica
in space and time and better targeting of resourcespecific socio-ecological nicfesResource use
efficiency is conceptualised as the product betvwiberability of the cropping system to capture (erq
intercept, absorb) resources and to convert thémpiroducts of interest:

Productivity = Resource availability x Resourcetoag x Resource conversion

A first step in the design of resource-efficiermping systems is to understand the processesaatuts
that render the current system inefficient. Theessient of the causes of yield variability on fashe

& The concept of a multi-dimensional ‘socio-ecolagigiche’ to which technologies should be targétas been
used to design the promotion of legume-based tdahies in smallholder African systems Byiem et al. (2006).
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fields and the establishment of research trialfaom are two methodologies that the author of pinigect
has applied extensively (e.g.ittonell et al., 2007a; 2008b; Vanlauwe et al, 0Misiko et al, 2008;
Fermont et al, 2008; 2009; Ebanyat et al., 20&¥@d that provide invaluable information for syste
design through modelling and/or prototyping. Thasevities have also contributed to analyse yiegsy
and indicated that soil variability, typical of sithalder farming systems of East Africa, affectsoerce
use efficiency operating mostly on the efficiendyresource capture=igure 8illustrates with a simple
scheme the importance of considering spatial smilability in the form of ‘soil fertility gradientsto
ensure efficient use of resources, overcoming tikireés of ‘blanket recommendations’. However,
ecologically intensive management goes far beybacefficient targeting of nutrient inputs; therealso
ample room to narrow yield gaps through basic agmo management(gure 9.
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Figure 8: An example of moving from on-station Igido decision rules for niches of soil fertilityh dheterogeneous farms.
Fertiliser experiments provide information on crepponses to nutrient inputs. Based on this, a rahgensible’ input rates can
be identified that ensure biophysically efficiemput use, avoiding negative externalities to thérenment. Theory indicates that
the amount of inputs to be added depends on tlemdalbetween necessary investments and econominggboth affected by
market conditions). However, adding nutrient inpunay result in highly variable crop responses acspatially heterogeneous
farms. In smallholder farms as small as 0.5 hddfigpes’ can be identified that are: poorly resgive fertile fields (normally the
home fields), responsive or poorly responsive tiléefields (normally the outfields). For an efficit use of nutrient inputs, these
should be ‘targeted’ to the most responsive fiedighe farm. For example, fertilie home gardens rbaymanaged with
‘maintenance fertilisation’, whereas poor field®ghl be rehabilitated with long-term additions efanic matter before they can
response to nutrient inputs. This means also Heainhpact of input use should also be analysediderisg time horizons longer
than a single season. (Read mavew.africanuances.jl

Innovative cropping systems should not only be welifforming by themselves, but also well integrated
within the wider farming and livelihood systemschirologies that may be promising from a biophysical
point of view may be ignored by farmers when theiplementation is incompatible with the broader
system they manage. This is often the case witBawation agriculture in Africa, because of itsagee
demand of labour for weeding or of crop residuebdaised as mulches (where they represent the main
source of livestock feed during the dry seas@ildr et al., 2009 Research conducted in this area will
also contribute to informing the current investnsemt agricultural productivity in Africa, led by eh
AGRA? consortium ww.agra-alliance.ofg some of the main bets of this initiative inclutie integrated
management of soil fertility, greater access andemefficient use of water, the dissemination of

9 AGRA: Alliance for a Green Revolution in Africa
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biological N-fixation and improved legume germplasmnd the intensification of traditional food sdatur
crops (e.g., cassava).

[ Current farmers' yields (with or without fertilisers)
Figure 9: AVerage maize grain yle|dS under farmers’ 1 Control yields (no fertiliser) under researchers management

and researchers’ management in 160 fields (60
households) located at different distances form t@
homesteads in western Kenya. Current maize yie@jé 44
were measured on fields that may have receivedor n2
manure and fertilisers. Experimental plots weré

B Yields with NPK fertiliser under researcher management

N = 60 households

Gap 2

conducted by researchers on the same fieIdé’,

employing improved maize varieties and proper cro‘é ] 31 [
husbandry (e.g., early planting, weeding, etc.Jfbla o | ©.

the experimental plots received NPK fertilisersg \

Researcher managed plots that did not receive o
fertilisers (control) yielded on average betweeB O.

and 1 t hd more than under farmers’ management. Distance from the homesteads

This yield gap (1) is due to agronomic managemedtlargely attributable to labour shortages on-fafertiliser response under
researchers’ management represents the yield gdpe2sum of the yield gaps of type 1 and 2 reptsstte potential yield
improvement that may be achieved through interatific.

Close fields Mid-distance fields Remote fields

Integrated soil fertility management (ISFM) is kredge-intensive, rather site-specific, and its
implementation cannot be promoted all-at-on€&yre 10Q. The gradual testing and integration of
individual technologies, in combination with incsgay knowledge built in the communities and the
necessary adaptations to the local conditions ap@esathe most sensible approach for the disseiminat
of ISFM. This research project aims at contributioghis process through the testing and adaptation
ISFM technologies in space and time, with the ditledd experimentation and scenario analysis thtou
modelling.

>
(8]
Figure 10: Steps towards the implementation of &
integrated soil fertility management (ISFM). Quick %
steps in terms of increasing agronomic efficiency E
can be achieved on responsive soils (A). Poor el
responses to input-based technologies may be 5%
expected on less responsive soils (B) which may
i Responsive soils
need proper organic matter management before they e _______ Pocr, less responsive solls
can respond to inputs (C). Full adoption of ISFM
can only be achieved through local adaptation and Current  Germplasm ~ Germplasm  Germplasm
v buildi Ad 4 fromvanl | practice & fertilizer & fertilizer’ & fertilizer
capacity building (Adapted fromVanlauwe et al, + Organic + Organic
2002. resource mgt resource mgt
+ Local
adaptation

Move towards ISFM

‘Full ISFM’

Current research in cotton-based cropping systeinfogo (Kintche, Guibert, Cretenet & Tittonell,
unpubl) and in northern ZimbabweB&udron, Corbeels, Tittonell & Giller, unpupland in different
cassava production basins of sub-Saharan Afdea/fies, van Wijk, Tittonell & Giller, unpublaims at
testing in space and time, and on farmers’ comtfitiadifferent management alternatives to improve
resource use efficiency that include combinatiofisomanic and mineral fertilisers, legume-cereal
rotations and intercropping (spatio-temporal difeation). To further illustrate the type of quiests that

will be covered in this research area, Box 1 prissan example of research that is taking placeher
design of innovative sugar cane cropping systemisairReunion, aimed at meeting the demands from
different sectors of society with a more ecolodicafficient agricultural production.
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Box | - Ecological intensification of sugar canen Axample of research on a new cropping system

Sugar cane production is the main agriculturalvigtion the island of La Reunion, taking place affetlent
agroecological zones (form 0 to 800 masl) and typiés, rainfed or under irrigation. Sugar produittivelies
heavily on the use of external inputs, particulariineral fertilisers used in large amounts. Ondtieer hand,
intensive livestock production on the island (daipprk, beef, poultry) is sustained on feeds that mostly
imported from abroad, generating nutrient surplusmianures and slurry that must be disposed safdig.
disposal of such surpluses, as those from the sudastry, poses a serious problem on the islandlo&er
integration of both industries, particularly thréugransfer of animal manures to fertilise cane, basn
proposed. The demand for slurry to fertiliser sugsne increased last year (2008) due to the ineliegsrice of
mineral fertilisers. A new law has been passed pha¥ents new pork production enterprises frombdistasing
without an adjacent area of crops that can ab$erislurry produced. Longer-term alternatives, haweshould
contemplate a more integrated type of productiostesy through promoting mix farming (i.e., in sifu
integration); although this is yet far from beiragdlly acceptable and/or feasible, it is necessamnticipate
such trends and start researching alternative ptuoiusystems. A step towards integration is thsigie of
multi-functional sugar cane cropping systems ablprbvide also quality fodder for livestock. Evidenof the
existence of market for fodder is the current commadéisation of sugar cane stover to feed livestock

Alternatives are being proposed/ tested for thdogical intensification of sugar cane cropping sys$ in La
Reunion, particularly among farmers of small scélased on experiences from sugar cane agroecosystem
around the world (Cuba, Australia, Mauritius). Alteenative cropping system (prototype) is proposieat
relies, among others, on the following technicabmees:
1. Changing the plantation frame from the currentamif inter-row spacing of 1.5 m to planting in dual
rows at 0.5 m, with inter-row distances of 1.3-h4RJ: ‘ranges jumeles’);
2. Introducing legumes in the system, as cover cropbetween sugar cane cropping seasons, and as
intercrops in between sugar cane rows (under RJ);
3. Using disposals from the animal industry to replaceeral fertilisers;
4. Using sub-products from the sugar industry to replaineral fertilisers and soil pH correctors.

A number of advantages are expected/ hypothesisdti§ new cropping system:

(i) Less soil disturbance, since tillage is dondyain the dual row space (a band of c. 0.7 m) witie wheels of the
machinery run on the inter-rows that remain perm#peovered with mulch;

(i) Larger biomass production under RJ, with larGeinputs to the soil and potentially less organaiter decomposition in
the no-tilled inter-row (C sequestration);
(iif) Earlier soil cover in the season that may trinute to out-compete weeds and to a more efficiese of rain and/on
irrigation water;

(iv) Improved capture of applied/ available nuttiehy sugar cane with a more homogeneous rootitigrpaunder RJ;
(v) Possibility to grow a short-cycled legume criapthe inter-rows that may be incorporated in thé as green manurg
before the cane canopy closes;

(vi) N fixation by the legume cover crop, dependimg the species used and their performance duhiegdry’ period
(improvable through irrigation?);

(vii) Capture of nutrients becoming available frome tdlecomposition of the sugar cane residues dtimmdallow period by
the cover crop;

(viii) The points above would also imply increadediliser use efficiency at system level and itfs coupled with use of
organic nutrient sources, the use of mineral feetis on sugar cane can be reduced substantially;
(ix) Quality fodder production by introduction oflegume cover crop of nutritional interest, or htercropping a legume tg
improve hay quality by collecting legume biomasd angar can stover simultaneously;

(x) Better opportunities for crop-livestock integoat, by making use of livestock disposals and mimg locally-produced
fodder (reducing import needs);

(xi) Diversification of production (i.e., the legenused as cover crop may be a grain legume sustyasan);

Although each of the technical measures to be impiged (1 to 4) presents operational questions (ghich
legume species and varieties to use as cover aepstercrops, or what are the fertiliser equinedef the sub-
products of the sugar and animal industries, howhmoan be applied safely, etc.) that require sjpe@tearch,
they are tackled regarding the system holistic&llyrrent research at La Reunigkn@rianteranagna, Marion,
Letourmy & Tittonell, unpub).is evaluating the impact of the RJ system on lissrproduction (light use
efficiency) and root development (water and nutrigse efficiency), and monitoring water and carbalances
in the traditional and the RJ systems. Screeniatstof candidate legume species such as soyhedalapl
alfalfa, desmodium, mung bean, cowpea are beindueiad in five agroecological zones in the island
(Chaballier, Marion, Letourmy & Tittonell, unpupto assess their biomass production performandeNan
fixation potential to be selected as cover cropseitween sugar cane seasons. These lines of nesepresent
first ‘steps’ to be integrated in the developmeramminnovative cropping system.
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3.3 Sustainability and ecological services of agroesystems (Area lll)

This research area will tackle the following geaatjectives:

(i) To contribute to the design and evaluation wstainable and multi-functional agroecosystemss &bl
perform their expected service functions

(i) To assess the long-tem stability (cf. Fig.af)multifunctional agro-ecosystems in face of iragiag
demographic pressure

(i) To assess the long-tem reliability (cf. Fit) of multifunctional agro-ecosystems in face ofatite
international markets for raw materials

(iv) To study the (ecological and agronomic) deteants, processes and dynamics of the provision of
environmental agroecosystem services (e.g., C seatien, biodiversity conservation, agro-ecolobica
services)

(v) To contribute to the design of strategies toak@litate the productivity and ecological funciiag of
degraded land

The provision of agroecosystem functions is regalddty their intrinsic properties, which functiorylcan

be influenced by design. This research area aimsidérstanding and quantifying the effect of defer
agronomic and ecological determinants of such fanst The design of multi-functional agroecosystem
poses research challenges at different scales aeed for their integration. On the other handremtr
trends in world markets impose new demands on @tirial systems that may threaten their sustaiitgbil
(e.g. the effect of fast growing Asian economiaghtprices for foods and agricultural inputs, thpact

of the ‘bio-fuel fever’, etc.). Without contrading the conventional definition of sustainabilityskd on
environmental, social and economic aspects, tlssareh proposal defines sustainable agroecosystems
those that fulfil acceptable levels of differentdicators pertaining to their various propertiesy.(e.
efficiency, diversity, stability, reliability, relénce — cf. section 2.1).

Soil organic carbon (C) is often proposed as aegnattive indicator of soil health and performaraeq
thus often used to monitor long-term agroecosysastainability (e.g.l.al, 1997, Bouma, 20Q2Land
that is put under cultivation without C or nutrienputs, as is often the case in smallholder fagmin
systems, looses its original soil C stocks rapidBpending on the capacity of the soils to stofegture)
and on the intensity of cropping (e.g. one versus ¢ropping seasons per year, type of tillage,iends
(Figure 1). Current research in agroecosystems of East &fHenry, Tittonell, Vanlauwe, unpublis
assessing C stocks in different agricultural laagss, and its vertical stratification down to stapths of

1 m, to assess the capacity of smallholder systemsovide C storage services. This adds to thieear
assessment of above-ground C storage and biodivensithe same type of landscapéteifry et al.,
2009.

60 A Clayey soil (35% clay) commercial
. . A Clayey soil (35% clay) smallholder
Figure 11: Chronosequences of soil carbon after © Sandy soil (3% clay) smallholder
forest clearance in soils of different texture and v.j; 50 © Sandy soil (10% clay) smallholder
under commercial and smallholder farming. On < \
sandy soils, a low ‘apparent equilibrium’ is § 40 '\'\,
reached within ten years of cultivation without IS B
. . . © 30 \ a
inputs (smallholder). On clay soils, relatively 2
large C stocks can be maintained when inputs are S - 564
. S 5 209 o R
used (commercial). Further details in Zingore et = D oge TR
. . o X ° R
al. (2005) and in Tittonell et al. (2007a). n fake_ ° o N
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In many smallholder farming systems, where crofteess are removed from the fields after harvesieto

used as feeds for livestock, fuel or constructiatamal, the main input of C to the soil is roobiiass.
Activities are envisaged, using the method of rassessment proposed Bopart et al. (2009)to
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guantify the contribution of root C to the soilsden different cropping systems (e.g., & | for the
case of sugar cane cropping systems). Experimémdéd to evaluate the effect of additions of origan
matter of different quality on aggregate formatand soil C pools are being maintained already ifar f
years in Ghana, Kenya and Zimbabwe and used tbratdi soil C modelsManlauwe, Six, Mapfumo,
Yeboah, Mugendi, Tittonell & Corbeels, unpybAlthough the basic biophysical processes toaem C
fixation and mineralisation operate at the scal¢hef cropping system or lower, the magnitude amd th
capacity of the agroecosystem to store C is higiflyenced by processes operating at larger scéles.

Il describes preliminary ideas extracted form a Pédearch proposal that is currently being developed,
aiming at analysing the feasibility of African agomsystems to provide C sequestration services.

Box Il. C sequestration in African soils requiresalti-functional agroecosystem approach

There are a number of factors limiting C sequestnain African soils, particularly in highly popukd areas
where smallholder subsistence farming predomin@tesajor biophysical limitation is poor soil feity, which

limits plant growth and therefore also the flom@from the atmosphere to the biomass componerteoagro-
ecosystem. Many of these systems are N and P dimiempeting uses for crop residues on farmlamd&ed
livestock, as fuel or for roofing, further limitéhflow of C that has been fixed in crop biomass itite soil
component. In many areas of Africa soil erosionoacts for large losses of C already stored in sqi
Management of animal manure and composting hasriaoimplications for gas emissions, affecting e
balance at farm scale, as much as the burningafuels for cooking or heating. Use of green maswrd
leguminous agroforesty trees may have impact gb émissions, also affecting the C sequestratioanzal.

S

A strategicquestion to be addressed is: What is the impachajbr socio-ecological drivers and interactions
that should be considered when designing intereast{policies, management plans, technologiesjidoess C
sequestration in these complex agroecosystems? fhisma set of moréactical research questions can be
derived, for example:

1. What is the magnitude of the impact of curreetndgraphic dynamics on the width of options forurat resource
management strategies to promote C sequestration?

2. What are the major factors that determine apjatgpnatural resource management options for feemo differ in

access to monetary and natural resources withémtaic location?

3. How do they vary across agroecological zonesgagradients of soil types and/or under diffex@imbatic scenarios?

4. How do they vary according to distance to, amdetbpment of, factor and output markets? And haoden different
global market scenarios?

5. How can different approaches to soil managereritest integrated across heterogeneous farmgpemt to effective C
sequestration?

6. What is the role of social networks and othemimnity-scale processes that regulate access taramagement off
natural resources in the design of strategies feedLiestration?

7. Which are the proper indicators to evaluate nahttesource management strategies, consideringngaspatio-temporal
scales and embracing farmers’ perspectives?

The ordering of these illustrative questions does mecessarily indicate their order of importancer their
sequencing in time. Questions of a mangerational nature will surely arise during the developmentl gn
application of the necessary analytical tools. Esample, questions around the theoretical aspetts o
representation and simulation of complexity appliedC and N dynamics at the village territory/ lacape/
regional levels. How can complex systems be bgsesented while simplified for their analysis?

Inputs of nutrient elements sufficient to substhtiincrease biomass production and thereby sajhmic
matter formation are unlikely to be justified byriradiate returns. This reinforces the multi-functibcharacter
of agroecosystems: to improve C fixation and sterigthe system it is first necessary to ensureithdasic
functions of food and income generation are guashtlt is therefore important to understand hoavstinategic
goal of improving the impoverished parts of a fazam be achieved within a framework of nutrient ediion
decisions made to achieve tactical goals (traddmffaeen short and long term effects, e.g. resalggeadation
vs. food production). Considering (i) farmers’ peptions, goals and aspirations, (ii) short- andgimrm
impacts of management of natural resources andféiim characteristics (diversity and heterogeneityll
allow deeper understanding of the system that ¢es®ary to explore, evaluate and select optionsldsired
natural resource management practices to ensuraifiteake and implementation by rural communities.

Current research on the long term evolution of €oih West African cropping systems, in contrasting
agroecological zones of MalC(etenet, Tittonell, Corbeels, unpybiBenin and Cote d’lvoireT{ttonell,
Guibert, Cretenet, unpubplis studying the balance between agroecosystémapy productivity and
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organic matter decomposition, both determinantsaf C contents, by revisiting existing long-term
experimental datasets (up to 40 years) on orgardaneral fertiliser use and crop residue managéme
This information is being analysed with the aidoobcess-based simulation modelling, to contriblge a
to our understanding of the hysteresis of Africaitss which is proposed as a measure of their agpsc
respond to restorative measurdsttonell et al., 2008c On-going research in the Zambezi valley of
Zimbabwe Baudron, Corbeels, Tittonell, unpybhims at establishing chronosequences of soilfC (c
Figure 1) and plant biodiversity as a function of the agerauration of fallow periods in land that has
been cleared for the cultivation of cotton.

3.4 Tradeoffs, opportunities and conflicts in natual resource management systems (Area 1V)

This research area will tackle the following geaatjectives:

() To develop methodological approaches for thelieit analysis of tradeoffs between competing
objectives in natural resource management, withhexsis on agriculture as a major form of natural
resource use

(i) To develop methodological approaches that antdor the influence of the socio-cultural dimemsi

of the agroecosystem in the design and implementadf innovative agricultural and natural resource
management

(i) To assess the impact of agricultural and otheal livelihood activities on ecological processof the
agroecosystem and surrounding natural ecosystehishwften represent the core of local human-nature
conflicts

(iv) To contribute to the design of agroecosysténag allow a balanced achievement of local liveditio
and nature conservation objectives

The smallholder farms that integrate most tropiagtoecosystems are in general highly diverse,
heterogeneous and dynamic, and therefore a siagtammendation, management plan or policy will not
suit all of them. These characteristics of smatleolsystems should be considered in the design of
interventions to address improved natural resoonr@eagement. Farmers face tradeoffs in decidindgpen t
management of their natural resource base, batidatidual farm (e.g., choice of production actieg,
management of sail fertility, weeds, pest and diseatillage, livestock feeding, manure handlingd a
community scales (e.g., shared management of comdmgrasslands and woodlands, involvement in
social networks). When resources become too seardéor degraded, as is often the case in areas of
dense human population, agriculture and resoureevédsting’ tend to expand onto adjacent natural
ecosystems, obviously conflicting with nature cowagon (e.gThornton et al., 2007

This research area aims at integrating qualitadivd quantitative research tools, marrying the tgpe
information that originates from interactions witital communities with the more rigorous data aée
through measurements, experimentation, and biopalyaiodelling. This integration will be done with
models at different scales. Such a methodology ldhalso allow analysing the potential niche for
technology adoption by rural communities, as exdéragl for the adoption of conservation agriculture
technologies inFigure 12 Similarly, the integrated management of soililigyt to be truly integrated,
must go beyond the combination of germplasm, ogand inorganic fertilisers (cEigure 10 to tackle
ways of improving nutrient cycling within the agomsystem.

In many cases, the flows of nutrients within theoegosystem are mediated by local rules and toediti

in terms of access to communally shared resoue@s, (razing and irrigation water rights, grazofg
crop residues during the dry season, wood andcdail extraction form woodlands, etc.). An exampl
of research proposed to tackle the impact of coniiyunegotiations on biomass and nutrient transifers
African farming systems is describedBiox Ill. A recent study byrufino et al. (2009bhighlighted the
importance of considering the collective managenwéniesources used as livestock feeds to target the
improvement of soil productivity at village scalBhe approach combined intensive data collection on
grazing rules and spatial patterns with modellihg@mmunal decisions scenarios considering differen
farm types, and C and nutrient transfers withindbexmunity, combining soil-crop, grassland, livesto
and manure storage modeisgure 13.
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Figure 12: The determinants of adoption of

conservation agriculture (CA) in African farming “,ﬂ“ and village SC%

systems. Adoption (A) is conditioned by its P .

technical performance (P), subject to the " Opportunities and .

opportunities and tradeoffs (T) that operate amfar / tradeciiEli \\\

and village scales and constrained by different |

aspects of the context (C) in which the farming Pl “L\
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innovation system and the variability inherenttie t g Technical (A) \ _ g
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physical environment (e.g. climate change). These k-] | performance (P) / contex(CI D

groups of determinants show additive effects in 9 \ / 4 g

conditioning the adoption of CA plus several W \\ / // g

interactions across scales (e.g., the performaffice o \\\\ o -

CA at field plot scale on a certain soil type may be
conditioned by the amount of crop residues that Carkdoption = Performance + Tradeoffs + Context + (P X T X C).raaione
be kept as mulch; but these residues may be ttye onl

source of fodder for the village herd during thg dr

season) (sourceCA2AFRICA project proposal,

2009.

H| Farm type Figure 13: Representation of the modelling framework
i £ e ] Grasssm used to analyse resource interactions at villagéeso a
FARMSM model communal area of NE Zimbabwe. A simplified ‘virtual

village was built based on the farm typology by dgfire

et al. (2007), which distinguishes four farmer rese
% groups. Demographic pressure and competition for
g 77‘% ; natural resources in these systems means thataodsl
g must produce both food and feeds. Because of the

- "y, continuous cultivation of the land, the removal of
&\@ g'/ nutrients from the soils needs to be compensated by
!

I/

, adding nutrient inputs and making efficient us@fanic
/ resources (crop residues and manure). The studysada
‘ e g the dynamics of crop-livestock interactions undanate

' variability to identify opportunities for intensifation.

The models that were used snmulated crop produectiquiot scale, grass production at grazing uratescanimal production at
individual level. Management decisions (feedingatsigies, herding and cropping patterns, manure geanent) were
implemented through rules derived from participptarork in the village. The most important transferfs nutrients: from
grasslands to cropland, and between different famee kept track of by integrating the differenalss: individual animals,
field, farm, grazing units, and village. Climate iadility was accounted through simulating scenardth different weather
datasets collected locally, considering periodsOfears. Sourc&ufino et al. (2009b)

The degree of tradeoffs between objectives is ddteadysed (e.g., mapped — cf. Figure 5) using pialti
goal optimisation models, often referred to nowadag bio-economic modéis(Janssen and van
Ittersum, 200Y. This approach has an economic bias and thealiimit of being static (i.e., for a single
season, or a single sequence of seasons) and thusble to capture neither relevant biophysical
feedbacks nor temporal variability in the systerartipularly for long term analysis. An alternative

19 These authors use the term bio-economic modeismagstrictively to refer to multiple-goal linearogramming models. This
restricts bio-economic modeling to just static pptiation models, in which biophysical processes remesented by fixed
technical coefficients, without considering feedtsain the system, and disregards bio-economic niggieising dynamic tools.
For a more comprehensive review and categorizatidno-economic models s@&rown (2000)
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approach is using inverse modelling techniquesb@l@search algorithms), which allows optimising a
number of objectives by running dynamic models watthuge number of different combinations of
parameters that represent management decisiditangll et al., 2007

25 T T
10000 KSh
248 L on m A, + 5000 KSh |-
R Tt SRR
Rl asts " e 2000 KSh

Soil erosion at farm scale (t)

0 1 2 3 4 5 6 7 8
Farm-scale maize grain production (t)

Figure 14: Results of the optimisation of the objes ‘maximising maize production at farm scaled aminimising soil losses

by erosion at farm scale’ for three scenarios wéstment capacity (2000, 5000 and 10000 KSh haidvest in extra labour and
agricultural inputs; 1 KSh = 0.75 US$) in a hetenogous smallholder farm (2.2 ha) of Kakamega, wedtenya. The vertical

and horizontal lines indicate, for the high invesirnscenario (10000 KSh ha-1), the subset of swistithat satisfy both
objectives to the maximum. The simulations wereedasing the crop-soil dynamic model DYNBAL and tHebgl search

engine MOSCEM. The tradeoff curves between thesectibgs are represented by the outermost pointsr{alpsolution sets) of
the point clouds that satisfy both objectives. $euFittonell et al. (2007).

The design of intensive smallholder crop-livestegktems often leads to encountering tradeoffs atwe
objectives. An example of research aiming at ogsiing crop-livestock interactions to promote the
adoption of mulch-based cropping systems is the tPieBis ofS. Alvarez (2009pn the central plateau of
Madagascar. On going research is also attemptinguemtify and map the size of potential nutrient
transfers from livestock to crops at sub-Saharaicéf scale, considering livestock populationsoafaty
and those projected for 2036 der Steen, Tittonell & Herrero unpybl.

This research area will also include the analysi$ @esign of alternative natural resource managemen
systems in regions with marked conflict between &ractivities and nature conservation; examples of
this are an approved PhD thesis for western Keagaud Kakamega forest reserve), the on-going PhD
thesis ofS. Delmotte(rice production in La Camargue, France), and RPh® thesis proposal of A.
Castellanos-Navarretéforest encroachment and ecological knowledge @mmunities around the
Lacandon forest, Chiapas, Mexico).

4. Agroecosystems, academy and partners

The agroecosystems to be targeted are principaifil $0 medium scale, subsistence to semi-commlercia
crop-livestock systems in tropical environmentsisTwill be facilitated through the articulation Withe
different research poles and partnerships of CIRADAfrica, Latin America and Asia. Within the
research unit Systémes de Culture Annuels (SCANhich the author is attached, research is going on
through partnership in e.g. Cameroon, Benin, Tddalj, Burkina Faso, Kenya, Zimbabwe, Madagascar,
Brazil, Paraguay, Vietnam and La Reunion.
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Box Ill. Exemple de proposition de thése

Analyse par modélisation des flux de biomasse etsleransferts de fertilité a I'échelle du territoire villageois:
opportunités pour une meilleure intégration agricuture — élevage

Résumé de la proposition:
En zone cotonniéere d’Afrique de I'Ouest, du faitldejuasi disparition de la jachére causée pardasgppn démographique,
la gestion des résidus constitue la principale @ode maintien de la fertilité des sols dans urtece d’augmentation dy
prix des intrants industriels. Les régles de vagaeure appliquées dans cette zone, de méme quechets ou dons de
fumure organique participent a des flux de biomassetraduisant par un gradient de fertilité au sdinterritoire.

Parallelement I'appropriation croissante de cesués(production de compost, stocks fourragers...}raduit par une
remise en cause de ces pratiqgues d’échange de dsiermagétale et des conflits croissants entre if&gethts types de
producteurs (agriculteurs, agroéleveurs, éleveurs).

L'efficacité avec laquelle les ressources de I'ekption sont mobilisées (eau, main d'ceuvre, nugrits) dépend donc d
flux pilotés a I'échelle du territoire. Améliorea ffertilité des sols dans les systémes de productiafrique de I'ouest
implique alors de raisonner a deux échelles: chll¢erritoire afin de raisonner les coordinationgetypes de producteur
pour améliorer la fertilité du sol sur I'ensemble Hespace, celle de I'exploitation afin de raisenrallocation des
ressources productives pour améliorer la duraliks systémes de production.

En Afrique de I'Ouest, la gestion de la fertilitéauvent été abordée a I'échelle de la parcelleeRsont les approches qi
tiennent compte de I'ensemble des ateliers de ptadugérés par le producteur a I'échelle de I'ekption et encore moins
de I'échelle du territoire. Des démarches d’élabonade cadres de concertation entre les différactisurs ruraux impliqués
dans la gestion des ressources sont en cours ofétaim au Mali ou au Burkina Faso (projet Fertipagires), mais ces
démarches ne disposent pas d'outils de prospeetivepermettant d’analyser les impacts sur leustésyes de productiorn
de scénarios d'intégration agriculture-élevagetehielle du territoire

1%

)

L'objectif principal de cette étude est d'évaluer les impacts de différ scénarios d’intégration agriculture-élevage a
I'échelle du territoire villageois sur la fertilitdu sol et la durabilité des systtmes de producgionr contribuer a
I'élaboration de cadres de gestion des ressougrepastorales. Lesbjectifs spécifiquessont:

1. Caractériser la diversité des systémes de produdears pratiques de gestion des ressources agtorpkes et
leurs impacts sur la base de ressources naturelles.

2. Analyser a l'aide de modeles a I'échelle de I'eiplion Iimpact de l'allocation des ressources émales et
organiques sur la fertilité des terres et ses pedaces techniques et économiques.

3. Analyser a I'aide de modeles a I'échelle du teimgtoles relations entre types d’acteurs (élevénaisshumants et
sédentaires, agriculteurs et agro-éleveurs), lmésanismes de coordination et leurs conséquencésatiisation
de la ressource biomasse.

4. Elaborer avec les acteurs de terrains des scérdiimégration agriculture-élevage a I'échelle texploitation et
du territoire et modéliser leurs impacts sur ladpictivité et la durabilité des systemes de producti

L’étude sera conduite dans 2 territoires villagdotalisés en zone cotonniére du Burkina Faso e¥ldli Try au Mali;

Koumbia au Burkina Faso zones pour lesquels on séspbanalyses régionales (zonage, typologie d’'UP..)e Les
territoires dans chaque pays different par leursiiérde population agricole et par la place eypetd’élevage qui y son
pratiqués. La démarche méthodologique comprendiatauction d’'une plateforme de simulation artiotilenodélisation
des interactions et flux de biomasse a I'échell¢edritoire et modélisation bioéconomique des exalimns. La plateforme
sera validée en évaluant la capacité des diagsdssas des simulations a servir de support posidéEussions avec le
acteurs de terrains (producteurs, techniciensyskermettront de co-construire des scénarios amis\gui seront modélisé
pour une évaluation ex-ante de leurs impacts siertidité des sols et la productivité des systesheproduction.

urur

Responsables d’encadrementMarc Corbeels (CIRAD-Persyst, SCA), Nadine AndrielRAD-ES, Innovation), Pablo
Tittonell (CIRAD-Persyst, SCA), entre autres.

The various research lines proposed in this propittbe implemented through engagement with local
and international partners from the spheres ofarebe extension and education. The participatiothef
author of this project in research and developmemitsortia and his strong links with academic
institutions in Africa, Europe and America provitlee necessary network to participate in different
international projects and in the co-direction oSfgraduate students. The author has fluid comtaht
the following academic institutions: University Wfageningen (The Netherlands), Montpellier SupAgro
(France), Universite de Butare (Rwanda), Floreno&fsity (ltaly), University of Edinburgh (Scotld)
Universidad de Matanzas (Cuba), Universidad AutamoMetropolitana (Mexico), Universidad
Politecnica de Madrid (Spain), University of Zimbab (Harare), Kenyatta University (Kenya),
Universidades Nacionales de Rio Cuarto y de Loreagainora (Argentina), University of Florida (USA).
The author collaborates in different projects wtie following international organisations: [ITA, £T
(TSBF), CIMMYT, ACIAR, ICRISAT, ICRAF, CIP and ILRI
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